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Abstract. The Lena River Delta, which is the largest delta 1 Introduction

in the Arctic, extends over an area of 32000mand

likely holds more than half of the entire soil organic car-

bon (SOC) mass stored in the seven major deltas in thdegradation of permafrost is affected by climate change
northern permafrost regions. The geomorphic units of the(€-9-, Grosse et al., 2011; Romanovsky et al., 2010), but
Lena River Delta which were formed by true deltaic sed- also results in important feedbacks to climate change (e.g.,
imentation processes are a Holocene river terrace and thechuur et al., 2009; Schaefer et al., 2011). Therefore, the
active floodplains. Their mean SOC stocks for the uppercharacterisation of permafrost-underlain areas, permafrost-
1m of soils were estimated at 29 kgAt 10kg nT2 and affected soils, and their soil organic carbon (SOC) and nitro-
at 14 kg nT2 + 7 kg mr2, respectively. For the depth of 1m, 9€n (N) stocks are important for understanding interactions
the total SOC pool of the Holocene river terrace was estj-Of the biogeochemical cycle with global climate. The area
mated at 121 Teg-43Tg, and the SOC pool of the active occupied by permafrost-affected soils amounts to more than
floodplains was estimated at 120 g6 Tg. The mass of ~8-6 million kn?, which is about 27 % of all land areas north
SOC stored within the observed seasonally thawed activé®f 50° N (Jones et al., 2010). Enormous amounts of organic
layer was estimated at about 127 Tg assuming an averag@atter have accumulated in permafrost-affected soils dur-
maximum active layer depth of 50 cm. The SOC mass whiching the Quaternary period (Harden et al., 1992; Smith et al.,
is stored in the perennially frozen ground at the increment2004; Zimov et al., 2006; Gorham et al., 2007; Schirrmeister
50-100 cm soil depth, which is currently excluded from in- €t al., 2011). Recent estimates show that today there might
tense biogeochemical exchange with the atmosphere, was eB€ Up t0 496 Pg (1 Pg 10'°g) of SOC stored within the up-
timated at 113 Tg. The mean nitrogen (N) stocks for the up-P€rmost one metre of the permafrost-affected soils (Tarnocai
per 1 m of soils were estimated at 1.2 kg#at 0.4 kg 2 et al., 2009). Although the area occupied by the main arc-
for the Holocene river terrace and at 0.9 kg3e: 0.4 kg 2 tic deltas as indicated by Walker (1998) amounts only to
for the active floodplain levels, respectively. For the depth of 77 000knt (total area of arctic and alpine tundra:4%

1m, the total N pool of the river terrace was estimated at10° km? according to Loveland et al., 2000), their contribu-
4.8 Tg+1.5Tg, and the total N pool of the floodplains was tion to the total SOC pool within the permafrost-underlain
estimated at 7.7 Tg 3.6 Tg. Considering the projections for areas is high (Tarnocai et al., 2009) due to the large thick-
deepening of the seasonally thawed active layer up to 120 cri€ss of their deposits resulting from typical river deltaic sed-
in the Lena River Delta region within the 21st century, theseiMmentation and accumulation processes (e.g., Schwamborn
large carbon and nitrogen stocks could become increasing!$t @l 2002). Permafrost-affected soils are expected to un-

available for decomposition and mineralization processes. dergo fundamental property changes due to the observed and
projected climate changes (Koven et al., 2011), including

higher decomposition rates of organic matter and increased
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A the GIS-Polygons of the Northern Circumpolar Soil Carbon
e Coe e Database (Hugelius et al., 2013) corresponding to the spa-
- Laptev Sea tial extent of the Lena River Delta, the SOC pool of this
pte RIS delta for the depth of 1m can be estimated to be around
floodplain  SEEES 670 Tg carbon. While the Lena River Delta consists of vari-
L Lelia River Dot 7 ous geomorphic units, including some of non-deltaic origin
i’ *o" 15 (Schwamborn et al., 2002), our study concentrates on the el-
.o... < 4 ement stocks of soils in areas of Holocene deltaic sedimen-
) - . . . . .
ﬁ‘s\‘,/ tation, in particular the Holocene river terrace and the active
o floodplains. The first goal of the study was a detailed quan-

tification of the SOC as well as the N stocks of the different
Fig. 1. (A) Map of Samoylov Island with locations of study sites. soij| units on Samoylov Island, located in the southern-central
(B) The investigation area in the Lena River Delta in northeast| eng River Delta. Of special interest in this region were the
Siberia with the location of Samoylov Island (Map B based on 50|y investigated currently perennially frozen layers from
Google and Geocentre Consulting 2011). 50cm up to 100cm depth. Samoylov Island is composed

