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Abstract 

An important portion of the large northern permafrost soil organic carbon (SOC) pool 

might be released into the atmosphere as greenhouse gases following permafrost thawing 

and subsequent SOC decomposition under future warming conditions, resulting in a 

warming amplification known as the permafrost carbon feedback. Improved knowledge 

about the amount, composition and distribution of the permafrost SOC pool is essential 

when assessing the potential magnitude and timing of the permafrost carbon feedback. 

This study investigates and compares the SOC storage, composition and distribution in 

two contrasting permafrost environments: a lowland tundra area in NE Siberia (Tiksi 

study site), and an alpine area in the Russian Altai Mountains (Aktru Valley study site). 

Soil pedons were sampled down to 1 m depth and analyzed for key soil properties, i.e., 

DBD, water content, coarse fraction content, %OC, %IC, C/N ratios and δ¹⁵N values. 

These soil properties are upscaled by vertical subdivisions based on land cover classes. 

The role of geomorphology in the accumulation and distribution of SOC in the alpine 

study site is tested by using a landform and a combined land cover-land form upscaling 

approach. The estimated mean SOC storage in the upper meter of soils in the alpine site 

is 3.5 ± 0.8 kg C m¯² compared to 21.4 ± 3.2 kg C m¯² in the lowland tundra site (95% 

confidence intervals). The inclusion of geomorphology in the upscaling in some cases 

allows identification of SOC hotspots and areas with very low SOC storage within former 

land cover classes, therefore improving the landscape SOC storage distribution in the 

area. The much lower SOC stocks in the alpine site of Aktru Valley can be largely 

explained by the presence of extensive unvegetated areas in high altitudes (60%), the 

occurrence active layers deeper than the active soil formation, the enhanced SOM 

decomposition due to coarse grained, well-drained non-frozen soils, and the negligible 

occurrence of peatlands and buried organics. Instead, the lowland tundra site in NE 

Siberia presents important amounts of relatively undecomposed SOM in the permafrost 

layer. Thus, under future climate warming, alpine permafrost environments such as Aktru 

Valley may become a net C sink due to an upward shift of vegetation zones and an 

increase in plant productivity and soil development. Contrarily, lowland tundra areas such 

as Tiksi may become important C sources since the small increase in C uptake by 

photosynthetic plants will be outweighed by the thawing and subsequent decomposition 

of the much larger permafrost SOC pool.  
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1. Introduction 

Permafrost is ground that remains frozen for ≥2 consecutive years and it is mostly located 

in high latitudes. It covers around 24% of the global land surface area in the Northern 

Hemisphere. Low temperatures and water saturation in permafrost terrain reduce 

decomposition rates of soil organic matter (SOM)(Davidson & Janssens, 2006). 

Cryoturbation, which is the freeze and thaw process that produces soil mixing, transports 

organic matter from the surface to deeper soil layers where decomposition rates are lower. 

Under these conditions, large amounts of soil organic carbon (SOC) have accumulated in 

permafrost soils over decadal to millennial timescales (Ping et al., 2015). 

Climate change has increased temperatures all over the globe, particularly in northern 

regions where temperatures have raised at a rate of 0.6º C per decade over the last 30 

years, twice as fast as the global average (IPCC, 2013). Temperatures in the Arctic are 

projected to experience an increase 2.2 to 2.4 times larger than the global average 

warming 2081-2100 relative to 1986-2005 (Collins et al., 2013). 

Permafrost soils degrade under warming temperatures and its areal extent and thickness 

decreases. Near-surface permafrost areas are expected to decrease by 37% to 81% (with 

RCP2.6 to RCP8.5, respectively) during the 21st century (IPCC 2013). As a result, SOM 

previously protected in permafrost will become available for aerobic and anaerobic 

decomposition, which might release large amounts of carbon (C) into the atmosphere as 

carbon dioxide (CO₂ ) and methane (CH₄ ), further accelerating global warming. This 

process is known as the permafrost carbon feedback (Schaefer et al., 2014). On the other 

hand, raising temperatures will increase plant productivity at higher latitudes and 

altitudes, which will increase C uptake, resulting in a negative feedback to climate 

change. 

SOC stocks within the Northern permafrost region are spatially variable. Thus, under a 

warming climate areas with large amounts of C stored in permafrost will act as a C source 

because the increase in plant productivity will eventually be outweighed by C release 

from the thawing and subsequently decomposing SOC pool (Schuur et al., 2009). 

Contrarily, areas storing small amounts of SOC in permafrost will most likely become a 

C sink, since the increase in plant productivity and the resulting C uptake will be larger 

than C release from thawing permafrost (Fuchs et al., 2015). Nevertheless, C uptake by 

photosynthetic plants will most likely be overweight by the much larger C release 

resulting from the thaw and decomposition of the SOC pool (Schuur et al., 2009). As a 

result, climate change might speed up compared to what is projected by current Earth 

System Models (Schuur et al., 2015), which have underestimated permafrost C related 

climate feedbacks (Burke et al., 2012; Schaefer et al., 2011; Schneider Von Deimling et 

al., 2012). Nevertheless, the total amount of SOC stored in the northern permafrost region 

and the magnitude, timing and form of potential greenhouse gas emissions are still 

uncertain (Hugelius et al., 2014; Hugelius et al., 2010; Schuur et al., 2009).  
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In order to better constrain the potential magnitude of the permafrost carbon feedback it 

is crucial to improve our knowledge of the total amount and spatial distribution of the 

northern permafrost SOC pool. Several local and regional scale studies have been 

conducted to quantify SOC stocks in the northern permafrost region (e.g., Kuhry et al., 

2002; Ping et al., 2008; Hugelius et al., 2010; Fuchs, et al., 2015; Siewert et al., 2016; 

Palmtag et al., 2016). Based on the updated Northern Circumpolar Soil Carbon Database 

(NCSCDv2), Hugelius et al., (2014) estimated the SOC stocks in the northern permafrost 

region to be ~1300 Pg (with an uncertainty range of ~1100 to ~1500Pg), of which 472 ± 

34 Pg are stored in the top meter (0-100 cm depth) and ~822 Pg are found in perennially 

frozen soil and sediment (0-300 cm depth). Even though great efforts have been put in 

quantifying SOC stocks in the northern permafrost region and estimates of the global 

SOC pool have been improved, data for extensive areas of the northern permafrost region 

is still scarce and estimates are based on a few sampled pedons, leading to more 

generalized SOC storage estimates (Mishra et al., 2013). Data is particularly lacking in 

the High Arctic and regions with thin sedimentary overburden, including mountains and 

highlands (Hugelius et al., 2014). 

Thematic maps are often used for upscaling SOC and other soil properties from soil 

pedons to regional scale, based on the assumption that there is an empirical connection 

between the grouping of point measurements and mapping units (Hugelius, 2012). Land 

cover classifications (LCC), where pedon data is linked to vegetation class coverage, have 

been extensively used as upscaling tool (e.g., Kuhry et al., 2002; Hugelius & Kuhry 2009; 

Fuchs et al., 2015; Palmtag et al., 2016). Moreover, in areas with a highly heterogeneous 

geomorphology, land form classifications (LFC) have been applied as upscaling tools by 

linking pedon data to geomorphological unit coverage (e.g., Palmtag et al., 2017; Siewert 

et al., 2016). Thus, it has been demonstrated that vegetation and geomorphology are key 

factors that govern landscape level SOC storage and distribution. Nevertheless, an 

approach that combines both parameters for upscaling SOC to landscape scale has been 

poorly investigated yet. 

In order to improve our knowledge of the permafrost carbon feedback, SOC storage in 

two permafrost-affected areas with different geographical and topographical 

characteristics was investigated: Tiksi, a lowland tundra area in northeastern Siberia and 

Aktru Valley, a poorly investigated alpine area in the Russian Altai Mountains. 

The aims of the study were to quantify the total amount, landscape distribution and 

vertical differentiation of SOC pools in two contrasting permafrost-affected areas. To 

achieve this goal, soil pedons were samples in the abovementioned areas and analyzed 

for different key geochemical parameters, including dry bulk density (DBD), water 

content (WC), coarse fraction content (CF), organic carbon content (%OC) and inorganic 

carbon fraction (%IC). Furthermore, C/N ratios and stable nitrogen isotope δ¹⁵N values 

were determined for the Tiksi study area to evaluate the degree of decomposition of the 

SOM matter. These parameters were upscaled to landscape scale using GIS based LCCs 

of dominant vegetation units of the study areas. Moreover, to try to improve SOC 

upscaling in the high relief area of Aktru Valley, geomorphology was also included in the 
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upscaling by (1) using a LFC of dominant geomorphological units of the study area and 

(2) combining both dominant vegetation and geomorphological units in one upscaling 

tool. The results from soil properties of both study areas are compared and the main 

factors explaining differences in SOC storage and characteristics are identified. The SOC 

stocks in the study sites are discussed in the context of future climate change and their 

potential fate under warming conditions is evaluated.  

The objectives of this study were:  

a) to quantify the total amount, landscape partitioning and soil vertical distribution 

of SOC in both study areas; 

b) to identify the main factors explaining differences in SOC storage and 

characteristics between both environments; 

c) to evaluate the importance of geomorphology when estimating landscape level 

SOC storage in alpine areas; 

d) to evaluate the role that these alpine and lowland environments will have in the 

permafrost carbon feedback 

 

 

2. Background 

2.1 The global carbon cycle 

The global carbon cycle is defined as the exchange of C between the different C pools 

found in the atmosphere, geosphere, hydrosphere, pedosphere and biosphere (Ruddiman, 

2008)(Figure 1). These C pools contain enormous amounts of C. According to the most 

recent estimates, the amount of C stored in the pedosphere is about 3000 Pg (Köchy et 

al., 2015) of which ~half is stored in permafrost soils (Hugelius et al., 2014). The 

atmosphere and the vegetation, in turn, store ~750 and ~600 Pg of C, respectively, which 

is about the same amount of C found in permafrost soils. In the last decades, human 

activity has notably altered C fluxes between the abovementioned C pools by, for 

instance, burning fossil fuels, deforestation or changes in land use. This has resulted in a 

sharp increase in atmospheric CO₂  concentrations to levels not reached over, at least, the 

last 800 ka years, which in turn has triggered climate change (Falkowski et al., 2000). C 

fluxes between the biosphere, the pedosphere and the atmosphere are in many cases 

dependent on climate-related parameters such as temperature, moisture, SOM 

characteristics and nitrogen availability, etc. Therefore, climate change is further altering 

the global C cycle. In permafrost regions, warming and thawing caused by climate change 

will increase the amount of SOM available for microbial decomposition and also 

decomposition rates, resulting in the emission of the greenhouse gases CO₂  and CH₄  

under surface aerobic and anaerobic conditions, respectively (Section 2.2.5)(Schuur et al., 

2009). 
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Figure 1. Global carbon cycle diagram showing carbon storage (Pg) and carbon exchange 

(Pg/yr) between the atmosphere, the hydrosphere and the geosphere (adapted from NASA 

Earth Observatory). New carbon estimate for the pedosphere (3000 Pg) from Köchy et 

al., (2015). 

 

2.2 Permafrost 

2.2.1 Northern permafrost characteristics and distribution 

Permafrost is ground (soil or rock, including ice and organic matter) that remains at or 

below 0 ºC for at least two consecutive years (Van Everdingen, 1998). It is mostly located 

in high latitudes and extends over ~24% of the exposed land surface of the Northern 

Hemisphere (Zhang et al., 2008). Depending on its coverage percentage, four different 

zones are distinguished: continuous (>90%), discontinuous (50–90%), sporadic (10–

50%), and isolated (<10%) permafrost. According to Marchenko & Etzelmüller (2013), 

the global permafrost distribution is linked to two main factors: (1) the Pleistocene and 

Holocene environment and history of cryogenic development of the Earth’s crust; (2) the 

current climate conditions, surface energy balance and subsurface heat and mass 

exchange. Therefore, the timing of permafrost aggradation is spatially variable and may 

have occurred at any time between approximately ~2 million years B.P and the present. 

Its thickness, in turn, oscillates between a few meters and 1500 meters in Siberia. The 
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upper part of permafrost that thaws during summer and refreezes during winter forms the 

active layer (Figure 2) and its thickness ranges from a few cm to several meters. 

Permafrost is thermally defined. Near surface permafrost conditions are mostly dictated 

by energy exchange processes at the atmosphere and the land surface boundary, i.e., by 

global scale climate conditions (Marchenko & Etzelmüller, 2013). However, local scale 

parameters such as snow depth, vegetation cover, topography and sediment properties, 

modulate these energy exchanges mostly due to their differences in heat capacity and 

thermal conductivity, Thus, they play an important role in determining ground 

temperatures and therefore permafrost formation. As an example of how materials with 

different thermal properties affect the energy exchange and consequently permafrost 

occurrence, we could consider two soil profiles with and without a top peat layer. In 

summer, under conditions of high temperatures and increased evapotranspiration, soils 

containing a dry peat layer,  (thermal conductivity of 0.06 W m⁻ ¹ K⁻ ¹; heat capacity of 

0.58 J m⁻ ³ K⁻ ¹ x 10⁶ ; Woo, 2012) would both warm slowly and transfer less heat to 

deeper layers compared to coarse grained mineral soils (thermal conductivity of 2.93 W 

m⁻ ¹ K⁻ ¹; heat capacity of 1.92 J m⁻ ³ K⁻ ¹ x 10⁶ ; Woo, 2012) where a top organic layer 

is absent. As a result, soils containing a top peat layer would remain cooler in summer. 

On the contrary, in winter, under wetter conditions and ice formation in the soil pore space 

due to decreased evapotranspiration and cold temperatures, soils containing a peat layer 

(thermal conductivity of icy peat of 1.9 W m⁻ ¹ K⁻ ¹; heat capacity of icy peat of 1.5 J 

m⁻ ³ K⁻ ¹ x 10⁶ ; Woo, 2012) would cool down faster in winter compared to soils lacking 

a top peat layer. Thus, soils with a top peat layer present better conditions for permafrost 

to occur. 

Permafrost in the northern hemisphere extends mostly over lowlands located at high 

latitudes, although it also occurs in alpine areas such as, for instance, the Alps, the 

Pyrenees, the Caucasus or the Altai Mountains. Mountain permafrost differs from arctic 

lowland permafrost in many aspects. It is extremely heterogeneous because topography 

modulates the energy exchange at the surface by governing snow depth, vegetation or soil 

characteristics, among other parameters (e.g., Hauck et al., 2004). Coarse-grained 

deposits usually dominate the surface at high elevations due to slope and glaciofluvial 

processes. These deposits produce a similar effect as that caused by organic material on 

lowland permafrost, enhancing permafrost formation and ground ice development due to 

large pore spaces that allow advective cold air drainage (e.g. Gude et al., 2003; Gorbunov 

et al., 2004). Mountain and lowland permafrost also differ in the fact that the former is 

characterized by presenting temperatures close to 0 ºC at least in some zones of the 

mountain area, while in lowland permafrost areas temperatures close to 0 degrees are 

mostly restricted to isolated and sporadic permafrost areas. This  makes mountain 

permafrost extremely sensitive to changes in climate and highly active in terms of freeze-

thaw driven morphological processes (Haeberli et al., 1992).  
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Figure 2. Permafrost ‘trumpet’ curve and vertical subdivisions of permafrost soils. The 

grey and red lines show soil average annual minimum and maximum temperatures over 

depth, while the orange line represents the average annual ground temperature (adapted 

from Scott Mcdougall).  

 

2.2.2 OC storage in permafrost soils 

Carbon is fixed from atmospheric CO₂  by photosynthetic plants and is later released into 

the atmosphere as a result of aerobic (CO₂ ) or anaerobic (CH₄ ) decomposition (Schuur 

et al., 2008). Low temperatures and water saturation in permafrost terrain, however, 

reduce decomposition rates, resulting in accumulation of huge amounts of SOC in mineral 

and organic soils (Davidson & Janssens, 2006). Cryogenic processes such as 

cryoturbation enhance carbon burial and preservation in permafrost soils. Under these 

circumstances, carbon has been buried and preserved in frozen permafrost during several 

millennia (e.g., Palmtag et al., 2015). 

The Northern Circumpolar Soil Carbon Database (NCSCD; Tarnocai et al., 2009) is a 

polygon-based digital database developed to quantify SOC stocks in the circumpolar 

permafrost region (18.7×106 km²) and thus contribute to the understanding of the role of 

permafrost soils in the global carbon cycle. It contains over ten thousand polygons, each 

one of them containing at least one named soil or soil taxa. Data on soil order coverage 

has been linked to pedon data (n=1778) from the northern permafrost region, allowing 

for SOC content and mass calculations in the topsoil (0-30 cm) and in the upper meter of 

soil. This technique for upscaling SOC and other soil properties from soil pedons to 

regional scale is based on the assumption that there is an empirical connection between 

the grouping of point measurements and mapping units (Hugelius, 2012). 
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Based on the NCSCD, Tarnocai et al., (2009) estimated SOC stocks in the northern 

circumpolar permafrost region to be 496Pg for the upper meter of soil, 1024 Pg for the 

upper 3 m of soil 407 Pg for the Yedoma region and 241 Pg for deltaic deposits. Estimates 

for deltas, the Yedoma region and soils deeper than 1 m are based on very few pedons 

and are not included in the spatially distributed NCSCD. This represents a total amount 

of SOC of 1672 Pg, of which 206 Pg is stored in the seasonally thawed active layer or in 

taliks and the remaining 1466 Pg is stored in perennially frozen ground. 

Hugelius et al., (2014) estimated that the northern permafrost region stores ~1307 Pg of 

SOC based on the NCSCDv2, which is an updated pedon data set for soils in the northern 

permafrost region including additional soil pedon data soil extending down to 2 and 3 m 

(n = 524 and 356, respectively). According to Hugelius et al., (2014), approximately one 

third of the frozen organic matter is found in the upper meter of permafrost (~472 ± 27 

Pg), about two thirds is stored in the upper 3 m (1035 ± 150 Pg), while the rest is stored 

below 3 m depth in localized deposits such as deltas (91 ± 52 Pg) or Yedoma areas (181 

± 54 Pg), which can extend as deep as 30 m (Hugelius et al., 2014). Thus, the total SOC 

storage in permafrost soils estimated by Hugelius et al., (2014) is ∼1300 ± 200 Pg, of 

which~500 Pg are stored in the seasonally thawed active layer or in taliks and the 

remaining 800 Pg are stored in perennially frozen ground. 