of two geomorphic parts that are regarded to be representa-

tive for the Holocene river terrace and the active floodplains
release of the greenhouse gases carbon dioxide and methandthin the Lena River Delta, respectively. The second goal
to the atmosphere (Dutta et al., 2006; Wagner et al., 2007was to upscale the results from Samoylov Island across the
Khvorostyanov et al., 2008; Schuur et al., 2008, 2009; Grosseorrespondent soil-covered areas of the Holocene river ter-
et al., 2011). Thus, permafrost-affected soils have to be conrace and the floodplains within the Lena River Delta using
sidered as a globally important element of the cryosphereemote-sensing data (Landsat-7 EFMand WorldView-1)
within the global climate system. The majority of published and to estimate the SOC and the total N pools for these areas.
articles on element stocks in permafrost-affected soils fo-
cuses on the North American region. In recent years, how-
ever, some areas of the Eurasian permafrost — especiallg Study area
in the Russian region — have also been increasingly stud-
ied (Kolchugina et al., 1995; Matsuura and Yefremov, 1995;Our study site is located on Samoylov Island (22 N,
Chestnyck et al., 1999; Stolbovoi et al., 2006; Gundelwein126> 30 E) situated at one of the main Lena River channels,
et al., 2007; Hugelius and Kuhry, 2009). the Olenyokskaya Channel in the southern central part of the

Most previous studies analysed carbon pools of specifid_ena River Delta, about 180 km south of the coast of the Arc-
regions or components of permafrost-affected soil carbortic Ocean (Fig. 1). At around 32 000 EnfAre et al., 2000),
pools (e.g., Stolbovoi, 2002; Tarnocai et al., 2003; Zimov the Lena River Delta is the largest arctic delta. It is located in
et al., 2006; Ping et al., 2008; Bliss and Maursetter, 2010;north-eastern Siberia, where the Lena River cuts through the
Schirrmeister et al., 2011), resulting in the overall challengeVerkhoyansk Mountains and discharges into the Laptev Sea,
to compare and combine the different regional assessments, part of the Arctic Ocean.
including soil type/order-specific SOC pools and pools cal- The Lena River Delta consists of three main geomor-
culated over various depths. First important steps towardphic terrace-like units and the modern floodplain levels
unification in mapping the distribution of soil types and soil (Grigoriev, 1993; Schwamborn et al., 2002). Only the
carbon stocks were achieved by assembling the Soil Atlagoungest river terrace and the modern floodplains are of
of the Arctic (Jones et al., 2010) and a new pan-arctic esHolocene deltaic origin, while the second and third terrace-
timate of SOC pools in permafrost regions (Tarnocai et al.,like units are largely of pre-Holocene age and have a different
2009). These studies suggest that the total SOC pool of theomposition and genesis (Schwamborn et al., 2002). Within
permafrost-affected soils to 3 m depth is very high at 1024 Pghis study, only the two Holocene deltaic units were sampled.
(Tarnocai et al., 2009), exceeding the carbon pools within Samoylov Island is part of this Holocene delta and consists
the entire global vegetation biomass (650 Pg) or the atmoof two major geomorphic parts (Akhmadeeva et al., 1999)
sphere (750Pg) (IPCC, 2007). However, despite this im-(Fig. 1a) which vary in sedimentary composition as well as
proved quantification, SOC data for the huge areas of Siberi@ontents of organic matter in the soils. The western part of
are still scarce, uncertainties are high, and more detaileamoylov Island is represented by a modern floodplain up
landscape-scale assessments are necessary (Tarnocai et .5 m above sea level (a.s.l.) which is flooded annually in
2009; Zubrzycki et al., 2012). spring. The eastern part of the island consists of an elevated
Here, we focus on the assessment of soil organic carbof10-16 m a.s.l.) river terrace of Late Holocene age (Paviova

and total nitrogen pools in the Northeast-Siberian Lena Riverand Dorozhkina, 1999). Between these two units, there is
Delta. The area that the Lena River Delta occupies amounta distinct and sharp step of about 5 m (Kutzbach, 2006). The
to 42% of the total area of all arctic deltas. Analysing river terrace is flooded only during extreme flooding events
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Fig. 2. Representative soil types dominating Samoylov IslgAd.Glacic Aquiturbe] a cryoturbated permafrost-affected soil with redox
depletions and aquic conditions as well as a glacic layer within 100 cm of the mineral soil s(@g€gpic Historthe] a non-cryoturbated
permafrost-affected soil that have in 30 % or more of the pedon organic soil mat€jidlsammentic Aquorthei non-cryoturbated sand-
dominated permafrost-affected soil with redox depletions and aquic conditions during normal years. Soil classification according to the US
Soil Taxonomy (Soil Survey Staff, 2010). PhotograptiPeimmentic Aquorthetourtesy of Tina Sanders.