 

2.2.3 Elemental and isotopic carbon and nitrogen composition in permafrost soils 

 

The analysis of elemental and isotopic carbon (C) and nitrogen (N) contents provides 

crucial information for estimating SOC storage in permafrost soils, its degree of 

decomposition and, therefore, its lability, i.e., how easily soil organic matter can be 

decomposed by microbes. Relatively undecomposed SOM is more labile compared to 

decomposed SOM and breaks down relatively quickly. Thus, the size and quality of the 

labile carbon pool influences the decomposition rate. 

The percentage carbon (%C) in the soil is used for calculating total soil organic carbon 

storage in the soil (Section 4.4). The ratio between C and N (C/N) is an indicator of the 

degree of decomposition of soil organic matter (Kuhry & Vitt 1996). Thus, C/N ratios are 

generally higher close to the surface where SOM has not undergone significant 

decomposition, and progressively decrease with depth, since during microbial 

decomposition there is a greater C relative to N loss (Kuhry & Vitt 1996). Nevertheless, 

cold temperatures and water saturation in permafrost soils prevent SOM from 

decomposition, resulting in a more gradual decrease in C/N ratios with depth (Sannel & 

Kuhry 2009). Moreover, in permafrost soils, relatively fresh SOM from surface layers 

can be rapidly incorporated to deeper soil layers through cryogenic processes such as 

cryoturbation, resulting in the occurrence of relatively undecomposed SOM with higher 

C/N ratios compared to the adjacent soil layers (Kaiser et al., 2007). Thus, C/N ratios can 

be used for determining whether or not buried C-enriched soil pockets resulted from 

cryoturbation. 
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Stable isotope analysis provides information on the degree of SOM decomposition 

(Krüger et al., 2017). During mineralization of SOM, decomposers prefer utilizing the 

lighter δ¹⁴ N isotope, resulting in δ¹⁵N enrichment (Robinson, 2001) and a gradual δ¹⁵N 

relative increase with depth (interrupted when cryoturbated soil pockets occur). 

Relatively undecomposed SOM in the top organic layer usually presents lower δ¹⁵N 

compared to the more degraded deeper layers.  

It is important to mention, however, that many different factors affect the elemental and 

isotopic composition of SOM: e.g., type of plant litter affect C/N ratios of SOM (Kuhry 

& Vitt 1996); changes in hydrological conditions alter the isotopic nitrogen signal 

(Krüger et al., 2017). Therefore, interpretations of these records have to be made with 

care. 

 

2.2.4 Upscaling SOC stocks in the northern permafrost region 
 

Based on the NCSCD, Tarnocai et al., (2009) estimated SOC stocks in the northern 

circumpolar permafrost region to be c. 1672 Pg. Even though this estimate provided new 

insights on the northern permafrost carbon pool, especially from deeper layers and 

deposits not accounted before, a few uncertainties related to the dataset and the methods 

used were identified. In this sense, the lack of data in deltaic deposits, the Yedoma region 

and in layers deeper than 1 m resulted in large generalizations of the existing data and 

therefore led to inaccurate SOC estimates. Furthermore, the excessive polygon size 

established as a spatial basis to calculate the soil organic carbon mass and content led to 

inaccurate analysis of the different soil type fractions and biased soil carbon estimates. 

The lack of homogenized sampling methodologies might also have resulted in increased 

uncertainty levels. 

Hugelius et al., (2014) provided revised estimates of permafrost SOC stocks including, 

for the first time, a spatially distributed quantification of 1-3 m SOC stocks and 

quantitative uncertainty ranges for the 0–3 m depth range in soils as well as for sediments 

deeper than 3 m in deltaic deposits of major rivers and in the Yedoma region of Siberia 

and Alaska. The new spatially distributed and quantified estimates were upscaled based 

on a new soil carbon database (NCSCDv2), which contains an updated pedon data set for 

soils in the northern circumpolar permafrost region extending down to 2 and 3 m depths. 

Thus, Hugelius et al., (2014) estimated SOC stocks in the northern permafrost region to 

be ∼1300 ± 200 Pg. This new SOC estimate is 300 Pg lower than the previous estimate 

provided by Tarnocai et al., (2009). The differences between the recent and the previous 

SOC estimate mostly lie in important improvements in the methodology and the dataset. 

In the NCSCDv2, the number of pedons available for calculations is 11 times larger for 

1–2 m deep soils, 8 times larger for 2–3 m deep soils and deltaic alluvium and 5 times 

larger for the Yedoma region compared to the NCSCD used by Tarnocai et al., (2009). 

Since soil development in high latitude areas is limited (Burnham et al., 2010), upscaling 

for the High Arctic region was done separately. Furthermore, updated information on 
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delta areal extent, mean depth of alluvium, permafrost extent and segregated ice content 

in deltaic deposits was combined with the data used by Tarnocai et al., (2009) in order to 

increase the accuracy of the SOC estimates. Moreover, to avoid depth overlap, the top 0-

3 m of soils were removed from the calculation in the Yedoma region and in delta 

deposits. In the Yedoma region, estimated bulk density and deposit thickness were 

reduced and different assumptions regarding the characteristics of intact Yedoma were 

considered, resulting in a substantial reduction in SOC stocks.  

Apart from these numerous improvements, Hugelius et al., (2014) also highlighted the 

remaining data and methodological gaps. Thus, there is still a lack of pedon data in certain 

areas that increase the uncertainty levels in the SOC estimates, especially below 1m depth, 

for the High Arctic, areas with thin sedimentary overburden (mountains, highlands and 

plateaus) and for cryoturbated and organic soils. Furthermore, data for several major river 

deltas is absent. In addition, the geographical extent of the Yedoma region is not properly 

defined yet (no available data in the Taymyr lowlands, Chukotka, parts of Alaska and 

NW Canada). Another source of uncertainty highlighted by Hugelius et al., (2014) refers 

to the correlation between the pedon data sets 1 (near-surface) and 2 (below 1m depth), 

since the former is correlated to the latter and, therefore, any biases in 0-1 m SOC could 

also influence SOC estimates below 1m depth. Moreover, uncertainties derived from field 

and laboratory measurements exist but are not possible to quantify. Finally, Hugelius et 

al., (2014) indicated that substantial SOC pools not included in their study are stored 

below 3m depth in soils outside of the Yedoma region and its size and potential thaw-

vulnerability remain to be assessed.  

 

2.2.5 The permafrost carbon feedback 

As permafrost thaws due to changes in climate, previously protected SOC pools become 

available for decomposition, resulting in the release of large amounts of C into the 

atmosphere as CO₂  and CH₄  (Schuur et al., 2009), which may speed up climate change 

compared to what is projected by current Earth System Models (Schuur et al., 2015). This 

warming amplification due to greenhouse gas emissions from thawing permafrost is 

known as the permafrost carbon feedback (PCF; Figure 3) (Schaefer et al., 2014). Based 

on IPCC AR5 representative concentration pathway (RCP) 4.5 (the scenario closest to 

the 2 ºC target agreed upon the context of the Paris Climate Agreement), Deimling et al., 

(2012) and Burke et al., (2013) estimated cumulative emissions of 27 and 100 Gt C and 

consequent additional temperature increases of 0.05 and 0.15 ºC by 2100, respectively. 

Schaefer et al., (2014), in turn, estimated total C emissions from thawing permafrost to 

be 120 ± 85 Pg by 2100. It is important to mention that 60% of the permafrost emissions 

will occur after 2100. Moreover, these projections do not consider the feedbacks of C 

emission from thawing permafrost on global temperature and thus on the projected 

permafrost thaw rate (Schaefer et al., 2014). In addition, other processes triggered by 

permafrost thaw, such as coastal erosion, increased surface water runoff, etc, can further 
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alter the carbon cycle and directly or indirectly enhance climate change (e.g. ocean 

acidification). Thus, the PCF acquires a magnitude even greater than the suggested by the 

current projections for the 21ST century. 

On the other hand, a warmer climate will lead to an increase in plant productivity at higher 

elevations and higher latitudes. In areas with large amounts of C stored in permafrost, the 

increase in plant productivity will eventually be outweighed by increased decomposition 

of old SOC after permafrost thaw, which represents a positive feedback to climate change 

(Schuur et al., 2009). Nevertheless, alpine permafrost environments above the vegetation 

limit will most likely become a C sink, thus representing a negative feedback to climate 

change. The abovementioned projections on carbon emissions from thawing permafrost 

and temperature increases take into account the carbon uptake by the terrestrial biosphere 

under warming conditions (Schaefer et al., 2014). Therefore, C release from the thawing 

and subsequent decomposition of the permafrost carbon pool will be much greater 

compared to the relatively small C uptake from photosynthetic plants (Schuur et al., 

2009). 

 

 

 

 

Because of copyright protection, this picture is missing in its electronic format. 

 

 

 

 

 

Figure 3. The permaforst carbon feedback (PCF) amplifies surface warming as currently 

frozen organic matter thaws and decomposes, releasing greenhouse gases into the 

atmosphere which increase warming further (adapted from Schaefer et al., 2014). 

 

2.3 Previous work on permafrost soils in the study areas 

2.3.1 NE Siberian Lowlands 

The northern Yakutsk region in Siberia has been a key area for studies of lowland 

permafrost during the last decades, most of the work focusing on the Lena River Delta 
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and adjacent areas. A long term monitoring program is being carried out on Samoylov 

Island in the central Delta (Boike et al., 2013). General descriptions on soil development 

in the Russian tundra were provided by Desyatkin (2008). Tundra soils in the northern 

Yakutsk were described by Karavaeva (1969). Soils in the Lena River Delta, in turn, were 

documented by Desyatkin & Teterina (1991). Sanders et al., (2010) provided detailed 

descriptions of soil profiles on Samoylov Island with quantified SOC stocks that were 

extrapolated over extensive areas of the Lena River Delta using optical satellite imagery. 

Additional pedon descriptions have been provided by different authors (e.g., Zubrzycki 

et al., 2013; Ulrich et al., 2009). Siewert et al., (2016) expanded earlier research on soils 

in the Lena River Delta by analyzing SOC stocks and key soil properties (bulk density, 

visible ice, water content, C%, N% and C/N) and extrapolating them according to a 

geomorphological subdivision based on optical satellite imagery and digital elevation 

data. Most of these SOC inventories focused, therefore, on the Lena Delta area, with very 

limited data on adjacent lowland tundra as that found around the settlement of Tiksi. 

 

2.3.2 Russian Altai Mountains 

The Russian Altai mountains have been object of several studies on glaciology and glacial 

geomorphology (e.g., Kuhle 2011; Lehmkuhl et al., 2011; Blomdin et al., 2014, Blomdin 

et al., 2016; Zhang et al., 2016;), geology (e.g., Kokh et al., 2017), vegetation (e.g., Atlas 

“Altai Region”, 1978), pedology (e.g., Classification and Diagnostics of soils in Russia, 

2004), and periglacial processes (e.g., Gorbunov et al., 2004). 

Aktru River Valley, in turn, has been a key site for research on late Pleistocene and 

Holocene glacier reconstructions (e.g. Agatova, 2012a; Agatova, 2012b; Nazarov et al., 

2016), alpine and sub-alpine vegetation (Timoshok et al., 209; Timoshok et al., 2016), 

climatology (e.g. Sevastyanova & Sevastyanov 2013) and pedology (e.g. Davydov & 

Timoshok 2010). 

Even though the Russian Altai Mountains and particularly Aktru Valley have been the 

focus of several studies in the abovementioned disciplines, studies about SOC stocks at a 

regional or local scale in the Central Altai are absent. Only Davydov & Timoshok (2010) 

provided data on percentage of carbon (%C) in soils developing on young moraines of 

modern, Aktru (LIA) and Historical (1.7-2.2 ka B.P) age. 
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3. Study areas 

The study was conducted in two permafrost-affected areas in the Russian Federation 

(Figure 4). Tiksi is a lowland tundra area located north of the Arctic Circle, to the south 

east of the Lena River delta (71ºN, 128ºE) in NE Siberia. Aktru Valley and the adjacent 

Kuray Basin is a mid-latitude mountainous area located in the Russian Altai (50ºN, 87ºE). 

 

Figure 4. Location of the study areas. Different colors indicate glaciated areas and the 

permafrost zonation (adapted from Brown et al., 1997). Source 

 

3.1 Tiksi, NE Siberia 

The Sakha Republic (Yakutia) is a federal subject of Russia located in NE Siberia. The 

Lena River crosses Yakutia and discharges into the Laptev Sea, creating the largest river 

delta along the Arctic Ocean known as the Lena River Delta. Tiksi is a small urban area 

located to the southeast of the Lena Delta, facing the Laptev Sea. The study area (0.2 

km²)(Figure 5) is found ~5 km south of Tiksi and includes the area within a radius of 250 

m from a micrometeorological station (71.59425° N, 128.88783° E). The 

micrometeorological station was established in 2010 to provide eddy covariance (EC) 

measurements of the Arctic ecosystem-atmosphere exchange of CO₂ , CH₄ , H₂ O and 

heat. The study area was delineated to include an area that can be well represented with 

the available soil pedon dataset (Section 4.1.1) and includes >75% of the footprint of the 

flux tower (Mikola et al., 2018). The landscape in the investigated area consists of 
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vegetated tundra lowlands, a small stream that runs across the area from south to north 

and some low hills with frost-weathered bedrock material that, within the study area limit, 

do not exceed 30 m.a.s.l.. 

Tiksi area is part of the Verkhoyano-Kolyma orogenic system created during the folding 

and faulting stages that mainly took place during Cretaceous (Grinenko & Imayev, 1989). 

The bedrock, in turn, is mostly composed of Carboniferous sandstones, mudstones and 

shales (Markov, 1970). 

The glacial history in Siberia has been object of intense debate for many decades. 

Different theories stating the existence of late Quaternary ice sheets covering broad parts 

of Siberia arose a few decades ago. According to Grosswald et al., (1990), 

geomorphological landforms studied in Eastern Siberia reveal the presence of a former 

ice-sheet centered in East Siberia that reached Tiksi Bay at some point during the 

Quaternary. Later, Grosswald (1998) suggested that a pan-Arctic ice sheet covered 

Eastern Siberia during the late Quaternary. Nevertheless, recent evidence disproves the 

abovementioned hypotheses and suggest the absence of large-scale glaciations in Eastern 

Siberia at least since Marine Isotope Stage 7 (e.g. Bringham-Grette, 2001; Spielhagen et 

al., 2004). Glaciations in Eastern Siberia were limited to mountain regions (Stauch & 

Gualtieri, 2008), which implies that Tiksi remained ice free at least during the last 250 

ka. 

Tiksi area has a tundra climate. According to the Arctic and Antarctic Research Institute 

(AARI, 2016), the mean annual air temperature (1981-2010) in the area was -12.7 ºC 

ranging from a monthly average temperature of -30.2 ºC in January to 7.7 ºC in August. 

The mean annual precipitation for the same period was 323 mm (AARI, 2016). The 

growing season during the abovementioned period lasted on average from 7 June to 26 

September (AARI, 2016).  

Nine main land cover types were distinguished around the EC mast in 2014 by Mikola et 

al., (2018) using ground-based visual judgment, including: water, bare ground and lichen 

tundra (over a small hill), shrub tundra, flood meadow (along the riverside), bogs (mostly 

Sphagnum mosses, hummocks and dwarf shrubs), grass tundra (no obvious peat 

formation), dry fen and wet fens (dominated by Carex species, various mosses and some 

water pools).  

The area is characterized by the presence of very cold continuous permafrost extending 

down to a depth of >500 m (Fartyshev, 1993). The active layer thickness varies between 

~70 and 50~ cm in gravelly slope areas and tundra plains, respectively, reaching its 

maximum depth in late August to mid-September (Iijima, Park, Konstantinov, Pudov, & 

Fedorov, 2017). Soils mostly consist of Turbels, Histels and Orthels (Soil Survey Staff, 

2010) and their depth range from ~40 to >100 cm. 
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Figure 5. a) Location of the Tiksi study area in Northeastern Siberia, including main 

vegetation biomes (Stolbovoi et al., 1998). b) Overview of the Lena River Delta with red 

dot showing the location of the study area. Base map modified from Natural Earth. c) 

Overview of the study area and location of the sampling sites, as well as the flux tower 

and its footprint. 

 

3.2 Aktru Valley, Russian Altai Mountains 

The Siberian Altai is located in the northernmost part of the Central Asia mountain 

system. Its highest mountain ranges (Katun, South Chuya and North Chuya) hold about 

70% of the glaciated areas in south Siberia (Narozhniy & Okishev, 1999). Aktru Valley 

is located near the highest part of the North Chuya mountain range. The study area (50.9 

km²)(Figures 6 and 7) was delineated based on the catchment of Aktru River and on 

geomorphological landforms of Pleistocene age formed by glaciers extending from Aktru 

Valley into Kuray Basin. The area ranges between ~1650 and ~4000 m.a.s.l..  
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The bedrock in the upper part of the study area is mainly represented by sericite-chlorite 

slates, phyllites, quartzites and very sporadically calcites (Galakhov et al. 1987). The 

moraine sediments in Aktru Valley are formed by the products of physical weathering 

and redeposition of the bedrocks by the glaciers.  

The current area covered by glaciers in the Russian Altai exceeds 900 km² (Bussemer, 

2000). However, the extent of Quaternary glaciations in the Russian Altai is still being 

debated, and the timing of these glaciations is only constrained by a few published dating 

results (Lehmkuhl et al., 2011). While (Rudoy, 2002) reported that glaciers in the Russian 

Altai reached an elevation of 300 m.a.s.l., Budvylovski (1993) suggested that the 

moraines found 100 km upstream (at 1600 m.a.s.l) indicate the maximum extent of the 

Pleistocene glaciations. Lehmkuhl et al., (2011) presented a map of the Pleistocene glacier 

extent in the Russian Altai based on a compilation of data from Rudoi (2002), 

Budvylovski (1993), and the authors’ observations. The map also includes evidence for 

the occurrence of ice dammed lakes and catastrophic floods observed by different authors 

(Baker et al., 1993; Carling et al., 2002; Rudoy, 2002). Based on this information, the 

maximum extent of the Quaternary glaciations in the Russian Altai was estimated to 

>80.000 km² (Frank Lehmkuhl, Klinge, & Stauch, 2004). The ice extent was much larger 

in the western parts of the Altai compared to the eastern parts due to the precipitation 

gradient from west to east (Lehmkuhl et al., 2011). 

With regard to Aktru Valley, the maximum glacial extent during the Quaternary differs 

between studies. According to Budvylovski (1993), the maximum glacial extent in Aktru 

Valley would have covered the valley until an elevation of 1720 m.a.s.l., thus not reaching 

Kurai Basin. Evidence for this theory is the notorious terminal moraine found at the outlet 

of Aktru Valley (Figure 6). Although this moraine has not been dated, other similar ice 

margins in valleys nearby have been dated using the Optically Stimulated Luminescence 

method yielding Last Glacial Maximum ages that range from 28 to 19 ka B.P. (Lehmkuhl 

et al., 2007).  

The glacier extent in the study area has also been relatively variable during the Holocene. 

Agatova et al., (2012) analyzed 57 radiocarbon dates of wood fragments encountered in 

morainic and glaciofluvial deposits near the margins of current glaciers and above the 

present day tree line in different glaciers of the North Chuya Ridge in the Russian Altai. 

Results indicate that the glaciers formed during the last glaciations retreated almost 

completely by 7 ka B.P. due to warmer conditions. Nevertheless, during the last 7 ka 

valley glaciers in the area were activated at different occasions. These glacier activations 

resulted in the formation of three different moraine complexes apparent on the 

topography. Radiocarbon dating of wood fragments and peat deposits found in these 

moraine complexes indicate that the main glacier advances occurred during the Akkem 

Stage (4.9 to 4.2 ka B.P.), the Historical Stage (2.3 to 1.7 ka B.P.) and the Aktru Stage 

(late 13th to middle 19th century). During warm interglacials, glaciers retreated 

considerably or even melted away completely and deglaciated areas were reforested 

(Agatova et al., 2012). 
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Radiocarbon dating of wood fragments from moraines located in Aktru Valley allowed 

Agatova et al., (2012) to reconstruct its glacial history. The Akkem, Historical and Aktru 

moraine complexes in Aktru Valley are shown in Figure 1. Glaciers have retreated at a 

rate of 9.6 m per year since the beginning of the 19th century, although glacier retreat was 

especially fast between 1900 and 1940 (Pattyn et al., 2003). Nowadays, about 25% of the 

study area is covered by glaciers. 

 

 

Figure 6. (A) Aktru Basin and the different moraine complexes formed during the Aktru 

(LIA), Historical, Akkem and LGM Stages, adapted from Agatova et al., (2012). (B) 

Moraine complexes of Aktru and Historical age located at the upper part of Aktru Valley. 

(C) Moraine complexes of Akkem and LGM age located at the lower part of Aktru Valley. 

Base maps in B and C modified from Natural Earth. 

 

Daily meteorological data has been recorded by Aktru meteorological station (2150 

m.a.s.l.) since 1971. This data has been supplemented by meteorological observations 

taken in the nearby Uchitel meteorological station (3050 m.a.s.l.). The mean annual air 

temperature (MAAT) recorded in Aktru station is -5.2 ºC (1971-1993), varying from -

21.6 to 9.7 ºC in January and July, respectively (Sevastyanova & Sevastyanov, 2013). In 

Uchitel, the MAAT is -9.3 ºC, ranging from -23.6 to 4.5 ºC in January and July, 

respectively (data from winter months provided by S.V. Kharlamov). The mean 

altitudinal lapse rate between Aktru and Uchitel stations is 5 ºC kmˉ¹, varying between 

2,1 and 7.4 ºC kmˉ¹ in March and May, respectively. The greatest values occur during the 
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mid-seasons of the year because the surface at lower elevations, where snow has already 

melted, warms up much faster compared to high elevations, where snow still covers the 

surface (Sevastyanov, 1998). The mean annual precipitation in Aktru station is about 520 

mm, of which~80% falls between April and October (Sevastyanov, 1998). Nevertheless, 

precipitation varies largely across the study area due to its topography. According to 

Tornov et al., (1973), the mean average precipitation in the high areas of Aktru Valley is 

estimated to be about 1000 mm. The lowest part of the study area, in the Kuray Basin 

(~1600 m.a.s.l.), is characterized by a dry continental climate caused by its geographical 

position and the topography of the area. Although no meteorological measurements have 

been taken in the Aktru Valley outlet, temperature and precipitation values can be 

compared to those recorded in Kosh-Agash (~1700 m.a.s.l.), a small urban area located 

in a basin close to the study area with very similar geographic and topographic 

characteristics. The MAAT in Kosh-Agach is -4.2 (1981-2010), ranging between -27.3 

and 14.8 ºC in January and July, respectively. The man annual precipitation is about 122 

mm, of which ~70% fall in June and July (RIHMI-WDC, 2018).  

 In the last 120 years, air temperature has increased in Eurasia by 1.2 ºC (Lugina et al., 

2006). This temperature increase has been much steeper during the last decades (0.6ºC 

between the period 1970-2005), which has led to a decrease in glacier extent all over Asia 

that has also been noted in the Siberian Altai (e.g., Agatova et. al. 2011). 

The vegetation cover in the study area also differs along its altitudinal gradient. The lower 

part of the study area (~1700 m.a.s.l.) is almost entirely covered by steppe and steppe 

forest. The middle part of the valley (~1900 to ~2300 m.a.s.l.) is dominated by sub alpine 

forest (mainly Larix and Pinus species) growing on moraines of variable age (from LGM 

to LIA). Further up, sporadic trees of the same species reach up to ~2500 m.a.s.l. 

Nevertheless, between ~2300 and ~2500 m.a.s.l vegetation is mostly composed by alpine 

tundra species. Above 2500 m.a.s.l, vegetation becomes very scarce, with few patches of 

lichens, mosses or grasses, tending to disappear as elevation increases. On the active 

Aktru River floodplain, in recently deglaciated areas and on very steep slopes, vegetation 

and soil development is very patchy and the soils are shallow with a mix of lichens, 

mosses, grasses and, sporadically, juvenile trees. 

The Aktru Valley study area is characterized by the presence of continuous permafrost in 

its upper part and discontinuous permafrost in the lower part. Soils in the study are 

dominated by non-Gelisols and, sporadically, Orthels (based on own observations). They 

are generally poorly developed (<40 cm), especially on recently deglaciated areas and 

steep slopes. Cryoturbation is absent and buried C-enriched soil pockets only occur in 

very restricted peaty areas (based on field observations). The active layer at the upper part 

of the valley does not extend deeper than 60 cm (Davydov & Timoshok, 2010). With 

regard to the lower parts of Aktru Valley, soils are more developed and their depth range 

from ~10 cm in areas affected by erosional processes, to >100 cm in areas dominated by 

depositional processes. The active layer at the lower part of Aktru Valley is found at 

depths greater than 80 cm. 
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Figure 7. a) Study area location and administrative borders of the Altai Region. b) 

Overview of Aktru Valley and its vicinities, as well as the location of places of interest. 

c) Study area limits, current glacier extent and places of interest in Aktru Valley. Grey 

lines correspond to topographic contours. The white dashed line shows the location of a 

cross-valley elevation profile shown in d). The background topographic data in b) and c) 

consist of the Aster Global Digital Elevation Model (AGDEM) draped by semitransparent 

grey-scale slope and hillshade models. 
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4. Methods 

4.1. Soil sampling 

4.1.1. Tiksi 

Soil sampling was carried out in late August 2013. A total of 12 soil pedons were 

described and sampled from random sites located within the main land cover types found 

in a 250 m radius of a flux tower (Mikola et al. 2018). At each site, a general description 

of the vegetation and the geomorphology was made and a soil pit was excavated down to 

the permafrost table, except for sites with standing water where samples were extracted 

with a Russian soil corer. For each pedon a systematic description was made, including: 

photos, occurrence of stones, soil drainage and occurrence of cryoturbated material. 

Moreover, a scaled sketch of the soil horizons visible from the open pit was made for 

each pedon. For each pedon, at least one sample was extracted from every soil horizon. 

In the active layer, sampling was carried out by either cutting blocks of known volume or 

using a fixed volume cylinder. In the permafrost layer, a steel pipe was hammered into 

the frozen ground and samples were retrieved every 10 cm. The target sampling depth 

was 100 cm, although sampling stopped when bedrock or very homogeneous soil 

properties were encountered. For those depth intervals from which samples were not 

collected, soil properties were interpolated either from adjacent layers or from other soil 

samples with similar characteristics based on the pedon descriptions made in the field. In 

7 out of 12 soil pedons the reference depth of 100 cm was reached, and permafrost was 

encountered in all occasions. In total, 52 soil samples were collected. All 52 samples were 

analyzed for key soil properties, including bulk density, water/ice content, coarse fraction, 

organic matter (OM) content, inorganic carbon (IC) content, and carbon (C) and nitrogen 

(N) elemental and isotopic composition. In addition, 10 coarse fraction samples were 

taken to estimate the dry bulk density of the coarse fraction in the study area. All samples 

were stored in an excavated permafrost pit and, later on, in a freezer until further analysis. 

 

4.1.2. Aktru Valley 

In August 2017, a field campaign was conducted in Aktru Valley. A total of 39 soil 

pedons were described and sampled by applying a stratified random sampling scheme 

along five transects chosen to represent the different land cover and land form classes in 

the area. Transects had a length of 7-11 sites and fixed sampling intervals of 100 m using 

a. hand-held GPS device. This approach introduces a degree of randomness in the 

sampling. At each site, a systematic description of the vegetation was made (diameter 5 

m) including: photos of the sampling site, percentage of stones/bare at the pedon surface, 

land cover type, the height and cover percentage of plant functional types, and vegetation 

at the profile. Additional information on the topography and the geomorphology was 

collected, including landform, aspect, slope and elevation. 
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Sampling was carried out by cutting out blocks of known volume, using a fixed volume 

cylinder or coring with a steel pipe (Figure 8). In those sampling sites where an upper 

organically enriched soil horizon was present, sampling was performed by cutting out 

cubes with a sharp knife and subsequently measuring their dimensions. Since the top 

organically enriched soil layer showed a variable depth and distribution at the profile site, 

two extra top organic layers were sampled from two adjacent randomly-selected spots to 

acquire a more representative sample. A 100-cm³ cylinder was used to collect samples 

below the top organic layer in shallow and stony soils to as deep as bedrock or stones 

allowed us to reach. When sampling with the cylinder, volume estimates of large stones 

(those that do not fit in the cylinder, i.e., >4 cm in diameter) in the profile were made for 

each depth interval. In deep and fine-grained areas, as well as in the permafrost layer 

(when reached), samples were retrieved every 10 cm by hammering a steel pipe (inner 

diameter of 3.8 cm, outer diameter 4.2 cm) into the ground. The procedure was carried 

out until we reached the reference depth of 100 cm or bedrock/large stones were hit. All 

retrieved samples were transferred into plastic bags. For every sample, additional 

metadata was collected in the field including: depth interval; soil texture and color; 

occurrence of roots; occurrence of permafrost and buried C-enriched soil pockets (if 

applicable); occurrence of small stones. The target sampling depth was 100 cm, although 

most of the soil profiles were shallow due to the presence of stones. Only in two occasions 

the reference depth of 100 cm was reached. Furthermore, permafrost was only 

encountered in two occasions. In total, 234 soil samples were collected from 39 sampled 

soil pedons. Additionally, 10 coarse fraction samples were taken to estimate the dry bulk 

density of the coarse fraction in the area, and 7 root samples were collected to estimate 

the bulk density of the root material in the study area. All samples were transported to 

Tomsk State University and stored in a freezer until further analysis. 

 

Figure 8. Photographs from field sampling: (A) Sampling by cutting out blocks of known 

volume; (B) Sampling with a 100 cm³ cylinder; (C) Permafrost core collected with a steel 

pipe.  

 

 

a

) 

b

) 

c
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4.2 Bulk density and LOI 

All soil samples (n=234) were weighed in the laboratory before and after oven drying 

them at 65 ºC for 4 days to calculate the gravimetric water content and dry bulk density 

(DBD, g cmˉ³). Subsequently, all samples with a coarse fraction were sieved through a 2 

mm mesh in order to measure the coarse fragment fraction in the sample (CF, %). 

Furthermore, for samples collected from 14 soil profiles in Aktru Valley (selected to 

represent all the landscape classes in the study area) the percentage of the sieve’s surface 

covered by roots after sieving the sample was estimated, and the roots’ weight was 

measured in order to calculate the contribution of root material to the total soil organic 

carbon storage. 

For loss on ignition analysis (LOI), from the remaining fine fraction of every sample a 

subsample was transferred into pre-weighed crucibles, oven dried at 65 ºC overnight and 

subsequently weighed again. Then, all subsamples were burnt at 550 ºC for 2 h to estimate 

the soil organic matter (SOM) content and at 950 ºC for 2 h to estimate the amount of 

inorganic carbon in the sample. Since some of the pedons in the Aktru Valley study area 

were characterized by containing very fine-grained compacted material, additional 

analysis was performed for 4 soil profiles (three of which contained very fine grained 

material and the other one chosen as control profile) in order to ensure that moisture that 

remained trapped in the soil after oven drying it at 65 ºC did not contribute significantly 

to the SOC storage values obtained for these soil profiles. Therefore, all samples 

belonging to the 4 selected soil profiles were oven dried at 65 ºC overnight, weighed, 

oven dried again at 110 ºC and subsequently weighed again. It was noted that in all cases 

the weight loss (and therefore water loss) at 110 ºC relative to 65 ºC was <5% for organic-

rich samples and <2% in mineral samples and, therefore, only a negligible portion of the 

SOC storage values obtained in the soil profiles can be attributed to moisture trapped in 

fine grained material. 

 

4.3 Carbon and nitrogen elemental and isotopic analysis 

From all samples collected in Tiksi (n=52) a subsample was taken, homogenized using 

an agate mortar (to avoid contamination) and transferred into plastic cups with pierced 

lids. Subsequently, all subsamples were freeze-dried for 24 h and a small subsample 

(containing a maximum of 0.7 g of C) was transferred into tin capsules (5x5x8mm) for 

analysis. All samples were analyzed in an EA 1110 Elemental Analyzer (CE Instruments, 

Milan, Italy), coupled to a Finnigan MAT DeltaPlus isotope ratio mass spectrometer at 

the Department for Chemical Ecology and Ecosystem Research, University of Vienna 

(Thermo Fisher Scientific, Vienna, Austria). The relative abundance of stable isotopes of 

the same element was measured, and results on the total carbon and nitrogen content, as 

well as their isotopic signal were obtained. Stable nitrogen isotope ratios (¹⁵ N/¹⁴ N) are 

reported as δ15N (‰) relative to the atmospheric nitrogen standard. Results for C and N 

content are stated in % of the dry weight and allow us to calculate the C/N ratio. The %C 
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results obtained through the elemental analysis of individual soil samples were used to 

create a third order polynomial regression between LOI₅₅₀ and %C (Equation 1) for 

calculating the %C of the remaining depth increments from which samples were not 

collected and only default LOI₅₅₀ values were available. The C/N ratios were used as a 

proxy to estimate de degree of SOM decomposition (e.g., Kuhry & Vitt, 1996). The 

nitrogen isotope signal was used to calculate δ¹⁵N values, which in turn were also used 

as an indicator of SOM decomposition (e.g., Ping et al., 2008). Both the C/N ratios and 

the δ¹⁵N values were also used as a tool for confirming whether buried C-enriched soil 

pockets resulted from cryoturbation or not (e.g., Hugelius et al., 2012; Palmtag et al., 

2015). 

Y = 0.000014019x3 - 0.000877063x2 + 0.475627109x  (Equation 1) 

Subsamples on selected profiles from Aktru Valley have been processed and submitted 

for analysis, but results are not yet available at the time of writing this thesis. Moreover, 

for all profiles and samples LOI₅₅₀ data is available. For calculating the %C of all samples 

(n=234), a sixth order polynomial regression between LOI₅₅₀ and %C was created using 

data obtained by Palmtag et al., (2015), which corresponds to an alpine environment in 

Zackenberg (Greenland), with similar soil characteristics. It was decided to apply a sixth 

order polynomial regression since it notably improved the accuracy for samples with very 

high SOM content (Figure 9). 
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Figure 9. Polynomial regressions between LOI₅₅₀ and %C derived from a dataset 

obtained for an alpine environment in Zackenberg, Greenland (Palmtag et al., 2015): a) 

Sixth order polynomial regression applied for Aktru Valley study area. b) A fifth order 

polynomial regression discarded due to biased results for samples containing >70% C. 
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4.4 %IC and SOC storage calculations 

The %C was estimated following the procedure explained in section 4.3. 

No further calculations on the inorganic carbon content was carried out for the soils in 

Tiksi study area since the values for LOI at 950 ºC were in all cases negligible (<1%). In 

Aktru Valley, however, values for LOI at 950 ºC were much higher. Thus, the percentage 

of the total soil carbon content that was attributable to inorganic carbon (%IC) was 

estimated using Equation 2, where LOI₉₅₀ is the percentage of mass loss after loss on 

ignition at 950 ºC, 0.28 is approximately the carbon weight percentage of the total mass 

of a CO² molecule, LOI₅₅₀ is the percentage of mass loss after loss on ignition at 550 ºC 

and OC is the percentage of organic carbon in the soil. 

 

%𝐼𝐶 =
(𝐿𝑂𝐼950∗0,28)

(𝐿𝑂𝐼950∗0.28)+(𝐿𝑂𝐼550∗𝑂𝐶)
∗ 100    (Equation 2) 

 

The soil organic carbon (kg C mˉ²; SOC) storage was calculated for each sample using 

Equation 3, where T is the depth interval in cm, OC is the weight fraction of organic 

carbon in the soil, DBD is the dry bulk density of the sample, CF is the proportional 

weight of coarse fraction in the sample (CF; >2 mm), and 10 is for unit conversion.  