Table 1. Selected exemplary soil chemical properties of three representative soil types dominating Samoylov Island (see also Fig. 2). Gravi-
metric contents of organic carbon (OC) and total nitrogen (N) are expressed as percentages.

Glacic Aquiturbel Typic Historthel Psammentic Aquorthel
Horizons o] A Bgl Bg2 Oi Cgl Oe Cg2 (0] A Ab/C1 Ab/C2
Properties
OC (%) 1242 1.63 232 218 2448 3.02 948 724 589 165 0.92 0.75
N (%) 0.72 004 011 0.09 087 0.08 021 0.18 0.19 0.09 0.06 0.05
pH 65 68 62 56 65 67 62 62 65 73 7.2 7.1

(Schwamborn et al., 2002). This Holocene river terrace is These two geomorphic units found on Samoylov Island
characterised by ice wedge polygons with wet sedge tundrare also widespread in the Lena River Delta and dominate
vegetation. Polygonal structures imply micro-scale variabil-the northern, eastern and central delta. In the western delta,
ity in the topography with polygonal centres and polygonal Ulrich et al. (2009) studied the surface-spectral and soil char-
rims. The rims generally are elevated and characterised bycteristics of geomorphic units and also separated a Holocene
pronounced cryoturbation. The centres can be of differentiver terrace and the active floodplains from the second and
quality depending of the development stage (French, 2007)third main geomorphic terrace. Soil characteristics and ac-
Low-centred polygons have depressed centres with high wative layer depths in their study are similar to those found
ter saturation during the summer months. High-centred poly-on Samoylov Island. Morgenstern et al. (2008) estimated the
gons are characterised by elevated centres and are drier cormembined area of the Holocene river terrace and the active
pared to the centres of low-centred polygons. The soils offloodplain levels at 55 % of the Lena River Delta area.
Samoylov Island arérthels and Turbels (Pfeiffer et al., The investigation area is dominated by an arctic-subarctic
2000, 2002; Boike et al., 2012) according to the US Soil Tax-climate with continental influence and is characterised by
onomy (Soil Survey Staff, 2010). The Soil Compléacic low temperatures and low precipitation. The mean annual air
AquiturbelTypic Histortheldominates the Holocene river temperature, measured at the climate reference site in Tiksi
terrace (Fig. 2, Table 1) (Fiedler et al., 2004; Kutzbach et al.,(71°41' N, 12842 E), which is located about 110 km south-
2004) and is characterised by ice wedge polygons. The sandgast from Samoylov Island, wasl35°C, and the mean an-
active floodplain is dominated blsammentic Aquorthels nual precipitation was 323 mm during the 30 yr period 1961—
(Fig. 2, Table 1) (Pfeiffer et al., 2002). Furthermore, there are1990 (Roshydromet, 2011). The average temperature of the
Psammorthelsand Fibristels with different subgroups dis- warmest month (August) was 7.C, whereas the coldest
tributed over the island (Sanders et al., 2010). Mean maximonth is January witk-32.4°C (Roshydromet, 2011) indi-
mum active layer thickness at the river terrace currently iscating an extreme seasonal temperature amplitude typical for
about 50 cm in August (Boike et al., 2012). Thaw depths arecontinental polar regions. Data derived from the meteorolog-
larger on the floodplain. ical station on Samoylov Island indicated a mean annual air
temperature of-12.5°C from 1998-2011 and a low mean
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annual rainfall (liquid precipitation) of around 125 mm for The volumetric ice contents were calculated using the deter-
years 1999-2011 (Boike et al., 2012). mined gravimetric ice contents (drying soils at°@for 2
The region is underlain by deep continuous permafrost ofdays and measuring the frozen-fresh sample mass before and
400-600 m thickness (Grigoriev, 1960; Yershov et al., 1991).the dry sample mass after drying) and the specific ice density
0f0.9167 gcm?® at 0°C.