 

SOC = (%OC · DBD · (1 – CF) · T) · 10     (Equation 3) 

 

To avoid overestimation of organic C, SOC storage values obtained for each pedon were 

weighed by the proportion of coarse fragments observed on the pedons’ surface (>4 cm) 

within a radius of 5 m, assuming that the volume occupied by large stones contain no 

SOC. The coarse fragment proportion visible at the surface was interpolated to the 

different depth increments sampled at each particular pedon, based on field observations 

and interpretation of photographs of the pedons’ surface. Furthermore, the proportion of 

bare ground described on the pedons’ surface was deducted from the SOC storage and 

calculated apart assuming that the soil in these areas might develop differently compared 

to the vegetated areas. Thus, default %OC and CF values were applied to bare areas based 

on field observations of soil development and characteristics, and SOC storage results 

from bare areas were subsequently added up to the total SOC storage results.  

The SOC storage in each soil profile was calculated for different depth intervals such as 

the top organic layer (OL; consisting on the top organically enriched soil layer, with non-

existing or little mixing with mineral material including peat layers), the mineral layer, 

the active layer (AL), the permafrost layer (PF) and buried C-enriched soil pockets in the 

active and permafrost layers. Buried C-enriched soil samples were defined as samples 

containing a %OC substantially larger (>30%) than the surrounding mineral subsoil. 

Furthermore, we distinguished the metric depth intervals 0-30 cm and 0- 100 cm, although 
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in some cases (especially in Aktru) the depth of 100 cm was not possible to reach due to 

the presence of large stones, rocks or bedrock. These calculations were done for both the 

entire study area and the vegetated area only, since soil formation and SOC storage is 

mostly expected under vegetated areas, especially in Aktru Valley. The top organic layer 

thickness in Aktru study area was highly variable and therefore the SOC content was 

calculated from the mean of three replicates (except for peatlands)(Hugelius et al., 2010). 

In the case of Aktru Valley, for those depth increments from which no samples were 

taken, soil properties were interpolated from adjacent samples, taking into account any 

relevant field observations such as soil texture, percentage of stones, root occurrence, etc. 

In the Tiksi study site, several depth increments were not sampled due to high soil 

homogeneity and other technical constraints but accurate pedon descriptions were 

available for each soil pit down to the permafrost table (Gustaf Hugelius, personal 

communication). Therefore, for depth increments from which samples were not collected 

due to high soil homogeneity, soil properties were interpolated from adjacent layers. For 

those soil horizons from which samples were not taken due to technical constraints, 

default soil property values (obtained by averaging results on soil properties from all 

samples belonging to a specific soil horizon) were applied taking into account any field 

observations such as soil horizon and texture, cryoturbation, ground ice content, etc. The 

depth interval between the depth at which we stopped sampling due to stones and 100 cm 

in depth was assumed to contain no SOC. 

Besides, the contribution of root material to the total, landscape partitioning and soil 

vertical SOC storage in Aktru Valley was calculated by using data on root weight 

obtained for 14 out of 39 soil pedons. 

 

 

4.5 Radiocarbon dating 
 

A total of 6 samples from Aktru Valley profiles and 12 samples from Tiksi profiles have 

been submitted to the Poznan Radiocarbon Laboratory, for AMS dating. The aim is to 

date basal top organic soil and peat layers as well as C-enriched buried layers. Results are 

expected in September 2018 and cannot be incorporated in this thesis. 
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4.6 SOC upscaling 

4.6.1Tiksi 

The upscaling product used for calculating the SOC storage in the Tiksi study area 

consists of a land cover classification provided by Mikola et al., (2018). The LCC (0.2 

km²) was derived from two WorldView-2 images (WV-2, DigitalGlobe, Westminster, 

CO, USA; 12 August 2012 and 11 July 2015), which had a spatial resolution of 2 m. In 

addition, a DEM (derived from the 50 cm spatial resolution panchromatic bands of the 

2015 WV-2 stereo-pair image) and field measured GPS data were used for classification. 

Different software packages were used to obtain the final upscaling product, such as Erdas 

Imagine 2014, ArcGIS 10.3.1, SAGA-GIS 2.1.2 or R 3.2.2. A more detailed description 

of the methodology used to create the LCC is available in Mikola et al., (2018). 

In total, nine land cover types were distinguished, including bare ground, lichen tundra, 

shrub tundra, grass tundra, flood meadow, dry fen, bog, wet fen and water (Figure 10). 

More information on the criteria used to visually distinguish the different land cover types 

of the Tiksi study area is available in Mikola et al., (2018). The SOC storage of each depth 

interval for all pedons belonging to the same land cover class was averaged to obtain a 

mean SOC kg C mˉ² storage per land cover class. These values were then weighed by the 

proportion of area covered by each land cover class to estimate the landscape mean SOC 

storage in the study area (Hugelius, 2012).  

Due to low pedon replication and strong similarities observed in the soil properties of 

some of the land cover classes distinguished in the LCC (Mikola et al., 2018), it was 

decided to amalgamate the land cover classes “bog”, “wet fen” and “water” into the new 

category “peaty wetland”. Thus, the areal extents of these three categories were added up 

in ArcGIS 10.5 and the SOC storage of each depth interval for all pedons belonging to 

the categories “bog”, “wet fen” and “water” was averaged to obtain the mean SOC kg C 

mˉ² storage for the “peaty wetland” land cover class. The final LCC, therefore, consists 

of seven land cover types, including: bare ground, lichen tundra, shrub tundra, grass 

tundra, meadow, dry fen and peaty wetland. 
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Figure 10. Land cover types of the Tiksi study area: (a) bare soil with lichen tundra 

patches, (b) lichen tundra, (c) shrub tundra, (d) grass tundra, e) stream and flood meadow, 

(f) dry fen, (g) mixture of dry and wet fen, and (h) bog. 
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4.6.2 Aktru Valley 

Land cover classification 

For upscaling purposes, a land cover classification (LCC, 50.9 km²) was derived from 

Landsat 8 satellite images (pixel size 30m x 30m)(Earth Explorer; 14 August 2017). The 

LCC was created using ArcGIS 10.5 software. The images were projected to a common 

map projection and subsequently an atmospheric correction was applied. Subsequently, a 

maximum likelihood supervised classification was applied using the spectral bands 2-5 

(Campbell, 2011). The training polygons for the different land cover classes were 

manually defined using ArcGis 10.5, based on visual interpretation of the Landsat 8 

image. Due to the relatively low spatial resolution of the satellite imagery available for 

the area, it was not possible to spectrally separate the land cover class “shrub wetland”, 

called ernik by the local people, which is dominated by ~50 cm tall Betula communities 

and has exceptional relevance for the study since it was the only land cover class where 

peat formation occurred. Thus, an on-screen digitizing of shrub wetland was made using 

Google Earth’s perspective viewing capability as primary source. Furthermore, the land 

cover class “steppe forest” was first classified as “sparse forest” due to strong similarities 

in the spectral signature of both classes in the Landsat 8 satellite image. These land cover 

classes were separated in ArcGIS 10.5 based on an altitudinal criteria defined upon visual 

interpretation of satellite images and supported by own field observations: those areas 

formerly classified as sparse forest located below 1800 m.a.s.l were reclassified as “steppe 

forest”. Finally, similarities in the spectral characteristics of the classes “steppe” and 

“patchy vegetation” led to a less accurate classification of the steppe in the lower parts of 

the study area. Therefore, the same altitudinal criteria was applied, and those areas 

formerly classified as “patchy vegetation” located below 1800 m.a.s.l were reclassified 

as “steppe”. Finally, inaccurately classified areas of the lower part of the study area due 

to human-induced land cover changes, were reclassified according to their former (pre-

human modification) land cover characteristics, which in turn were assessed based on 

visual interpretation of USGS CORONA satellite imagery from the 1960’s. In total, the 

LCC includes ten different land cover classes: permanent snow/ice, bare ground, water, 

tundra, patchy vegetation, shrub wetland, sparse forest, dense forest, steppe forest and 

steppe (Figure 11). 

In order to estimate the accuracy of the satellite image based LCC an assessment was 

performed based on the 39 ground-truth plots combined with 96 manually selected points 

on ArcGIS 10.5. All 135 ground truth points were manually classified based on field 

information and visual interpretations of remotely sensed data. Kappa index of agreement 

and Overall accuracy were calculated from a confusion matrix.  

The SOC storage of each depth interval for all pedons belonging to the same land cover 

class was averaged to obtain a mean SOC kg C mˉ² storage per land cover class. These 

values were then weighed by the proportion of area covered by each land cover class to 

estimate the landscape mean SOC storage in the study area ( Hugelius et al., 2012). Since 

no SOC data was collected for ‘dense forest’ areas, a SOC default value was assigned to 
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it. Own field observations suggested that soils in the ‘dense forest’ land cover type were 

relatively similar to the best developed soils found in the ‘sparse forest’ land cover type. 

Thus, a SOC storage value from the best-developed “sparse forest” site was applied as a 

default for the “dense forest”. Land cover units such as snow (limited to higher elevations) 

and water were assumed to contain no organic carbon. 

 

 

 

Figure 11. Land cover types in the Aktru Valley study area: (a) bare ground, (b) patchy 

vegetation in the foreground, sparse forest in the background (c) sparse forest and patchy 

vegetation mixture in the foreground, floodplain and dense forest in the background, (d) 

shrub wetland in the foreground, sparse forest in the background e) sparse forest in the 

foreground, alpine tundra in the background, and (f) mixture of steppe and steppe forest. 

a b 

c d 

e f 
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Land form classification 

A LFC map of the study area was created based on visual interpretations of remotely 

sensed data supported by in situ observations and geomorphological descriptions made 

during the field campaign in the Russian Altai in August 2017. Landsat 8 imagery (30 m 

spatial resolution), Google Earth satellite images and the ASTER Global DEM (AGDEM, 

30 m spatial resolution) were used as primary data sources. Mapping was carried out 

using on-screen digitizing of landforms. When mapping with Landsat 8 images, the 

‘false’ Infrared (IR; RGB: 5,4,3) color composite was used since these band combination 

allows for better differentiation of bedrock, snow and vegetated areas (Glasser & Jansson, 

2008). The landform spectral signature strength was enhanced by applying histogram 

equalization and contrast stretching to the satellite images (Jansson & Glasser, 2005). 

Furthermore, hillshade and slope models were generated, set to grey-scale color ramps 

and 50% transparency, and draped over the AGDEM in order to further enhance the 

topographic signature of the study area. The geomorphology-related land form classes 

distinguished in the area are 11 and can be separated into unvegetated (glacier, lake, 

bedrock, active talus, slope with colluvium unvegetated and floodplain) and vegetated 

(recent moraine, slope with colluvium vegetated, colluvium on moraine, colluvium on 

hill slopes and basin) land forms. A vegetation criteria (vegetated/unvegetated land 

forms) was applied to the land form classification due to the fact that soil formation and 

thus SOC storage in the Aktru River Valley study area is only expected in vegetated areas. 

The SOC storage of each depth interval for all pedons belonging to the same land form 

class was averaged to obtain a mean SOC kg C mˉ² storage per land form class. These 

values were then weighed by the proportion of area covered by each land cover class to 

estimate the landscape mean SOC storage in the study area. 

 

LCC-LFC combination 

For the purpose of yielding more accurate total SOC storage and landscape distribution 

estimates in the Aktru Valley study area, a LCC-LFC combination approach was pursued 

to upscale the soil pedon data. This approach is based on the assumption that the 

geomorphology, even though not the only factor, plays an important role in determining 

vegetation and soil development. Additionally, different geomorphology-related 

parameters (slope, grain size, shape, etc) determine the capacity of the soil to retain water 

and thus affect the soil storage. Thus, with a highly variable geomorphology such as in 

Aktru Valley, an approach that combines both LCC and LFC might be particularly 

important when upscaling SOC storage values.  

Thereafter, the LCC and the LFC were combined on ArcGIS 10.5 software. A total of 45 

upscaling units resulted from the LCC-LFC combination. However, the 39 sampling sites 

did not cover all the recognized upscaling units. Therefore, those upscaling units that 

shared soil characteristics and/or mean SOC values were amalgamated as presented in 

Table 1, resulting in the following 17 upscaling units: permanent snow/ice, lakes, exposed 
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bedrock, active talus, patchy bare ground, patchy vegetation on slope with colluvium, 

patchy vegetation on recent moraine, tundra on colluvium on moraine, tundra on slope 

with colluvium, talus outwash plain, sparse forest on recent moraine,  sparse forest on 

floodplain, sparse forest on mountain slopes, dense forest on moraine, steppe forest on 

basin, steppe forest on valley hills and steppe on basin and hills. Furthermore, reasonable 

default mean SOC storage values were applied to those final upscaling units for which no 

pedon data was available (i.e. dense forest on moraine and sparse forest on floodplain) 

based on own field observations and available literature. For this purpose, mean SOC 

storage values from pedons collected on sparse forest patches growing on recently 

deglaciated areas were applied to the upscaling unit “sparse forest on floodplain”, while 

mean SOC storage values from one pedon collected on the best developed forest 

belonging to the land cover class “sparse forest” was applied to the LCC-LFC upscaling 

unit “dense forest on moraine”. 

SOC storage values of each depth interval for all pedons belonging to the same LCC-LFC 

upscaling unit was averaged to obtain a mean SOC kg C mˉ² storage per unit. These values 

were then weighed by the proportion of area covered by each unit to estimate the 

landscape mean SOC storage in the study area. 

 

Table 1. Upscaling units and their proportion of total surface area resulting from the 

combination of the LCC and the LFC and the amalgamated larger classes used in the 

LCC-LFC combination upscaling approach. 

LCC-LFC combination classes 
Area 

(%) 
Overall LCC-LFC classes 

Area 

(%) 

Bare - Glacier 0.77 
Permanent snow/ice 24.35 

Permanent snow/ice - Glacier 23.57 

Water - Lake 0.01 Lakes 0.01 

Bare - Bedrock 20.93 

Exposed bedrock 25.33 
Patchy vegetation - Bedrock 3.26 

Permanent snow/ice - Bedrock 1.09 

Tundra - Bedrock 0.05 

Patchy vegetation - Talus 0.40 

Active talus 0.95 
Tundra - Talus 0.01 

Sparse forest - Talus 0.01 

Bare - Talus 0.54 

 

Bare - Floodplain 

 

0.85 

 

Patchy bare ground 

 

16.79 

Bare - Slope with colluvium vegetated 0.01 

Bare - Colluvium on moraine 0.02 

Bare - Recent moraine 4.34 

Bare - Slope with colluvium  6.29 
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Permanent snow/ice - Slope with colluvium 0.13 

Dense forest - Floodplain 0.08 

Patchy vegetation - Slope with colluvium    2.55 

Sparse forest - Slope with colluvium 0.01 

Patchy vegetation - Floodplain 1.64 

Tundra - Floodplain 0.11 

Permanent snow/ice - Recent moraine 0.06 

Steppe - Floodplain 0.70 

Patchy vegetation - Slope with colluvium 

vegetated 
1.47 Patchy vegetation on slope with 

colluvium 
1.70 

Patchy vegetation - Colluvium on moraine 0.23 

Patchy vegetation - Recent moraine 2.21 Patchy vegetation on recent moraine 2.21 

Sparse forest - Recent moraine 0.04 Sparse forest on recent moraine 0.04 

Tundra - Slope with colluvium vegetated 3.17 Tundra on slope with colluvium 3.17 

Tundra - Colluvium on moraine 1.96 Tundra on colluvium on moraine 1.96 

Shrub wetland - Slope with colluvium 

vegetated 
0.02 Talus outwash plain 0.02 

Sparse forest - Slope with colluvium 

vegetated 
1.37 

Sparse forest on mountain slopes 3.18 

Sparse forest - Colluvium on moraine 1.81 

Sparse forest - Floodplain 0.39 
Sparse forest on floodplain 0.64 

Steppe forest - Floodplain 0.25 

Dense forest - Slope with colluvium vegetated 0.33 

Dense forest on moraine 6.56 Dense forest - Colluvium on valley hills 0.02 

Dense forest- Colluvium on moraine 6.21 

Steppe forest - Colluvium on valley hills 2.45 
Steppe forest on valley hills 5.39 

Steppe forest - Colluvium on moraine 2.94 

Steppe forest - Basin 0.05 Steppe forest on basin 0.05 

Steppe - Colluvium on valley hills 5.33 

Steppe on basin and hills 7.68 Steppe - Basin 1.75 

Steppe - Colluvium on moraine 0.60 

Total 100   100 

 

 

4.7 Statistical analysis 

The results of the mean SOC estimates of the total and vegetated areas were statistically 

analyzed in order to obtain error estimates. Thus, 95% confidence interval (CI) ranges of 

total landscape and vegetated area SOC, weighed by the variance within and areal extent 

of each upscaling unit, were calculated using equation 4, where: t is the upper α/2 of a 

normal distribution (t = 1.96), aᵢ is the total areal extent (%) of the upscaling unit i, SDᵢ is 
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the standard deviation of the upscaling unit i, and nᵢ is the number of replicates in class i 

(Thompson, 1992). 

𝐶𝐼 = 𝑡 ∗ √∑((𝑎ᵢ2 ∗ 𝑆𝐷ᵢ2)/𝑛ᵢ     (Equation 4) 

It is important to mention that CI ranges presented here is only an indicator of the 

uncertainties caused by the natural variability in the study area and/or by too low number 

of replicates in each class, but they do not account for uncertainty arising from errors in 

the upscaling products (Hugelius, 2012). 

For the Tiksi study area, a Student’s t-test was applied to examine if there is a statistically 

significant difference between the organic and mineral samples, between the C-enriched 

and adjacent mineral samples, and between the organic and mineral samples from 

wetlands (dry fen, wet fen and water land cover classes) and tundra areas, for the 

geochemical parameters %C, C/N ratio and δ¹⁵N values. 

 

5. Results 

5.1 Landscape classifications 

5.1.1 Land cover classification (LCC) 

A land cover classification was compiled from remotely sensed data from the Aktru 

Valley study area and a pre-existing one (Mikola et al., 2018) was adapted to obtain the 

final LCC for the Tiksi study area. 

The LCC for the Tiksi study area is presented in Figure 12. The overall internal and 

external accuracies of the land cover classification are 80 and 49%, respectively (Mikola 

et al., 2018). The LCC shows that Tiksi study area is dominated by the land cover class 

defined as “peaty wetland”, which groups the former classes of bog, wet fen and water, 

covering almost the 35% of the total area. The extent of this land cover class, together 

with “dry fen” areas (13% of the total area), result in a ~48% of wetland coverage in the 

Tiksi study area. The land cover classes “grass tundra” and “shrub tundra” cover 

approximately the 19% and 15% of the total area, respectively. The areas found on the 

gently sloping hillslopes at the northern parts correspond to the land cover classes “bare 

ground” and “lichen tundra” and represent the ~9% and the ~7% of the landscape. The 

class “meadow”, only occurring along the riverside, covers the ~2% of the total area. 

Therefore, the vegetated area in Tiksi study site exceeds 90% of the total area. 
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Figure 12. Distribution of land cover classes, sampling sites and footprint area of the flux 

tower in the Tiksi study area, NE Siberia. Land cover classification adapted from Mikola 

et al., (2018). 

The LCC for Aktru Valley, in turn, is presented in Figure 13. It has an Overall accuracy 

of 76.6% and a Kappa value of 073. These values are similar or higher in comparison 

with other thematic maps in alpine environments (e.g. Hugelius et al., 2010; Fuchs et al., 

2015, Palmtag et al., 2016). The relatively low Kappa value can be explained due to the 

similarities between the spectral characteristics of some “steppe” and “patchy vegetation” 

areas, which led to a rather poor accuracy in distinguishing these classes in the lower parts 

of Aktru Valley. The LCC indicates that Aktru Valley is dominated by “bare ground” and 

“permanent snow and ice”, covering the ~34 and ~25% of the study area, respectively. 

Thus, almost the 60% of the area is unvegetated. The vegetated area in Aktru Valley is 

mostly composed of the land cover class “patchy vegetation”, which covers almost the 

13% of the area, followed by “steppe” (~8%), “dense forest” (~7%), “steppe forest” 

(~6%), “tundra” (~5%) and sparse forest (~4%). The land cover classes water and shrub 

wetland only occupy ~0.02% of the study area.  
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Figure 13. Distribution of land cover classes and locations of interest in Aktru Valley, 

including detailed maps showing transect and sample point locations in the upper (A) and 

lower (B) parts of the valley. 
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5.1.2 Land form classification (LFC) 

A LFC was generated for the Aktru Valley study area and is presented in Figure 14. It 

shows almost identical results to those shown in the LCC regarding the unvegetated area 

in Aktru River basin, although represented by different classes. Thus, the LFC indicates 

that ~24% of the study area is covered by the land form class “glacier”, while the classes 

“exposed bedrock”, “slope with colluvium unvegetated”, “floodplain” and “active talus” 

occupy ~25%, ~9%, ~4% and ~1% of the total area. Altogether, the unvegetated classes 

in the LFC represent almost the 64% of the study area and are mostly located at high 

elevations. In the upper part of the study area we find the vegetated classes “recent 

moraine” and “slope with colluvium vegetated”, which occupy ~7% and ~6% of the total 

area. In turn, the central part of the valley is dominated by the vegetated land form class 

“colluvium on moraine” occupying ~14% of the study area. Finally, the lower part of 

Aktru Valley is mostly composed of the land form classes “colluvium on valley hills” and 

“basin”, which occupy ~8% and ~2% of the total area. The land form class “lake” only 

covers the ~0.02% of the total study area. 
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Figure 14. Distribution of land form classes and locations of interest in Aktru Valley, 

including detailed maps showing transect and sample point locations in the upper (A) and 

lower (B) parts of the valley. 
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5.1.3 Combination of LCC and LFC approaches 

An upscaling tool that combines a LCC and a LFC was generated for Aktru Valley and 

is presented in Figure 15. The area occupied by “permanent snow/ice” is fairly the same 

as in the previous approaches (~25%). However, the total unvegetated area increases ~by 

8% (from ~59 to ~67%) and by ~3% (from ~64 to ~67%) compared to the LCC and the 

LFC, respectively. This increase results from the assumption that all areas classified as 

“patchy vegetation” in the LCC that fell in the land form classes “bedrock”, “slope with 

colluvium unvegetated”, “talus” or “floodplain” contained so little C that they had to be 

classified as “patchy bare ground” in the LCC-LFC approach. Among the unvegetated 

classes (apart from “permanent snow/ice”) we find “exposed bedrock” (occupying ~24% 

of the total area), “patchy bare ground” (~17%), “active talus” (~1%) and “lakes” 

(0.02%). Most of the unvegetated classes are located at high altitudes in the upper part of 

the study area. 

The vegetated classes in the study area, in turn, are mostly composed of “steppe on basin 

and hills” (~8%), “dense forest on moraine” (~7%) and “steppe forest on valley hills” 

(~5%). The areal extent of these classes, belonging to the lower part of Aktru Valley, is 

very similar to that in the land cover classes “steppe”, “dense forest” and “steppe forest” 

due to relatively high geomorphologic homogeneity (considering a 30 m spatial 

resolution DEM) and the low pedon replication in the LCC-LFC generated classes.  

The areas formerly classified as tundra in the LCC were split into “tundra on slope with 

colluvium” (~3%) and “tundra on colluvium on moraine” (~2%). Moreover, the areas 

classified in the LCC as “sparse forest” were split into “sparse forest on mountain slopes” 

(~3%), “sparse forest on floodplain” (~1%) and “sparse forest on recent moraine” 

(preserved forest between late Holocene moraines in the upper part of the study area, 

<0.1%). Finally, the former “patchy vegetation” areas were reclassified as “patchy 

vegetation on slope with colluvium” (~2%) and “patchy vegetation on recent moraine” 

(~2%). 

 

 

 



39 
 

 

 

 

 

Figure 15. Distribution of the upscaling units resulting from the LCC-LFC combination 

and locations of interest in Aktru Valley, including detailed maps showing transect and 

sample point locations in the upper (A) and lower (B) parts of the valley.  
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5.2 Analysis of the soil properties in Tiksi and Aktru Valley 

Mean values of the soil properties obtained from all samples collected in the Tiksi and 

Aktru Valley study areas, as well as from all samples collected in the top organic, mineral, 

active, permafrost and buried C-enriched soil layers, are presented in Tables 2 and 3. 

 

Table 2. Analysis of the soil properties for soil samples from the Tiksi study site. 

Geochemical 

analysis 

All 

samples, 

mean ± SD 

Organic 

layer 

samples, 

mean ± SD 

Mineral 

layer 

samples, 

mean ± SD 

Active 

layer 

samples, 

mean ± SD 

Permafrost 

layer 

samples, 

mean ± SD 

Non C-

enriched 

buried soil 

pockets, 

mean ± SD 

Buried C-

enriched 

soil 

pockets, 

mean ± SD 

DBD (g cm¯³) 0.7 ± 0.5 0.3 ± 0.2 0.9 ± 0.5 0.7 ± 0.5 0.6 ± 0.5 1.0 ± 0.5 0.5 ± 0.2 

Water content 

(%) 
50.8 ± 23.2 70.0 ± 10.0 37.4 ± 20.1 50.8 ± 24.5  50.9 ± 19.6 34.7 ± 20.4 51.1 ± 12.7 

CF in the 

sample (%) 
15.7 ± 24.4 0.8 ± 3.5 28.0 ± 27.4 16.2 ± 25.5 14.3 ± 21.9 17.4 ± 25.2 0.0 

LOI₅₅₀ (%) 31.0 ± 24.4 51.5 ± 23.8 16.7 ± 10.9 34.1 ± 26.6 22.0 ± 13.5 15.0 ± 10.1 25.2 ± 12.0 

LOI₉₅₀ (%) 0.7 ± 0.2 0.6 ± 0.3 0.7 ± 0.1 0.7 ± 0.2 0.7 ± 0.1 0.7 ± 0.1 0.5 

%IC of total C 3.3 ± 4.5 0.9 ± 0.6 5.2 ± 5.4 3.1 ± 4.2 3.8 ± 5.6 3.5 ± 4.7 1.3 ± 0.3 

 

 

Table 3. Analysis of the soil properties for soil samples from Aktru Valley. 

Soil properties 

All 

samples, 

mean ± SD 

Organic 

layer 

samples, 

mean ± SD 

Mineral 

layer 

samples, 

mean ± SD 

Active layer 

samples, 

mean ± SD 

Permafrost 

layer 

samples, 

mean ± SD 

Buried C-

enriched soil 

pockets, 

mean ± SD 

DBD (g cm¯³) 0,9 ± 0.5 0,3 ± 0.2 1.2 ± 0.4 0.9 ± 0.5 1.3 ± 0.2 1.1 ± 0.2 

Water content (%) 19,2 ± 18.2 41.8 ± 15.3 10.3 ± 9.7 19.4 ± 18.3 17.5 ± 11.8 27.9 ± 4.4 

CF in the sample 

(%) 
10,3 ± 14.0 2.2 ± 8.9 13.8 ± 14.4 10.4 ± 14.16 9.4 ± 8.8 15.7 ± 5.6 

LOI₅₅₀ (%) 22.9 ± 23.5 54.9 ± 21.2 10.6 ± 7.3 23.3 ± 23.7 9.4 ± 5.7 13.7 ± 2.9 

LOI₉₅₀ (%) 2.3 ± 1.9 2.2 ± 1.8 2.3 ± 1.93 2.3 ± 1.9 3.0 ± 2.2 1.2 ± 0.2 

%IC of total C 11.1 ± 13.4 2.5 ± 1.8 14.6 ± 14.5 10.8 ± 13.3  24.8 ± 21.9 4.98 ± 0.9 

 

Mean dry bulk density values are 0.9 ± 0.5 g cmˉ³ and 0.7 ± 0.5 g cmˉ³ in Aktru Valley 

and Tiksi, respectively. All samples had DBD values over 0%, indicating that no large 

ice lenses were present. The results show that DBD increases with depth and therefore 

the lowest DBD values are found at the top and the highest at the bottom (due to 

compaction and decomposition). However, results from Tiksi indicate that this DBD 

increase with depth stops in the permafrost table, where DBD values suddenly decrease 
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due to the presence of ground ice. Accordingly, mean DBD values in the Tiksi study site 

are 0.3 ± 0.2, 1.2 ± 0.4 and 0.6 ± 0.5 g cmˉ³ in the top organic, unfrozen mineral and 

permafrost layers, respectively. Furthermore, the results indicate that DBD decreases with 

higher OM content. Accordingly, the top organic layer presents very low DBD values 

(0.3 ± 0.2 in average in both study areas), while the rest of the minerogenic soil horizons 

present much higher DBD values (1.2 ± 0.4 and 0.9 ± 0.5 g cmˉ³ in Aktru Valley and 

Tiksi, respectively). Samples from buried C-enriched soil pockets present lower values 

compared to both the mineral and permafrost layers (1.1 ± 0.2 and 0.5 ± 0.2 in Aktru 

Valley and Tiksi, respectively). DBD increases with increased CF percentage. 

Accordingly, the average DBD values for soil samples containing >1% of stones was 1.2 

± 0.4 and 1.2 ± 0.5 g cmˉ³ in Aktru Valley and Tiksi, respectively, while mean DBD 

values for samples containing <1% of stones was 0.5 ± 0.4 in Aktru and 0.3 ± 0.2 g cmˉ³ 

in Tiksi. 

Mean water content values were 19.2 ± 18.2% and 50.8 ± 23.2% for the Aktru Valley and 

Tiksi study areas, respectively. Water content followed an inverse trend compared to what 

was observed in the DBD. Thus, water content decreases with depth until the permafrost 

table is reached, with mean water content values in the top organic and the unfrozen 

mineral layers of 41.8 ± 15.3% and 10.4 ± 9.6% in Aktru Valley and 70.0 ± 10.0% and 

27.1 ± 13.6% in Tiksi. In the permafrost layer, water content increases again (mean water 

content values of 17.5 ± 11.8% and 50.9 ± 19.6%), especially in buried C-enriched soil 

horizons (mean water content values of 27.9 ± 4.4% and 51.1 ± 12.7%). These results 

indicate that water content decreases with depth and stone percentage but increases with 

organic matter content. No samples with 100% water content were collected, further 

confirming that no large ice lenses were present. 

Mean loss on ignition at 550 ºC were 22.9 ± 23.5% and 31.0 ± 24.4% in Aktru Valley and 

Tiksi, respectively. Therefore, OM content values are lower in Aktru Valley compared to 

Tiksi. The highest mean OM content values are observed in the top organic/peat layer 

(54.9 ± 21.2% in Aktru and 51.5 ± 23.8% in Tiksi), while the lowest are found in the 

mineral layer (10.6 ± 7.3 and 16.7 ± 10.9% in Aktru and Tiksi, respectively). OM content 

decreases sharply with depth until the permafrost table is reached, where it increases again 

due to the occurrence of buried organics. In Aktru Valley, this increase is only visible in 

the buried C-enriched soil horizons of one profile in the “shrub wetland” land cover class. 

In Tiksi, however, the increase in OM content below the permafrost table is notable in 

both the whole permafrost layer (OM content 22.0 ± 13.5%) and buried C-enriched soil 

samples alone (OM content 25.2 ± 12.0%). 

LOI at 950 ºC shows values ≤1% in Tiksi, which indicates that very little inorganic carbon 

(carbonates) is stored in the soil. The %IC of the total C is very low (~3% in average). In 

Aktru Valley, however, the inorganic carbon content is higher (2.3 ± 1.9%) and ranges 

from ≤1% in organic rich areas of the upper valley (e.g. sparse forest, tundra or shrub 

wetland areas), 1 to 5% in coarse grained areas of the upper valley (e.g. floodplain or 

recently deglaciated areas) and 1 to 10% in the lower part of Aktru Valley (e.g. steppe 

and steppe forest areas). The %IC of the total C content in the soil samples from Aktru 
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Valley, in turn, was 11.1 ± 13.4%, ranging from 5.4 ± 3.6% in organic rich areas of the 

upper valley, 16.4 ± 20.2% in coarse grained areas of the upper valley and 20.6 ± 15.1% 

in the lower part of the study area. The results indicate that in Aktru Valley study area IC 

content increases with DBD (Figure 16), suggesting the presence of carbonates in the 

mineral soil fraction. 

 

Figure 16. %IC content vs DBD (g cm⁻ ³) for individual samples from Aktru Valley, 

divided into fined grained pedons from the upper part (green), coarse grained pedons from 

the upper part (red) and pedons from the lower part (blue) of the valley. 

 

5.3 SOC storage in the Tiksi and Aktru Valley study areas 

5.3.1 Soil depth, upper permafrost table and buried organics in the Tiksi 

and Aktru Valley study sites 

 

The mean depth of the soil profiles and their top organic, mineral and active layers, as 

well as the permafrost and buried C-enriched soil pockets occurrence for Tiksi and Aktru 

Valley study areas is presented in Tables 4 and 5, respectively. 

In the Tiksi study site, a total of 12 pedons were sampled representing the main land cover 

types. The mean depth of all sampled pedons was ≥73 ± 23 cm, ranging from 100 cm in 

tundra and 59 ± 16 in wetlands. The weighed mean soil depth in the study area is 81 cm. 

The reference depth of 1 m was reached in 7 out of 12 occasions. In the remaining 5 sites, 

it was not possible to core down to 1 m due to the occurrence of bedrock. The organic 

and mineral layers of all pedons, in turn, present a mean depth of 18.8 ± 14.8 and 66 ± 29 

cm, respectively. 
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Permafrost was encountered in each profile. The average active layer thickness during 

the sampling period (late August 2013) for the total study area was 49 ± 18 cm, while the 

weighed mean active layer thickness was 47.1 cm. The mineral (tundra areas) and 

peatland soils, in turn, presented mean active layer thickness of 60 ± 12 and 32 ± 10, 

respectively. 

In total, 4 out of 12 sites contained buried C-enriched soil pockets in both the active and 

the upper permafrost layer. Buried organics were found in bare ground, shrub tundra, 

meadow and dry fen sites. 

In Aktru Valley, a total of 39 soil profiles were sampled along five different transects. 

The mean soil depth of all sampled pedons was 31 ± 24 cm. If we consider the vegetated 

area alone (i.e., excluding the land cover classes “bare ground” and” permanent 

snow/ice”), the weighed mean soil depth in the study area is 29.5 cm. Soils were generally 

shallow due to the occurrence of rocks and stones. However, the reference depth of 1 m 

was reached in 3 out of 39 occasions in the “steppe forest” (n=1) and” steppe” (n=2) land 

cover classes, where the mean soil depths were 48 ± 32 and 45 ± 31 cm, respectively. The 

organic and mineral layers of the sampled profiles, in turn, showed a mean depth of 3.3 

± 4.9 and 29 ± 22 cm, respectively, with weighed mean depths for the vegetated area only 

of 5.5 and 24 cm, respectively. 

Permafrost was reached in 2 out of 39 occasions in the land cover classes “shrub wetland” 

and steppe forest at depths of 48 and 80 cm, respectively. In 2 cases, the reference depth 

of 1 m was reached without encountering the upper permafrost table.  

Buried soil organic material was encountered in 1 out of 39 sites, in the land cover class 

“shrub wetland”. Buried C-enriched soil pockets in this pedon were entirely found in the 

permafrost layer. 

 

5.3.2 LCC based SOC upscaling 

Tiksi, NE Siberia 

The mean SOC storage for each land cover class and their different depth intervals, as 

well as the weighed average for both the entire study area and the vegetated area alone, 

is presented in Table 4. In the Tiksi study area, the mean SOC storage including all land 

cover classes in the upper 100 cm of soils is 21.4 ± 3.2 Kg C mˉ² (Table 4), of which 11.8 

± 3.4 Kg C mˉ² are found in the upper 30 cm. Excluding unvegetated areas (i.e. “bare 

ground”) SOC storage in the top 100 and 30 cm is slightly higher (22.6 ± 3.2 and 12.8 ± 

3.4 Kg C mˉ², respectively).  

The confidence interval of the different land cover classes for the Tiksi study site is very 

large (3.2), reflecting the low pedon replication and the high within class SOC variability, 

especially in wetlands. This high within class variability is mostly explained by the high 

within class differences in soil depth in wetlands (also reflected in the standard deviations 
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of the mean profile depth, (Table 4) and, to a lesser degree, by within class differences in 

coarse fragment fraction (>2 mm; Table 3).  