3 Methods 3.3 Organic carbon and total nitrogen stock

. . . calculations
3.1 Soil coring and sampling

) The volumetric contents of SOgpc and total Noy (both in
For this study, a portable permafrost auger set was used th m~3) of the 2-cm soil layers were calculated as
obtain shallow undisturbed cores of frozen ground material.
The set consisted of an engine power head (STIHL BT 121 ,00c = coc - od Q)
Andreas Stihl AG & Co. KG) and a Snow-Ice-Permafrost-
Research-Establishment (SIPRE) coring auger (Jon’s Ma@nd
chine Shop, Fairbanks, Alaska) originally designed by thepN P )
Cold Region Research and Engineering Laboratory (CR-
REL). We collected 37 frozen cores of minimum 1 m length wherecoc andey are the gravimetric contents of organic car-
in April and May 2011 (Zubrzycki, 2012). Four cores were bon and total N, angy is the bulk density. For the estima-
excluded from further analysis because they did not matchion of the SOC and total N stocks over specific soil depths,
our quality requirements. These requirements were that thgolumetric contents of SOC and total N of the non-sampled
length of the undisturbed sample should:bd m and that  soil layers between the 2-cm soil layers that were sampled
the sample site was not a water-filled polygon. The remain-and analysed were estimated by linear interpolation in 1-cm
ing frozen cores were subsampled immediately in the fieldintervals. Stocks of SOGoc(h) and total NSy (k) over
laboratory due to the logistical limits for sample weight. We different reference depthis: were then calculated by inte-
sliced six (=1, 2, ..., 6) cylindrical samples (each with grating the volumetric contents of organic carbon and total N
a volume of approximately 92 ch) of each of the cores from  over soil deptti from the soil surface (0 cm) to the respective
the following depths: 0-2cmi & 1), 8-10cm {=2), 28—  reference depths, as:
30cm ¢ = 3), 48-50cmi{=4), 73-75cmi{=5), and 98—
100cm { = 6). These depths were selected to get detailed by
information of the depth distribution of the SOC and N pools Soc (%) = / poc dh
within the first metre of ground. The depth of 2cm and 10cm oem
were selected to detect differences in SOC and N pools of
the youngest soil accumulation. The depth of 30 cm was seand
lected for comparison with literature citing this special depth hy
(e.g., Stolbovoi, 2002; Hugelius et al., 2010; Zubrzycki et al., SnGi) = | pndh 4)
2012) as well as the depth of 100cm (e.g., Post et al., 1982;
Ping et al., 2008; Tarnocai et al., 2009; Bliss and Maursetter,
2010). 50 cm was the mean maximum active layer thicknessvhere the following reference depthswere chosen: 2cm,
in August and was selected to clearly differentiate betweert.0 cm, 30 cm, 50cm, 75c¢m, 100 cm.
the active and perennially frozen layer. The depth of 75cm
was selected to have additional information for the perenni-3.4 Synthesis of existing soil information

ally frozen layer between the depths of 50 cm and 100 cm. - ) o
In addition to investigating the general SOC stocks of

3.2 Soil analyses Samoylov Island based on our new core data and a character-

isation of morphological units on this island, we also synthe-
The gravimetric contents of organic carbasc and total N sized existing soil data from Samoylov Island mapped during
cn were analysed with an element analyser based on higliprevious expeditions (Pfeiffer et al., 2000, 2002). Prior to re-
temperature combustion and subsequent gas analysis (Vargnalysing the Samoylov soil data we updated the existing soil
MAX CNS, Elementar Analysesysteme GmbH, Germany) map (Pfeiffer et al., 2000; Sanders et al., 2010; Zubrzycki
using oven-dried (12 h at 10&) and ground samples (ISO et al., 2012) for Samoylov Island with the extent of the is-
10694, 1995). The bulk density{) was calculated as the land shape in August 2010 (Fig. 1). This was necessary due
ratio of the dry mass of an undisturbed soil sample and theo the dynamic geomorphic processes occurring within the
volume of a cylindrical sample of a core with a height of central Lena River Delta. For example, we observed high ero-
20mm and the diameter of 76 mm. There were no coarsesion rates in the south eastern and pronounced accumulations
fragments> 2 mm in any of the undisturbed soil samples. rates in the western part of the island.