 The proportional landscape and vertical partitioning of the total SOC storage in the 0-

100 cm depth interval in the Tiksi study area is presented in Figure 17. The highest SOC 

storage mean values for the upper 100 cm occur in the land cover classes “dry fen” and 

“meadow”, with 46,8 ± 23,1 and 45.4 Kg C mˉ², respectively. The “dry fen” land cover 

class stores the 28% of the total SOC in Tiksi because of the combination of large areal 

extent and a high SOC storage mean values. However, since the class “meadow” only 

covers 2.4% of the total area, its contribution to the total SOC storage is only the 5.1%. 

The land cover class with the largest contribution to the total SOC storage in Tiksi 

corresponds to “peaty wetland”, which covers the 34.8% of the total area and contributes 

32.2% of the total SOC despite ‘only’ storing in average 19.8 Kg C mˉ². Thus, 60.2% of 

the total SOC mass is stored in wetlands. The lowest contribution to total SOC storage in 

the area was observed in the land cover classes “bare ground” (which stores on average 

9.4 Kg C mˉ², covers 8.8% of the total area and contributes to 3.9% of the total SOC 

storage) and “lichen tundra (stores 12.8 Kg C mˉ², covers ~7% of the total area and 

contributes to 4.2% of the total SOC storage). These classes are found on a small hill, in 

the northern part of the study area (Figure 5c). 

 

Figure 17. Proportional contribution of each land cover class, subdivided into top 

organic/peat, mineral, active and permafrost layers, to the total SOC storage in the 0-100 

depth interval for the Tiksi study site. The “X” indicates the proportional areal coverage 

(%) of each land cover class. 
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The top organic/peat layer stores 9.5 ± 3.7 Kg C mˉ² and accounts for 44% of the total 

SOC storage in Tiksi. It is important to mention that the bottom part of the peat layer in 

the land cover class “dry fen” was found below the permafrost table and therefore the 

carbon stored in this layer is also included when referring to SOC storage values in the 

permafrost layer. The mineral layer, in turn, stores 11.9 ± 1.9 Kg C mˉ² and accounts for 

the 56% of the total SOC storage. About 61% of the total SOC is stored in the active layer 

(13.0 ± 5.5 Kg C mˉ²) while the permafrost layer (8.4 ± 2.7 Kg C mˉ²) stores ~39% of the 

total SOC in the Tiksi study area. Buried C-enriched soil pockets store 15.4% (3.3 Kg C 

mˉ²) of the total SOC, of which 0.9 ± 0.5 Kg C mˉ² are stored in the active layer and 2.4 

± 1.0 Kg C mˉ² are found in the permafrost layer. Buried organics in the Tiksi study area 

were observed in both wetlands and tundra. 

 

Aktru Valley, Russian Altai Mountains 

The mean SOC storage including all land cover classes for the 0-100 cm depth interval 

in the Aktru Valley study area is 3.5 ± 0.8 Kg C mˉ² (Table 5), of which ~83% is stored 

in the 0-30 cm depth interval (2.9 ± 0.3 Kg C mˉ²). Excluding unvegetated areas 

containing negligible amounts of SOC (i.e. “permanent snow/ice”, “bare ground” and 

“water”), SOC storage for the 0-100 and 0-30 cm depth intervals is notably higher (8.5 ± 

0.8 and 6.9 ± 0,6 Kg C mˉ², respectively). 

The confidence interval of the different land cover classes for the Aktru Valley study area 

is large (0.8). This high value reflects the high within class SOC variability, which in 

Aktru is mostly governed by within class differences in soil depth and coarse fragment 

fraction (>2 mm)(which are also reflected in the standard deviation of the mean profile 

depth (Table 5) and mean CF content of the samples (Table 3). The high CI value might 

also be caused by insufficient sampling within some classes. In Aktru Valley, the highest 

within class SOC variability is found in “steppe” and “steppe forest” land cover classes 

(standard deviation values of 12.8 and 8.8, respectively), which are also those that show 

the highest within class variability in soil depth (Table 5). 
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Figure 18 shows a detailed analysis of the landscape and vertical partitioning of the total 

SOC storage in the upper 100 cm in the Aktru Valley study area. In Aktru Valley, “shrub 

wetland” is the land cover class with the highest mean SOC storage for 0-100 cm depth 

interval with 27.2 Kg C mˉ². However, together with “bare ground” (34% of the total 

area; 0.1% of the total SOC storage), it is the land cover class with the lowest contribution 

to the total SOC storage in Aktru (0.2%) due to its extremely low areal coverage (0.2% 

of the total area). The land cover classes with the largest contribution to the total SOC 

storage in the Aktru Valley study area are those vegetated areas located in the central and 

lower parts of the study area: “steppe” stores on average 15,3 ± 12,8 Kg C mˉ² and 

accounts for 32.6% of total SOC; “dense forest” contains 13.2 Kg C mˉ²and contributes 

to 24.5% of the total SOC; “steppe forest” stores 12,4 ± 8,8 Kg C mˉ² and accounts for 

20.1% of the total SOC. 

 

 

 

Figure 18. Proportional contribution of each land cover class, subdivided into top 

organic, mineral, active and permafrost layers, to the total SOC storage in the 0-100 depth 

interval for Aktru Valley. The “X” indicates the proportional areal coverage (%) of each 

land cover class. 
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A detailed analysis of the contribution of root material to the total SOC storage was 

performed in the Aktru Valley study area (Table 6). In total, the root material contributes 

to 0.2 ± 0.1 Kg C mˉ², which represents 6.4% of the total SOC storage in the study area. 

About 81% of the total root material is found in the top organic layer, which alone 

contributes to ~5.1% of the total SOC storage. The root material present in the mineral 

layer, in turn, contributes to 1.3% of the total SOC (0.04 Kg C mˉ²). The major root 

contribution to the total SOC storage in the different land cover classes is found in “sparse 

forest” (10,9 ± 3,3%), “steppe forest” (9,5 ± 6,3%) and “shrub wetland” (5.2%)(Table 6). 

Moreover, roots account for ~20% of the total SOC stored in the top organic layer, 

especially in “shrub wetland” (68.3%), “steppe forest” (32,6 ± 31,6%) and “sparse forest” 

(18,4 ± 6,3%). About 99% of the root material present in the soil samples corresponds to 

the top 30 cm in the soil profiles. Nevertheless, field observations performed in root 

profiles around living and fallen trees indicate that fine roots can penetrate to depths of 

>30 cm. Since the mean profile depth in sampled forested areas in Aktru Valley was 37 

cm, the fraction of root material occurring below this depth is not taken into account in 

the calculations, but can be considered negligible (Figure 19). 

 

Figure 19. Total root mass (%) vs soil depth (cm), subdivided into top organic and 

mineral layers, for soil samples from 14 soil pedons from Aktru Valley. 

 

Besides within class variability in SOC storage values, the results also show large 

differences between the different depth intervals. Thus, ~83% of the total SOC is stored 

in the 0-30 cm depth interval (2.9 ± 0.4 Kg C mˉ²) and 25.6% is found in the top organic 

layer (0.9 ± 0.1 Kg C mˉ²). The mineral layer, in turn, store ~74% of the total SOC (2.6 

± 0.8 Kg C mˉ²). The permafrost layer, which was only reached in two occasions due to 

the presence of bedrock and large stones, contains ~1% of the total (0.04 Kg C mˉ²) while 

~99% is stored in the active layer. Buried C-enriched soil pockets were only detected in 

the permafrost layer of one pedon site in the “shrub wetland” land cover class. Even 

though buried organics represent almost the 50% of the total SOC in the soil pedon, they 

only contribute to ~0.002% of the total SOC storage in Aktru Valley due to the low areal 

contribution of this class. 
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5.3.3 LFC based SOC upscaling 

A land form based SOC storage upscaling was only performed for the Aktru Valley study 

area. The mean SOC storage including all land form classes for the 0-100 cm depth 

interval is 3.3 ± 0.9 Kg C mˉ² (Table 7). About 80% of the total SOC storage is found in 

the upper 30 cm of soils (2.6 ± 0.7 Kg C mˉ²). If only the vegetated area is considered 

(i.e., excluding “glacier”, “bedrock”, “slope with colluvium unvegetated”, “floodplain”, 

“talus” and “lake”), SOC storage for the top 100 and 30 cm of soils increases to 9.15 ± 

0.9 and 7.3 ± 0.7 Kg C mˉ², respectively. In general, CI values are large (0.7-0.9), which 

reflects high within class variability in SOC storage and too little pedon replication within 

some land form classes.  

Figure 20 shows the proportional contribution and areal coverage of each land form class, 

subdivided into different depth intervals, to the total SOC storage in the upper 100 cm of 

soils in the Aktru Valley study area. The land form classes with the larger contribution to 

total SOC storage in the study area correspond to “colluvium on moraine” (8.7 ± 6.3 Kg 

C mˉ²) and “colluvium on valley hills” (15.3 ± 11.9 Kg C mˉ²), which combined cover 

~14% of the total area and contribute to ~73% of the total SOC storage in the study area. 

The class “slope with colluviums vegetated” stores 17.5% of the total SOC and accounts 

for 6.2% of the total area. The land form class “basin”, despite storing 8.0 ± 0.3 Kg C 

mˉ², only contributes to ~4% of the total SOC due to its little areal coverage. (~2%). The 

recent moraine only stores in average 2.5 ± 3.4 Kg C mˉ² and accounts to ~7% of the total 

SOC in the study area. 
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Figure 20. Proportional contribution of each land form class, subdivided into top organic, 

mineral, active and permafrost layers, to the total SOC storage in the 0-100 depth interval 

for Aktru Valley. The land form classes “glacier”, “bedrock”, “talus”, and “lake” are not 

presented in the figure since was considered to contain 0% carbon. The “X” indicates the 

proportional areal coverage (%) of each land form class. 

 

About ~30% of the total SOC is stored in the organic layer, while the mineral layer 

contains ~70% of the total SOC. The permafrost layer contributes to ~3.7% of the total 

SOC storage in the landscape. Buried C-enriched soil pockets were only detected in one 

profile corresponding to the land form class “slope with colluvium vegetated” and their 

contribution to the total SOC storage is 3%. 

An analysis of the contribution of root material to the total SOC storage in Aktru Valley 

(only accounting for sampled soil depths <37 cm in average) was also carried out using 

the LFC as upscaling tool. About 0.2 ± 0.1 Kg C mˉ² of the total SOC storage in Aktru 

Valley can be attributed to roots, which represent the 6.8% of the total SOC storage (Table 

S1). About 81% of the total root material is found in the top organic layer, which alone 

contributes to ~5.5% of the total SOC storage in the study area. Furthermore, roots in the 

organic layer represent 18.7% of the total SOC contained therein, with special impact in 

the land form classes “recent moraine” (41.7 ± 54.3), “colluvium on valley hills” (39.7 ± 

51.7) and “slope with colluviums vegetated” (26.3 ± 17.1). Roots contained in the mineral 

layer, in turn, contribute to 1.9% of the total SOC contained therein (0.04 Kg C mˉ²). 
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5.3.4 LCC-LFC based SOC upscaling 

For the Aktru Valley study area, SOC storage was upscaled from point measurements to 

landscape level using a LCC-LFC combination as upscaling tool. A detailed analysis of 

the mean SOC storage for each upscaling unit and their different depth intervals, as well 

as the weighed average for both the total and the vegetated areas, is available in the 

Supplement (Table S2). The mean SOC storage including all classes for the top 100 cm 

of soils is 3.6 ± 0.9 Kg C mˉ². Around 78% of this SOC is stored in the upper 30 cm of 

soils (2.8 ± 0.3 Kg C mˉ²). Considering the vegetated area only, SOC storage for the upper 

100 and 30 cm of soils is 11.0 ± 0.9 and 8.6 ± 0.3 Kg C mˉ².  

The confidence interval of the different upscaling units for the Aktru Valley study area is 

large (0.9), which is the result of high within class variability and, on the other hand, the 

separation of former land cover classes into different LCC-LFC classes that led to a lower 

pedon replication per class and higher standard deviations in some of the LCC-LFC based 

upscaling units. 

Some major changes in the upscaling classes have been identified in the LCC-LFC 

upscaling approach. The former land cover class “tundra” is represented in the LCC-LFC 

upscaling tool by “tundra on colluviums on moraine” (8.5 ± 0.7 Kg C mˉ², ~4.6% total 

SOC) and “tundra on slope with colluvium” (5.7 ± 0.7 Kg C mˉ², 5.0% of total SOC). 

The former “sparse forest”, in turn, is now composed of “sparse forest on mountain 

slopes” (9.2 ± 2.9 Kg C mˉ², 8.1% of total SOC), and the classes “sparse forest on recent 

moraine” (7.3 ± 0.9 Kg C mˉ²) and “sparse forest on floodplain” (0.7 Kg C mˉ²), both 

contributing to only the 0.1% of total SOC storage in the study area. Due to low pedon 

replication and relatively high geomorphologic homogeneity over the landscape, no 

modifications have been made in the former “steppe” and “dense forest” classes, which 

continue storing the same amount of SOC (15.3 ± 12.8 and 13.2 Kg C mˉ²) and 

contributing to the same proportion of total SOC (24.1% and 32.9%), although being 

represented in the LCC-LFC approach by the classes “steppe on basin and hills” and” 

dense forest on moraine”. The former “steppe forest”, however, is represented in the 

LCC-LFC approach as “steppe forest on valley hills” (15.4 ± 11.0 KgC mˉ², ~23.1% total 

SOC) and “steppe forest on basin” (8.0 ± 0.3 Kg C mˉ², ~0.1% of total SOC). 

Results on root contribution to total SOC storage in Aktru Valley (with the data 

limitations previously explained) show that roots contribute to 0.2 ± 0.1 Kg C mˉ² and 

~6.0% of the total SOC storage in Aktru Valley (Table S3). Of this SOC, ~80% is found 

in the top organic layer and 20% in the mineral layer. The organic and mineral layer roots 

contribute to 4.8 and 1.2% of the total SOC in the study area. Root material has an 

important impact on the total SOC storage of some upscaling classes, especially in “sparse 

forest on recent moraine” (14.1% of its total SOC) and “sparse forest on mountain slopes” 

(9.6% of its SOC). Furthermore, roots contribute to 19.5% of the total SOC stored in the 

top organic layer, having a greater impact on the organic layers of the classes “shrub 

wetland” (68.3%), “sparse forest on recent moraine” (32,8%) and “steppe forest on basin” 

(30.3%). 
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Permafrost was encountered in 2 occasions in the “steppe forest on valley hills” and 

“shrub wetland” classes. Buried organics only occurred in the “shrub wetland” site. Since 

no modifications have been made in this upscaling class, buried organics contain the same 

SOC storage as in the LCC (0.003 Kg C mˉ²), representing 0.08% of total SOC.  

 

5.4 Carbon and nitrogen elemental and isotopic analysis 

Results on carbon and nitrogen content and their isotopic composition are currently only 

available for the Tiksi study area and are presented in Table 7. 

Mean carbon content (%C) in Tiksi was 14.8 ± 12.5%, ranging from >40% in organic-

rich horizons to ~1% in the mineral subsoil. %C shows a similar trend as the organic 

matter, i.e., decreases with depth and is much higher in the top organic/peat layer than in 

the mineral layer (Figure 21a). Samples in the top organic/peat layer (n=20) have a mean 

%C content of 25.0 ± 12.6% which is significantly higher than the mineral subsoil 

samples (n=30) with mean %C values of 7.6 ± 5.4 (t-test, p < 0.01). Buried C-enriched 

soil samples in the mineral layer (n=5) contain on average 12.2 ± 3.2 % C, which is 

significantly higher than the %C obtained for the remaining mineral subsoil samples 

(n=25) with mean %C values of 6.7 ± 5.3 (t-test, p < 0.04). No significant differences 

were observed between the organic layer of wetlands (n=13) and tundra areas (n=7)(t-

test, p > 0.06), both containing ~26% carbon content. However, the mineral samples from 

wetlands (n=9) and tundra areas (n=17) show significant differences in their %C content, 

which is 11.4 ± 5.2 and 4.4 ± 3.4, respectively (t-test, p < 0.01). 

Table 7. Geochemical analysis of the 52 soil samples from the Tiksi study area. 

Geochemical 

analysis All 

samples, 

mean ± SD 

Organic 

layer 

samples, 

mean ± 

SD 

Mineral 

layer 

samples, 

mean ± SD 

Active 

layer 

samples, 

mean ± SD 

Permafrost 

layer 

samples, 

mean ± SD 

Non C-

enriched 

mineral soil 

samples 

mean ± SD 

C-enriched 

buried 

pockets 

samples, 

mean ± SD 

%C 14.8 ±  12.5 25.0 ± 12.6 7.6 ± 5.4 16.1 ± 13.8 10.8 ± 6.3 6.7 ± 5.3 12.2 ± 3.2 

C/N ratio  18.1 ± 9.5 25.5 ± 11.5 13.6 ± 3.7 19.1 ± 10.6 15.0 ± 3.8 13.0 ± 3.7 16.6 ± 1.5 

δ¹⁵ N 2.3 ± 1.3 1.6 ± 1.4 2.8 ± 1.0 2.3 ± 1.4 2.4 ± 0.8 3.0 ± 1.1 2.2 ± 0.4 

 

In the Tiksi study area, C/N ratios are on average 18.1 ± 9.5, ranging from 56.1 in the top 

organic layer to 5.1 at the bottom parts of the mineral layer. C/N ratios in the organic 

layer (n=20) are 25.5 ± 11.5, being significantly higher than in the mineral layer (n=30) 

with 13.6 ± 3.7 (t-test, p < 0.01). C/N ratios show a progressive decrease with depth, 

reflecting progressively more decomposed SOM (Figure 21b). However, this progressive 

decrease in C/N ratios with depth is interrupted when cryoturbated soil layers are present. 

Cryoturbated samples (n=5) present C/N ratios of 16.6 ± 1.5, which are significantly 

higher than those obtained in the adjacent mineral samples (n=25) with 13.6 ± 3.7 (t-test, 
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p < 0.05). These results indicate that C/N ratios increase in the samples defined as buried 

C-enriched soil pockets (Figure 22), indicating less decomposed SOM than in the 

surrounding mineral layers and thus confirming that these buried C-enriched soil samples 

most likely resulted from cryoturbation. The organic layer of tundra areas (n=13) presents 

higher C/N ratios compared to that in wetlands (n=7)(28.6 ± 17.3 and 24.8 ± 9.8, 

respectively), although no significant differences are observed between them (t-test, p = 

0.09). However, significant differences are observed between the mineral samples in 

wetlands and tundra areas (t-test, p < 0.01), the former presenting higher C/N ratios (16.3 

± 1.7) compared to the latter (10.8 ± 4.3). 

The nitrogen isotopic signal δ¹⁵N in the Tiksi study area is 2.3 ± 1.3. The results show 

relative δ¹⁵N enrichment with depth (Figure 17c), which can be considered an evidence 

of increased SOM degradation through microbial decomposition. δ¹⁵N values are 

significantly lower in the organic layer (1.6 ± 1.4) than in the mineral layer (2.8 ± 1.0)(t-

test, p < 0.01).  Cryoturbated soil pockets, in turn, show significantly lower δ¹⁵N values 

compared to the adjacent mineral samples (2.2 ± 0.4 and 3.0 ± 1.1, respectively)(t-test, p 

< 0.01), suggesting a lower degree of SOM decomposition. 
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Figure 21. Results of the C and N elemental and isotopic analysis of the soil samples of 

Tiksi, subdivided into organic, mineral and buried C-enriched soil samples. A) Percentage 

C (%C); B) Carbon to nitrogen (C/N) weight ratios; C) Stable nitrogen isotopic signal 

δ¹⁵N. 

 

 

 

Figure 22. C/N ratios vs soil depth (cm) for three soil profiles from the Tiksi study site 

presenting buried C-enriched soil pockets. Soil samples with higher C/N ratios compared 

with the overlying mineral soil samples coincide with those defined as buried C-enriched 

soil samples. 
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6. Discussion 

6.1 SOC storage and SOM characteristics 

6.1.1 Tiksi 

We estimated a mean SOC storage of 21.4 ± 3.2 Kg C mˉ² in the top 100 cm of soils for 

the lowland tundra site in Tiksi (NE Siberia). This value is lower compared to most 

detailed studies in permafrost affected lowland tundra areas that used similar upscaling 

techniques to calculate the mean landscape SOC storage. In NE Siberia, Palmtag et al., 

(2015) reported a higher mean SOC storage of 30.0 Kg C mˉ² in the top 100 cm of soils 

in a tundra site at Shalaurovo, while Siewert et al., (2016) reported a value of 27.9 Kg C 

mˉ² in Kytalik. Mean SOC storage values at 0-100 cm depth of 25.5 Kg C mˉ² were 

reported for the Usa Basin in Northwestern European Russia (Kuhry et al., 2002). 

Estimates for Canada and Alaska are even higher: Hugelius et al., (2010) reported a mean 

SOC storage value of 33.8 Kg C mˉ² in the central Canadian Arctic; Michaelson et al., 

(1996) estimated SOC storage for the upper 1 m of soils to be ~54 Kg C mˉ². My estimate, 

however, can be compared to some low mean SOC storage values obtained in permafrost-

affected lowland tundra sites. Mean SOC storage estimates for the upper 100 cm of soils 

from Logata and Ary-Mas, in the Taymyr Peninsula in Northern Siberia (Palmtag et al., 

2016), are similar-to-lower (20.8 and 14.8 Kg C mˉ², respectively) than the estimate for 

Tiksi. Similar values were obtained by Siewert et al., (2016), who reported an estimate of 

19.1 Kg C mˉ² for an area of the Lena River Delta. The rather low mean SOC stocks 

found in Tiksi can be mostly attributed to the occurrence of relatively shallow bedrock 

(especially in peaty areas were bedrock occur at an average depth of 59 cm) and the 

abundance of coarse grained material. Zubrzycki et al., (2013) summarized the SOC 

inventories carried out in permafrost-affected soils and Arctic field sites, which range 

from 4.0 to 71.3 Kg C mˉ². The large variability in SOC storage within the northern 

circumpolar permafrost region highlights the importance of performing regional and 

local-scale studies in order to increase the accuracy of the global SOC storage estimate.  

The location of the areas with low and high SOC storage values in the Tiksi study site 

might indicate that geomorphology has an important role in determining the amount and 

landscape distribution of SOC in the area, which has been already observed in other 

lowland tundra environments (e.g., Siewert et al., 2016, Palmtag et al., 2017). Bare and 

lichen tundra areas in the Tiksi study site are located on a small hill. They cover only ~9% 

and ~7% of the Tiksi study area and store relatively low SOC amounts (9.4 and 12.8 Kg 

C mˉ²). Contrarily, about 60.2% of the total SOC mass is stored in wetlands, which 

occupy ~48% of the Tiksi study area. Hugelius el al., (2010) reported similar values in 

the Central Canadian Arctic, where peatlands accounted for ~37% of the total area and 

stored 56% of the total SOC mass. Palmtag et al., (2015) reported a much lower 

contribution of peatlands to total SOC mass (~19%), explained mostly due to its low areal 

coverage (11% of total area). Estimates for the Northeast European Russia are much 
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higher compared to the Tiksi area, where peatlands store ~73% of the total SOC mass 

despite only accounting for 30% of the total area (Kuhry et al., 2002). 

In Tiksi, about 8.4 Kg C mˉ² are stored in permafrost, which represent 39% of the total 

SOC mass in the area. This estimate is slightly higher than the obtained in other detailed 

studies in lowland tundra sites. The proportion of SOC in the permafrost layer was ~29% 

in Shalaurovo in NE Siberia (Palmtag et al., 2015), ~35 and ~32% in Logata & Ary-Mas 

in northern Siberia (Palmtag et al., 2016), and 35% in the central Canadian Arctic 

(Huguelius et al., 2010). Michaelson et al., (1996) provided a higher value for the top 

meter of soils in northern Alaska, where almost 50% of the total SOC mass is stored in 

the permafrost layer. Cryoturbation, which has great importance in the storage and 

preservation of SOC, was responsible for ~15% of the total SOC storage in Tiksi. This 

value is lower than the obtained in other permafrost-affected lowland tundra areas. 

Palmtag et al., (2016) showed that in two different sites in the Taymir Peninsula in 

northern Siberia, C-enriched cryoturbated pockets contribute on average to ~34% of the 

total SOC storage. In Shalaurvo (NE Siberia), ~30% of the total SOC is stored in C-

enriched cryoturbated pockets (Palmtag et al., 2015). More similar are the results obtained 

by Hugelius et al., (2010) in the Central Canadian Arctic, where cryoturbation was 

responsible for 17% of the total SOC storage. There is a relationship between grain-size 

and C-burial through cryoturbation, in which coarse silt and very fine sand promote soil 

mixing, while very fine and very coarse grain sizes hinders cryoturbation (Juri Palmtag 

& Kuhry, 2018). The abundance of very coarse-grained material might explain the rather 

low SOC storage in C-enriched cryotrbated soil pockets in the Tiksi study area.  

The mean SOC value for the upper 100 cm of soils in the Tiksi study area (21.4 ± 3.2 Kg 

C mˉ²) is notably lower than the reported for the Tiksi area (40.8 Kg C mˉ²) in both the 

NCSCDv1 (Tarnocai et al., 2009) and the NCSCDv2 (Hugelius et al., 2013)(Table 8). 

The much larger SOC estimates in the NCSCDv1 and NCSCDv2 might be explained by 

the fact that the soil polygon that overlaps with the Tiksi study area (which has an area of 

217 km² and includes 60% turbels and 40% histosols) do not take into account the shallow 

bedrock and coarse fraction occurring in many of the Tiksi study area profiles. 

 

Table 8. Comparison of NCSCD v1 (Tarnocai et al., 2009), NCSCD v2 

(http;//bolin.su.se/data/ncscd) and landscape level SOC 0-100 cm estimates for the Tiksi 

and Aktru Valley study sites. 

Study areas 
Mean SOC storage estimates 0-100 cm (kg C m¯²) 

  NCSCD v1 NCSCD v2 My study   

Tiksi  40.8 40.8 21.4  

      

Aktru Valley   15.6 15.6 3.5   
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In this study, C/N ratios and δ¹⁵N values have been used as an indicator of SOM 

decomposition. The larger C relative to N loss during microbial decomposition of SOM 

(Kuhry & Vitt, 1996), as well as the greater use of the lighter isotope ¹⁴ N during SOM 

degradation (Ping et al., 1998), leads to lower C/N and higher δ¹⁵N values in decomposed 

SOM. In Tiksi, C/N ratios were significantly higher in the top organic layer and in C-

enriched materials than in mineral subsoil horizons. The organic layer and C-enriched 

soil samples did not show any significant differences. The δ¹⁵N values, in turn, were 

significantly lower in the organic layer and in the C-enriched material than in the mineral 

subsoil layer. No significant differences were observed in δ¹⁵N values between the 

organic layer and C-enriched soil samples. This pattern, which has been observed in other 

permafrost-affected tundra areas (e.g., Hugelius et al., 2010; Palmtag et al., 2015) 

indicates that relatively large amounts of fresh, labile organic matter have been 

incorporated from the top organic layer into deeper layers through cryoturbation, and 

prevented from decomposition in cold and water-saturated deep horizons (Kaiser et al., 

2007). 

 

6.1.2 Aktru Valley  
 

In the mountain permafrost-affected area of Aktru Valley, the LCC based mean SOC 

storage was 3.5 ± 0.8 Kg C mˉ² for the 0-100 cm depth interval. This value is much lower 

than those obtained for Tiksi study site and any other lowland tundra areas across the 

northern circumpolar permafrost region (e.g., Michaelson et al., 1996; Kuhry et al., 2002; 

Hugelius et al., 2010; Siewert et al., 201; Palmtag et al., 2015, 2016). Nevertheless, this 

estimate can be compared to others obtained in permafrost-affected alpine areas that used 

LCC as upscaling tool. Ping et al., (2008) reported a similar estimate of 3.8 Kg C mˉ² 

(n=4) for “mountain soils” in the Arctic region of North America. Fuchs et al., (2015) 

reported a much lower estimate of 0.9 Kg C mˉ² for the upper 100 cm of soils in the 

mountain area of Tarfala Valley, northern Sweden. The SOC storage estimate reported 

by Palmtag et al., (2015) for the upper 100 cm of soils in Zackenberg, Greenland, is more 

than twice as high as my estimate (8.3 Kg C mˉ²). Kuhry et al., (2002), estimated SOC 

stocks in the land cover classes “natural bare lands” and “sparse alpine tundra” of the Usa 

Basin (NE European Russia) to be 0.3 and 1.3 Kg C mˉ², respectively, which are similar 

to our estimates for the land cover classes “bare ground” and “patchy vegetation” (0.1, 

n=1, and 0.7, n=2, Kg C mˉ², respectively).  

If only the vegetated area in Aktru Valley is considered, the mean SOC storage increases 

to 8.5 ± 0.8 Kg C mˉ² for the top 100 cm of soils. This value is below those obtained for 

the vegetated area of the site in Zackenberg, with 17.8 Kg C mˉ², but are much higher 

than those obtained for the site in Tarfala Valley in northern Sweden, with 3.7 Kg C mˉ² 

(Fuchs et al., 2015). Several SOC inventories have been conducted on the Tibetan Plateau 

and the Alps, focusing on specific vegetation types that can be compared to similar land 

cover classes of the Aktru Valley study area. SOC estimates for “alpine meadow” areas 
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have been investigated by several authors (e.g., Dörfer et al., 2013; Yang et al., 2008; 

Zollinger et al., 2013), yielding values that range from 3.4 to 10.7 Kg C mˉ². The analog 

in the Aktru Valley study area would be the “alpine tundra” land cover class, which has 

a mean SOC value of 7.3 ± 5.8 Kg C mˉ². Zollinger et al., (2013) estimated the SOC mass 

stored in the classes “alpine grassland” and “subalpine forest” to be 10 and 15 Kg C mˉ² 

in permafrost and non-permafrost soils in the Alps. These values are higher compared to 

the similar land cover classes investigated in Aktru Valley (8.6 ± 2.6 and 7.3 ± 5.8 Kg C 

mˉ² in the “sparse forest” and alpine tundra” land cover classes, respectively). In Aktru 

Valley, the land cover classes that held the largest SOC content are “steppe” (mean SOC 

of 15.3 ± 12.8 Kg C mˉ²) and “steppe forest” (mean SOC of 12.4 ± 8.8 Kg C mˉ²), as a 

result of the occurrence of relatively deep (1 m deep, in some cases), fine grained (0% 

coarse fraction) and compacted (high bulk densities up to 1.8 g cmˉ³) soils. All these 

values (which are only representative for specific vegetated land cover classes) present 

much higher mean SOC storage values than those obtained for the landscape as a whole. 

This highlights the importance of considering all land cover classes, vegetated and 

unvegetated, when estimating mean SOC storage at a landscape or regional level, 

especially in alpine areas where the areal coverage of unvegetated areas is higher. If not 

taken into account, the landscape mean SOC storage estimates are notably higher. It is 

also important to emphasize that all of the abovementioned mean SOC storage values 

referring to single vegetated land cover classes are much lower than the landscape and 

regional level mean SOC estimates obtained for lowland tundra environments.  

The NCSCDv1 and the NCSCDv2 report a much higher SOC value for the Aktru Valley 

soils down to 1 m depth (15.6 Kg C mˉ², weighed mean of four different soil polygons 

overlapping with the study area) compared with the one obtained in my study (3.5 ± 3.2 

Kg C mˉ²)(Table 8). These high SOC storage estimates are explained by the highly 

generalized soil map on which these estimates are based on. Four NCSCD soil polygons 

overlap with the study area in the lower, lower-central, central-upper and upper parts of 

Aktru Valley, with polygon sizes ranging from 105 to 340 km² and mean SOC estimates 

between 38.4 Kg C mˉ² in the lower parts and 5.5 Kg C mˉ²in the upper parts). These soil 

polygons area mostly represented by turbels and orthels (except for the upper part), which 

in Aktru Valley study area and according to my study are very rare (in the case of orthels) 

or absent (in the case of turbels). 

A detailed root mass analysis carried out for soils in the Aktru Valley site allowed for 

estimating the contribution of roots to the total SOC storage in the area. This pioneer 

study reveals that ~6.4% of the total SOC mass can be attributed to root material. Even 

though the data was only collected down to an average depth of 37 cm, an analysis of root 

mass through depth (Figure 19) indicates that total root mass decreases sharply with 

depth. Therefore, any errors in the total SOC storage estimate arising from not sampled 

soil depths would most likely be negligible. Total root SOC storage in the Aktru Valley 

study area corresponds to 0.2 ± 0.1 Kg C mˉ². Most of the root material is found in forested 

areas, which in the study area store up to >1 Kg C mˉ². Davydov & Timoshok 2010) 

investigated changes in root mass through time in the top 10 cm of soils following the 
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retreat of Maliy Aktru glacier by analyzing 4 soil profiles on glacier sediments of various 

ages. They estimated the root mass in the top 10 cm of soils after 50 and 100 years of 

glacier retreat to be 0.25 and 0.75 Kg C mˉ², respectively. The most recently deglaciated 

soils (LIA, >150 years old) included in my study yielded root mass values ranging from 

0.01 to 0.63 Kg C mˉ². This wide range can be explained by the fact that some of my soil 

profiles were laid on stable areas where young Siberian pine and larch forests could grow 

and soils could develop, while others were located in outwash areas that prevented 

vegetation growth for several decades, resulting in very poorly developed soils. My 

highest value is similar to that obtained by Davydov & Timoshok (2010) in their oldest 

(~100 years old) soil profile, also located on a larch and Siberian pine forest with well-

developed shrub and moss layers. These results, together with the upwards movement of 

the tree line reported in many alpine areas (e.g., Walther et al., 2005; Kullman 2010), 

including Aktru Valley (Nazarov et al., 2016) indicate that within a time-span of only 

100-150 years after climate warming-induced glacier retreat, young forests can grow over 

deglaciated areas and C amounts up to >1 Kg C mˉ² can be uptaken from the atmosphere 

by vegetation and stored in the soil as root material.  

About 81% of the total SOC in Aktru Valley is stored in the upper 30 cm of soils. The 

active layer stores ~99% of the total SOC, while ~1% is found in the permafrost layer. 

Permafrost only occurred at 2 sites in Aktru Valley, where the active layer depth is 

generally higher than the depth of active soil formation. Permafrost occurred at great 

depths (>80 cm) in a steppe forest site, while in the so called “shrub wetland” land cover 

class it occurred at a depth of 48 cm. At the “shrub wetland” site, a peaty layer developed 

over a small water saturated area, reducing the energy exchange between the atmosphere 

and the subsoil due to decreased thermal conductivity and increased heat capacity (Woo, 

2012), which led to the cooling of the subsoil and the formation and preservation of 

shallow permafrost. The “shrub wetland” area held 27.2 Kg C mˉ² (n=1) and was the only 

site in the study area in which buried C-enriched soil pockets were noted. However, 

relatively thick coarse-grained mineral layers occurring along the overlying horizons in 

the soil profile suggest that buried C-enriched soil pockets in this area result from slope 

processes rather than from cryoturbation. Even though “shrub wetland” areas only cover 

0.02% of the total area and thus have a small impact in the total SOC storage, they 

highlight the importance of soil water content in determining the vegetation growth in a 

specific site, the thermal properties of the soil and therefore the occurrence of permafrost 

and SOC burial and preservation. Shallow soils, water drainage and very coarse-grained 

material hinder cryoturbation in Aktru Valley. In a similar study conducted in the Swedish 

mountains, the permafrost table was never reached (Fuchs et al., 2015), while in 

Zackenberg, an area containing deeper and finer-grained soils, permafrost was 

encountered at 27 out of 38 sites and buried organics accounted for 13% of the total SOC 

storage (Palmtag et al., 2015). 