®3)

Oocm
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3.5 Organic carbon and total nitrogen pool calculations  sample areas per target geomorphic unit in the Lena River
Delta. Based on general geomorphic classifications of the
For the calculation of the SOC and N pools for the two geo-[ ena River Delta by Grigoriev (1993), the target units for our
morphologic units investigated on Samoylov Island, upscal-image classification were (1) the Holocene river terrace, (2)
ing of the Soc and S stocks of all investigated reference the active floodplains, and (3) the water bodies, all of which
depths was performed by multiplying the meansset and  are spectrally largely dissimilar. We then performed a Max-
Sn of all those depths by the estimated areas of the two geoimum Likelihood Classification with the training sample ar-
morphologic units, the Holocene river terrace and the activeeas using all available multispectral bands 1-5 and 7 of the

floodplain levels, respectively. Landsat-7 ETM+ images.
3.6 Satellite data and image processing 3.6.3 Post-classification imagery processing
3.6.1 Image data and processing A post-classification generalization of the results was per-

i i ) formed in ArcGIS. After grouping connected pixels of the
A Landsat image mosaic covering more than 98% of thegame class into regions we merged isolated pixels surrounded
delta was used to determine the extent of the Holocene rivegirely by pixels of a different class with that class. Lastly
terrace and the active floodplains. The mosaic was genefye re-assigned class identity for pixels in regions consisting

ated from three Landsat-7 ETMsatellite images taken dur- ¢ |ass than four pixels to identify and assign the most ap-

ing the summer on 27 July 2000 (path 131, row 8 and 9)ygpriate class for such pixels from its nearest neighbours
and on 26 July 2001 (path 135, row 8). A detailed descrip-(arcG|S Resource Center, 2012). We next excluded all wa-

tion of the image processing, atmospheric corrections, im.‘ter bodies> 360017 (4 Landsat pixels) from the satellite

age co-referencing and mosaicking is provided by Schneijnaqery of the Lena River Delta for later upscaling over soil-

der et al. (2009). The final mosaic has a spatial resolution., ereq areas only. Additionally, we corrected the extent of
of 30 m, encompasses the multispectral Landsat-7 bands 1<g Holocene river terrace’s soil-covered area reducing it by
and 7, and has a horizontal accuracy of about 50 m. the percentage of small water ponds and troughs (14 %) de-

The areas of the sand-rich Arga Complex belonging to theyg e py high-resolution aerial photography for Samoylov
2nd main geomorphic unit in the Lena River Delta, and thelsland (Sachs et al., 2010).

Yedoma islands of the 3rd main geomorphic unit were not

considered in our study of the Holocene and active deltag 6.4 Accuracy assessment of the classifications

portions. Therefore, we removed these areas by clipping

with a mask based on geographic information system lay-Within the footprint of the WorldView-1 images that over-

ers provided by Morgenstern et al. (2008) and Morgensterriapped with delta portions, we randomly selected 150 points

et al. (2011), who delineated the extent of the Lena Riverin the delta regions covered by our three main classes (water,

Delta terraces manually from the same Landsat image moHolocene terrace, active floodplain) (Fig. 3). Both Holocene

saic under inclusion of cryostratigraphic and geologic fieldterrace and active floodplains are clearly differentiated in

knowledge. In addition, we masked the sandy barrier islandgheir characteristics in these high resolution images. While

offshore the western delta and the mountainous mainland athe active floodplain areas do not have any relief and any

eas along the southern delta boundary. ice wedge polygonal structures, the Holocene river terrace
For accuracy assessment of our classification of theshows well developed ice wedge polygons. For all points

Holocene river terrace and the active floodplains, we usedve first visually interpreted the dominant land unit within

multiple WorldView-1 images (panchromatic band, 0.5m a 10m circular buffer from WorldView-1 data and then

ground resolution) from three different delta portions as in-extracted the class from our Landsat classification for di-

dependent high-resolution datasets from which we visuallyrect comparison. Data points were then cross-tabulated and

interpreted land unit type. The images were acquired duringclassification accuracy for all investigated classes calculated

the snow-free seasons of 2009 (26 September and 7 Augusficcording to Congalton (1991).

and 2011 (11 June). The images have a geolocation accuracy

better than the Landsat pixel size. For all processing steps wg.7  Statistics

used ArcGIS 10 (ESRI).
( ) Descriptive statistics, correlation analyses as well as analyses

3.6.2 Supervised classification of variances (response variablesc andcy; samples: river
terrace, floodplain) for soil data were performed using the

As a result of prior knowledge of the investigated area base®PSS package version 16.0.1.

on personal field experience, a supervised classification tech-

nigue was selected. Based on our field knowledge, we were

able to set up training areas for the classification and assign

them to a class category. Specifically, we created ten training

www.biogeosciences.net/10/3507/2013/ Biogeosciences, 10, 3§24-2013
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Table 2. Bulk densities for all six investigated soil layers at different depths and both geomorphic units, the Holocene river terrace and the
active floodplain levels, expressed in gt?rwith the mean values and the respective standard deviations (SD) as well as the minima (Min.)
and maxima (Max.).