Results on soil inorganic carbon (SIC) content showed that soils in coarse-grained areas 

in the upper part of Aktru Valley contain relatively high amounts of SIC. This can result 

from glacial and fluvial deposition on moraine and floodplain areas of carbonate-rich 
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sediments eroded from calcite bedrock areas located at higher elevations, which were 

described by Galakhov et al., (1987). The even higher SIC content observed in soil 

profiles from the lower parts of Aktru Valley might result from glacio-fluvial sediments 

deposited in that area at some point during the Pleistocene, which might have been eroded 

and transported from carbonate-rich areas of the mountain system. This would support 

the hypothesis of extensive glaciations in the area during the Pleistocene (Rudoy, 2002). 

There are various reasons explaining the difference between the low SOC storage values 

from the alpine site in Aktru Valley and the high SOC estimates from the lowland tundra 

site in Tiksi. About ~60% of Aktru Valley is covered by glaciers and bare ground, which 

hold negligible amounts of SOC. Soils in the vegetated areas present relatively large 

amounts of stones on the soil surface (which inhibits vegetation growth and thus SOC 

storage) and within the soil (increasing the fraction of soil containing 0% carbon). The 

steep topography enhances slope processes that hinder vegetation growth and soil 

formation, resulting in shallow soils that do not exceed 30 cm in most cases. Coarse 

sediments resulting from glacial activity, cryogenic processes and active slope processes 

enhance water drainage, which in turn enhances aerobic SOM decomposition. 

Furthermore, the permafrost table generally occurs at greater depths than the active soil 

formation, implying that there is almost no SOM prevented from decomposition by sub-

zero temperatures, further enhancing SOM decomposition. Furthermore, the shallow 

soils, the very coarse material and increased water drainage hinder cryoturbation, 

implying that lower amounts of relatively undecomposed SOC are stored and preserved 

in deeper and colder soil layers. Peaty soils in Aktru only develop over a very small area 

(0.02% of the total area). Because of all these factors, soils in the alpine area of Aktru 

Valley store very low amounts of SOC compared to lowland tundra soils such as Tiksi, 

which present the adequate characteristics to enhance the pedogenic processes 

responsible for the accumulation and preservation of large amounts of SOC.  

 

6.2 Including geomorphology in the SOC upscaling 

Apart from the LCC based SOC storage estimates, two estimates of total SOC storage 

and landscape partitioning were obtained for the Aktru Valley study site, based on a LFC 

of main geomorphological units, and a combined LCC-LFC approach that includes both 

the main land cover and geomorphological units in one upscaling tool. 

Land form classification based SOC upscaling 

Compared to the LCC based SOC storage estimate, the LFC based estimate reduces by 

~6% the weighed mean 0-100 cm SOC storage from 3.5 ± 0.9 to 3.3 ± 0.9 Kg C mˉ². 

Despite this reduction in the total SOC storage, the weighed mean 0-100 cm SOC storage 

for the vegetated area increased by 7.4% from 8.5 ± 0.1 to 9.1 ± 0.1 Kg C mˉ². Likewise, 

the contribution of both the permafrost layer and the buried C-enriched soil pockets to the 

landscape SOC storage increased from ~1 to ~3%, although they still contain very little 

amounts of SOC (~0.1 Kg C mˉ² in both cases). The reduction in total SOC storage for 
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the entire area is mostly caused by the inclusion of the former land cover class “dense 

forest”, for which a SOC storage default value of 13.2 Kg C mˉ² was applied, in the land 

form unit of “colluvium on moraine”, which occupies ~13.8% of the total area and has a 

much lower SOC storage value of 8.7 Kg C mˉ² (n=6). The increase in SOC storage for 

the vegetated area, in turn, is mostly explained by a reduction in the vegetated area from 

41.4% in the LCC to 36.1% in the LFC based upscaling. This reduction is caused by the 

inclusion of areas classified as patchy vegetation in the LCC into landform classes defined 

as unvegetated such as “bedrock”, “floodplain” or “talus”. The increase in SOC storage 

in both the permafrost and buried C-enriched soil layers in the LFC based upscaling 

compared to the LCC one, is the result of the inclusion of the C-rich pedon in the “shrub 

wetland” area (0.02% of total area), into the land form class “slope with colluvium 

vegetated” (6.2% of the total area). 

The confidence interval (CI) of the mean SOC estimates for the entire study area shows 

a small absolute increase in the uncertainty range in the LFC upscaling (0.9) compared to 

the LCC approach (0.8), while in relative terms it increases from ~23% to ~28%. This 

increase in the CI might be explained by insufficient pedon replication in some relatively 

large land form classes, which in turn is probably related to the inclusion of the area 

occupied by “dense forest” (for which a default SOC value was applied in the LCC with 

no standard deviation value) in the land form class “colluvium on moraine”.  

Therefore, no large changes have been observed in the new LFC based SOC estimate with 

respect to the LCC upscaling, except when estimating the contribution of permafrost and 

C-enriched soil pockets to total SOC storage. My results differ from those obtained in 

other studies that used both LCC and LFC upscaling tools, which found that landforms 

better represented the long-term processes that resulted in SOC burial in those permafrost 

environments (e.g., Siewert et al., 2016; Palmtag et al., 2017). Both of these studies were 

carried out in depositional environments, where SOC storage is mostly governed by 

depositional processes, which in turn are mostly driven by geomorphology. The 

geomorphological processes that redistribute sediments in these areas are largely 

neglected when using LCCs as upscaling tool, which explains the differences obtained 

between the LCC and LFC based SOC storage estimates in their studies. Contrarily, SOC 

storage in the Aktru Valley study area is mostly governed by vegetation growth and soil 

development, which in turn are highly affected by geomorphology. This explains the fact 

that we obtained similar results in both SOC storage estimates. Both estimates would 

probably be even more similar if extra pedons from dense forest areas would be included 

in the study. 

 

LCC-LFC based SOC upscaling 

The combined LCC-LFC upscaling yields a total SOC estimate of 3.6 ± 0.9 Kg C mˉ², 

which is slightly higher (~1.6%) than the LCC based estimate. Considering only the 

vegetated area, we observe an increase in SOC storage of ~29%, from 8.5 ± 0.8 to 11.0 ± 

0.9 Kg C mˉ². This change in SOC storage in the vegetated area is mainly caused by a 
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reduction in the area classified in the LCC as “patchy vegetation”, an important 

proportion of which has been reclassified in the LCC-LFC approach either as “exposed 

bedrock”, “patchy bare ground” or “active talus”, which in turn are assumed to contain 

negligible amounts of SOC. Furthermore, in some cases pedons with low SOC storage 

within former land cover classes have been transferred into new upscaling classes with 

low areal representation in the LCC-LFC approach, resulting in larger mean SOC storage 

values for the remaining classes.  

Even though the total SOC estimate obtained with the LCC-LFC approach is very similar 

to that obtained using the LCC alone, the new LCC-LFC combined upscaling approach 

is particularly important in accurately identifying the landscape distribution of the SOC 

stocks in areas of highly variable relief where geomorphology has to be taken into 

account. The division of the former land cover class “steppe forest” into the new LCC-

LFC upscaling classes “steppe forest on valley hills” and “steppe forest on basin” allowed 

us to identify the former (15.4 ± 11.0 Kg C mˉ²) as much more C-rich than the latter (8.0 

± 0.3 Kg C mˉ²). The steppe forests occurring on valley hills usually develop on north-

facing slopes, where lower solar radiation reduces evapotranspiration and soil 

temperature, providing better conditions for trees to grow, for soils to develop and for 

SOC to accumulate and decompose more slowly. Furthermore, under these cooler 

conditions, permafrost occurs at shallower depths, as noticed in one pedon sampled in 

this area. Contrarily, the humidity and temperature conditions on the basin result in 

patchy-like open steppe forests, which do not experience the appropriate conditions for 

SOC to accumulate and to remain undecomposed, therefore resulting in lower SOC 

amounts. The “sparse forest on mountain slopes”, “sparse forest on recent moraine” and 

“sparse forest on floodplain” LCC-LFC classes (all resulting from the land cover class 

“sparse forest”) also show different SOC storage values between them. The “sparse forest 

on floodplain” areas occur on shallow, stony areas on the floodplain, with very little SOC 

storage amounts (0.7 Kg C mˉ²). In the “sparse forest on mountain slopes” class, forests 

grew on relatively stable slopes over millennia and therefore soils have developed much 

better than on the floodplain, resulting in much higher SOC storage amounts (9.2 ± 2.9 

Kg C mˉ²). The very coarse material occurring within a moraine complex of the Historical 

Stage (2.3-1.7 ka B.P.), where the “sparse forest on recent moraine” class is located, 

impeded vegetation to grow as fast and densely as in stable slope areas, resulting in less 

developed soils and smaller SOC storage amounts (7.3 ± 0.9 Kg C mˉ²). Patchy vegetation 

areas found on stable slopes present SOC storage amounts tree times higher (2.3 Kg C 

mˉ²) compared to those areas occurring on recently deglaciated areas (0.6 ± 0.8 Kg C mˉ²) 

due to similar reasons.  

Comparing the CI of the weighed mean SOC estimates for the whole study area using the 

LCC (3.5 ± 0.8 Kg C mˉ²) and the LCC-LFC (3.6 ± 0.9 Kg C mˉ²), we identify a slight 

absolute increase in the uncertainty range that is more notable in relative terms (from 

~23% to ~28%). This uncertainty increase is very similar to that observed when 

comparing the LCC and the LFC. In this case, the small increase can be mostly explained 

by the reduction in pedon replication in the upscaling classes resulting from the separation 
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of former land cover classes into different LCC-LFC classes. Despite the fact that the 

LCC-LFC upscaling approach more accurately describes the SOC storage distribution in 

the landscape, the standard deviation (SD) of the classes that showed larger within class 

variability in the LCC approach has not decreased. This might indicate the existence of 

an intrinsic variability in SOC storage within these upscaling classes that can be attributed 

to differences in micro-topography, surface humidity, soil depth, etc, not possible to 

detect with the current pedon dataset. Using a more extended random sampling scheme 

might help in identifying such differences. 

 

6.3 The role of alpine and lowland tundra areas in the permafrost 

carbon feedback 

The results for the Tiksi study site indicate that there are important amounts of SOC stored 

in the soil, of which almost 40% are stored in the permafrost layer. Due to ongoing climate 

change, near-surface permafrost areas are expected to decrease by 37% to 81% (with 

RCP2.6 to RCP8.5) by the end of this century (IPCC 2013). This will expose a large 

portion of this SOC previously protected in cold permafrost to microbial decomposition, 

resulting in the release of greenhouse gases in the form of carbon dioxide (CO₂ ) or 

methane (CH₄ ), depending on soil wetness conditions. The elemental and isotopic 

analysis indicate that about 15% of the total SOC is stored in cryoturbated soil pockets as 

relatively undecomposed, labile SOM, which can be rapidly decomposed and 

remineralized to CO₂  or CH₄  following permafrost thaw. However, under warming 

conditions we can also expect an increase in plant productivity and a shift towards shrub 

or forest vegetation in the Tiksi area, with the resulting increase in C uptake and storage. 

In Tiksi, however, the C losses from the large SOC pool will most likely be greater than 

the relatively small gains in aboveground phytomass carbon. This pattern is expected to 

occur over most of the lowland tundra areas in the northern circumpolar permafrost region 

(e.g., Gruber et al., 2004; Schuur et al., 2009). Therefore, under warming conditions, 

lowland tundra environments such as Tiksi will most likely act as C sources in the future, 

representing an important positive feedback on global warming (e.g., Schuur et al., 2015). 

In Aktru Valley, however, the results indicate that there is not a large amount of SOC 

stored in the soil. Furthermore, soils in the study area have been found to be generally 

shallower than the active layer, resulting in very small amounts of SOC stored and 

preserved in the permafrost layer. The mean annual temperature in the Aktru Valley study 

site is expected to increase between 3-5 ºC by the end of this century as a result of global 

climate change (IPPC 2013, A1B scenario). Even though warmer temperatures will most 

likely increase permafrost degradation and active layer thickness in the Aktru Valley 

study site, an almost negligible amount of SOC will be exposed to microbial 

decomposition and released as greenhouse gases. However, under conditions of global 

climate change, warmer temperatures will result in an upwards altitudinal shift of 

vegetation zones, which has already been observed in mountain areas (e.g., Walter et al., 



67 
 

2005, Kullman, 2010), including Aktru Valley (Davydov & Timoshok, 2010; Nazarov, 

2016). As a result, there will be an increase in phytomass production and the initiation of 

soil development in currently unvegetated areas in Aktru Valley. This, in turn, will result 

in an increase in C uptake, which can only be hindered if the projected permafrost 

degradation causes an increase in slope instability important enough to prevent vegetation 

growth and soil development (Gregory and Geoudie, 2011). The larger C uptake by plants 

relative to C release from thawing permafrost under warming conditions is also expected 

in other high-alpine areas (e.g., Fuchs et al., 2015). This suggests that, compared to 

lowland permafrost regions in the northern circumpolar permafrost region, an alpine 

permafrost environment such as Aktru Valley have to be considered as a C sink in the 

future, representing a negative feedback to future global warming. 

Despite the two different projections reported for alpine and lowland permafrost 

environments, it is most likely that, overall, the relatively small increase in C uptake by 

plants in alpine and lowland regions will be outweighed by the much larger C losses 

resulting from thawing and subsequent decomposition of the larger SOC pool in lowland 

regions (e.g., Schuur et al., 2009). Thus, it will result in a surface warming amplification 

due to greenhouse gas emissions from thawing permafrost. 

 

6.4 Future research 

Different technical and logistical issues occurred during the course of this study that make 

further research particularly important in both the Tiksi and Aktru Valley study sites.  

Only few soil pedons could be sampled in the Tiksi study area. Moreover, some samples 

from different soil horizons within these pedons could not be taken and values on soil 

properties had to be interpolated from boundary soil samples or from soil layers with 

similar characteristics. This led to relatively high uncertainty levels in the SOC storage 

estimate. Therefore, the addition of a few more soil pedons to the current soil pedon 

dataset would help in reducing the uncertainty range in the SOC estimate.  

Likewise, the reasons for the relatively large intrinsic variability in SOC storage observed 

for some upscaling classes in Aktru Valley, especially those located in the lower part of 

the valley (i.e., steppe forest and steppe) could not be examined with the current soil 

pedon dataset, satellite imagery and DEM. Therefore, a more extended soil sampling 

scheme, together with the use of higher resolution satellite imagery and DEMs, could 

help in identifying the differences in microtopography, surface humidity, plant 

productivity, substrate characteristics, soil depth, etc, responsible for this high within 

class variability in SOC storage. Further, since no soil pedons were collected in dense 

forest areas, the addition of a few pedons from this area to the current dataset would 

increase the accuracy of the SOC estimate in Aktru Valley. 

Further, data on soil elemental and isotopic composition, as well as radiocarbon dating 

results for key soil samples from Aktru Valley, were not possible to include in this study 
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due to technical issues. Therefore, future work on these data will be extremely useful for 

elucidating important parameters (e.g., SOM composition) and processes (e.g., SOC 

storage rates, processes behind the occurrence of buried C-enriched soil layers or 

minimum glacier advance ages in the valley).  

The results on mean SOC storage in both the Tiksi and Aktru Valley study areas were 

much lower than those reported for these areas in the Northern Circumpolar Soil Carbon 

Database (Hugelius et al., 2014), as well as than most of the SOC storage estimates 

obtained from lowland tundra environments. This highlights the large variability in SOC 

storage over the northern permafrost region. Therefore, in order to reduce these 

uncertainties and better constrain the potential magnitude of the permafrost carbon 

feedback, more detailed regional field studies are needed.  

 

 

7. Conclusions 

This study provides new SOC inventories from the High Arctic and the Russian Altai 

Mountains, two permafrost areas with low pedon representation in the Northern 

Circumpolar Soil Carbon Database.  

The estimated mean SOC storage for the upper 100 cm of soils in the alpine area of Aktru 

Valley (3.5 Kg C mˉ²) is seven times lower than in the lowland tundra soils in the Tiksi 

study site (21.4 Kg C mˉ²), and the permafrost layer in the alpine area stores negligible 

amounts of SOC (0.04 Kg C mˉ²) compared to the lowland tundra site (8.4 Kg C mˉ²). 

Several reasons explain the low values for Aktru Valley: (1) about 60% of the study site 

is located at high elevations and represented by bare ground with negligible amounts of 

SOC; (2), soils are very shallow and coarse-grained; (3) active slope processes hinder 

vegetation growth and soil development; (4) great permafrost table depth, very coarse 

material and enhanced water drainage inhibits cryoturbation and enhances SOM 

decomposition; (5) peat formation is extremely rare. In contrast, 1) shallow active layer, 

2) cryoturbation and 3) peat formation occurring in the Tiksi study area has contributed 

to large SOC values. 

Results indicate that an alpine environment such as Aktru Valley cannot be considered an 

important C source with future permafrost thawing. Instead, it might become an important 

C sink due to an upward shift of vegetation zones and the resulting increase in phytomass 

production, soil development and SOC accumulation. On the contrary, the study site in 

Tiksi can become a significant C source with future permafrost thawing since the 

relatively small gains in C uptake resulting from increased plant productivity will most 

likely be outweighed by the C release from the thawing and subsequent decomposition of 

the much larger SOC pool. 
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The combination of land cover and land form classifications for upscaling SOC storage 

values has been proved to better determine the SOC storage landscape distribution in the 

alpine area of Aktru Valley. However, a more extended soil pedon dataset for both study 

areas, together with higher resolution satellite imagery and DEMs, might help in (1) 

reducing uncertainties in SOC estimates, especially in areas for which default values were 

applied, and (2) identifying the differences in microtopography, soil moisture, coarse 

fraction content, soil depth, etc, responsible for the high within class variability observed 

in the Aktru Valley study site. 

The lower SOC values obtained in Tiksi compared to most of the studies conducted in 

lowland tundra environments, together with the large differences in SOC estimates 

obtained in my study and those reported for the polygons overlapping with my study areas 

in the NCSCD, points out the need for more detailed regional field studies, especially in 

areas under-represented in the NCSCD such as the High Arctic, alpine areas and the large 

forest permafrost region in central Siberia.  
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