Holocene River Terrace \ Active Floodplain Levels

Soil depth Bulk density Bulk density

(cm) (gent3) (@em™)

Mean SD  Min. Max.| Mean SD  Min. Max.

0-2 0.227 0.245 0.016 1.0181.010 0.668 0.080 2.000
8-10 0.485 0.493 0.022 1.4671.327 0.224 1.015 1.609
28-30 0.721 0476 0.075 16011461 0.271 1.175 1.986
48-50 0.905 0.536 0.105 19971545 0.175 1.175 1.704
73-75 0.916 0.545 0.292 19711455 0.480 0.922 2.374

98-100 0.918 0.445 0.278 1.9801.490 0.308 0.922 1.830

Table 3. Volumetric ice contents for all six investigated soil depths and both geomorphic units, the Holocene river terrace and the active
floodplain levels, expressed as percentages with the mean values and the respective standard deviations as well as the minima and maxim
Cores were sampled in April and completely frozen, including the seasonally thawed layer.

Holocene River Terrace \ Active Floodplain Levels
Soil depth Volumetric ice content Volumetric ice content
(cm) (%) (%)
Mean SD Min. Max.| Mean SD Min. Max.
0-2 61.0 20.7 9.0 89.9 441 255 158 89.9
8-10 70.0 186 434 100.0 469 246 173 884
28-30 69.7 19.8 41.2 93.2 30.7 222 81 579
48-50 67.1 156 43.2 879 26.7 17.8 6.2 50.2
73-75 67.3 209 28.2 97.4 300 21.6 86 753
98-100 66.7 169 33.6 95.8 33.8 247 86 79.7
4 Results of more than 65 %, the soils of the floodplains mean con-
tents of around 35 %, respectively (Table 3). The results of
4.1 Analytical results the volumetric ice content determination showed in soils of

the Holocene river terrace a smooth distribution with depth

The mean pq within the floodplain soils varied and values of 61 % 21 % to 70 %t 19 %. Within the soils
among the different six investigated soil layers from of the floodplain the values of the ice contents scattered be-
1.0gcm3+0.7gcn3 to 1.5genm3+0.3gent3 whereas  tween 27 %t 18 % and 47 %k 25 % (Table 3).
the meanpq of the soils sampled on the higher elevated The gravimetric contents of organic carbasc showed
river terrace varied between 0.2gcf-0.3gent® and  a high scatter ranging from 0.17 % to 42.46 % in the soils
0.9gcm3+0.5gcnm3 (Table 2). The results gener- of the Holocene river terrace and ranging from 0.13% to
ally showed a high scatter ranging from 0.08 gcéio 27.71 % in the soils of the active floodplain levels (Fig. 4a, b).
2.37 gcnt? at the floodplains and 0.02 gcthto 2.0 genT3 The highest mearpc were measured in the soil surface lay-
at the river terrace, respectively. Within the soil profiles thereers (0—2 cm) (river terrace: 21.85%:10.86 %, active flood-
was a clear increase of the meagwith depth to a point  plains: 5.89 %t 9.88 %), followed by the soil layers in the
where thepq reached a relatively stable value with depth. depth from 8-10 cm (river terrace: 12.774%9.60 %, active
For the soils of the river terrace, this point was around 30 cmfloodplains: 1.65 %t 1.49 %). The soils of the river terrace
below the soil surface for apy of about 0.9 gcm?3. Forthe  had significantly higheroc than the soils of the active flood-
active floodplain levels, it was around 10 cm below the soil plains (One-way ANOVAp = 0.002—-0.047).
surface for arpg of 1.5 gcnt?2 (Table 2). The gravimetric contents of total bly were significantly

The ice contents were higher in soils of the Holocenehigher (One-way ANOVA:p =0.001-0.049) in the soils
river terrace than in soils of the active floodplain levels. Theof the river terrace than in the soils of the active flood-
soils of the river terrace had mean volumetric ice contentsplains (Fig. 5). There was a distinct decrease of the contents

Biogeosciences, 10, 3503524 2013 www.biogeosciences.net/10/3507/2013/
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Table 4.Results of the C/N ratio determination for all six investigated soil depths and both geomorphic units, the Holocene river terrace and
the active floodplain levels, with the mean values and the respective standard deviations as well as the minima and maxima.

Holocene River Terrace \ Active Floodplain Levels

Soil depth C/N ratio C/N ratio

(cm) Mean SD Min. Max.| Mean SD Min. Max.
0-2 41.39 13.64 16.19 67.0820.93 10.89 12.90 41.54
8-10 32.88 13.21 15.00 69.6517.18 5.134 12.34 26.39
28-30 28.49 11.73 12.32 51.051550 3.438 1252 22.54
48-50 2419 12.22 8.60 60.2514.81 2.183 12.75 1849
73-75 23.75 8.53 11.04 39.5513.68 250 1052 17.11

98-100 20.73 7.75 10.24 40.0913.32 1.86 10.79 15.99

A River terrace Active floodplain

2009-09-26

Gravimetric carbon contents (%)

H%-éﬁ LIETEY

'
t

100 4 C 50

o
80 19 40 4
o

i

t t t t
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Fig. 4. (A), (B) Gravimetric contents of organic carbon (%) in
the investigated soils layers £ 1-6) of the Holocene river terrace
(A) and the active floodplain level®). In (B) and the depth of

. — . . ... 0-2 ( =1) an extreme value of 27 % was removed prior plotting.
Fig. 3. (A) Delta classification overview showing areas covered with (C), (D) Volumetric contents of organic carbon for all six inves-

very high resolution WorldView-1 data©( DigitalGlobe) (black tigated horizonsi(=1-6) (kg n3) of the Holocene river terrace

frames, including acquisition date) used for ground truth of the (C) and the active floodplain leve(®). Note different scale for y-

classification (150 yellow dots]B) Example of ground truth point 455 on the graphs. Central black line: median, lower/upper box end:

on Holocene terracgC) Example of ground truth point on active  |o\er/upper quartile, lower/upper horizontal bar: minimum, max-

floodplain. imum. Outliers (values between 1.5 and 3 times the interquartile
range from a quartile) are marked by circles, extreme values (values
more than 3 times the interquartile range) by asterisks.

with increasing depth of the soil profile within both mor-
phological units: from 0.51 % 0.20 % in the surface lay-
ers to 0.21 %+ 0.15% at a depth of 98-100 cm in the soils
of the river terrace and from 0.19%0.23 % in the sur-
face layers to 0.05 % 0.003 % at a depth of 98—100cm in
the soils of the active floodplain levels. Thg ranged be- (98-100 cm), the C /N ratios were 248 at the river terrace
tween 0.01% and 0.90% in the soils of the river terrace, 4 121 > at,the floodplains, respectively
and between 0.01% and 0.67 % in the soils of the active ' '
floodplains, respectively.

The C/N ratios ranged between 9 and 70 and were dis-
tinctly different in the soils of the river terrace and the soils

of the active floodplains and additionally varied with depth
(Table 4). The mean C/N ratios in the uppermost layers
were 41+ 14 at the river terrace and 2111 at the flood-
plains, respectively. In the deepest investigated soil layers
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z Fig. 6. The cumulative carbon stock for all six investigated depths
0.2 # of the Holocene river terrac@\) and of the active floodplain@)
on Samoylov Island (kg m?). Note different scale for y-axis on the
0.0 Holocene River Terrace Active Floodplain Levels graphs_
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Fig. 5. Gravimetric contents of nitrogen (%) in the investigated soils
layers {( = 1-6) and geomorphic units. Central black line: median,

lower/upper box end: lower/upper quartile, lower/upper horizontal . . N
bar: minimum, maximum. Outliers (values between 1.5 and 3 timesT(_) a_ccount for pronounced small-scale spathl soil variability
the interquartile range from a quartile) are marked by circles, ex-Within the polygonal tundra of the Holocene river terrace, we

treme values (values more than 3 times the interquartile range) bnalysed and compared the characteristics of cores from the
asterisks. polygon rims (v = 6) and from the polygon centre®V (=
16). Additionally, separate core analyses were done on the
soil subgroup level.
4.2 Soil organic carbon stocks The estimated mean SOC stock within the surface lay-

_ ersSoc (2 cm) was substantially higher in the polygon rims
The overall mean SOC stock estimated for a reference depttb_g kgnT2+0.5kgnT2) than for the corresponding lay-

of 1 m Soc (100cm) using all selected core§ & 29) was g 1qjn the polygon centres (0.5 kgt 0.3 kgt 2). Includ-

25.7 kgm‘ +12.0kgnt?, with a me'd|.an of 24.9kgn?. ing the soil layers down to 10 cm depth, this difference de-
The estimatedsoc (100 cm) had a minimum of 6.5 kgm creased foc (10cm) was 3.2kgm2 + 1.5 kgnt2 for the

and a maximum of 48.6 kgn. _ rims and 2.5kgm?+0.9kgnT?2 for the centres). The es-
The SOC stock within the seasonally thawed active 'ayertimated mean SOC stock within 30 cm depibe (30 cm)
2
(0-50cm) Soc (50cm) reached 13.0 kgm£5.3kgm 2. slightly higher in the centres (8.8 kght: 2.8 kgnT?)
The perennially frozen soil layers (50-100cm) store 49 %ihan at the rims (7.5kgn? +3.1kgn2). The mean

of the entire estimatedoc (100cm). The summed total SOC stock over 1 m deep soil profil&ac (100cm) was
stocks for the reference depths of 0-30cm, 0-75cm weregs 3 kgnr2+9.7kgnT2 in the centres with a median of
7.7kgmr?£3.2kgnr?  and  19.2kgm?+8.5kgnt?, 55 kgnT2, whereas at the polygonal rims the meSwc
respectively. (100cm) was 19.4kgn? 4 3.7kgnt? with a median of
19.5kgn2.

The results of the analyses on soil subgroup level indi-

The Soc (100 cm) for the soils across the investigated is- cated a large variability among the eight known soil sub-
land showed a broad range of 42.0 kgindicating a high ~ 9roups of Samoylov Island (Fig. 7). Thic (100cm) es-
heterogeneity among the sampled cores. To get a more difimates based on the one sampled core were 31.1kgm
ferentiated picture of the SOC stocks of the two geomor-for the Typic Aquorthel(silty) and 45.3kgm< for the
phic units, we separated the samples of the Holocene rivef YPIC AquiturbefTypic Aquortheboil complex, respectively.
terrace NV = 22) and the floodplain = 7), respectively. The resglts gf the meafSpc (100 cm) (_astlmat}ons for the
We found pronounced differences between the soils in thes@ther soil units of Samoylov Island with a higher number
two units. Generally, distinctly higheSoc(/;) were found in ~ ©f sampled cores showed a hlghzscattgr (Fig. 7). Minima
the soils of the Holocene river terrace (Figs. 6, 4c, d). Theranged frozm 6.5kgm to 219-5 kgnm<, maxima ranged from
meanSoc (100 cm) in soils of the river terrace was estimated 20-4kgnm to 48.5kgnt. The mean carbon stocks of the
at 29.5kgnT2 + 10.5 kgnT2 with a median of 27.0 kg P different soils varied §trong|_y within the soil units as well as
(minimum 12.7 kgm?, maximum 48.5kgm?). The Soc  across the depth profiles (Fig. 8).

(100cm) in soils of the active floodplains were lower )

with a mean of 13.6kgm?+ 7.4kgnt2 and a median of 43 Nitrogen stocks

11.6 kgnT2 (minimum 6.5 kgnT2, maximum 26.6 kgm?).

4.2.2 Polygon centres, polygon rims, and soil units

4.2.1 Holocene river terrace and the active floodplains

The Sy (100cm) of the investigation area varied be-
tween 0.41kgm? and 1.94kgm?. The mean N stock
amounted to 1.10kgnf+0.39kgnm? (Table 5).
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Flg 7. A soil map of SamoleV Island as a result of |0ng-term graphs_ For acronyms a|0ng X-axis see F|g 7.

soil research within this area. Generated from data by Pfeiffer et

al. (2000) and Pfeiffer et al. (2002) (compare Sanders et al., 2010).

Soil classification according to the US Soil Taxonomy (Soil Survey The Sn (100cm) for the soil subgroup-related analy-

Staff, 2010). Mean soil organic carbon stocks with their standardses showed mean values between 0 85k§m0 31kg T2

deviations for the soil units down to 100 cm depth are provided inand 1.94kam?2 for the specific SOil' sub rou' s. Highy

parentheses after each soil subgroup. (ACRONY#8bit-subgroup ) 9 . P . group .

(number of soil cores)): AACC Fluvaquentic Fibriste(2), ACBH (100 c;m) was found in t_he two soil complexesAajuiturbels
andHistorthelsthat dominate Samoylov Island (Table 6). Re-

— Psammentic Aquorthe(5), ACBD — Ruptic-Histic Aquorthel ! : iate ) )
(3), Soil Complex: ABBB/ ACAF -Glacic Aquiturbel Typic His- garding the vertical distribution of the N contents, high dif-

torthel (10), Soil Complex: ABBF/ ACBJ Fypic Aquiturbel Typic ~ ferences emerged among the various soil subgroups. On av-

Aquorthel(1), ACBJ —Typic Aquorthekilty (5); sandy (1), ACGD  erage, 50 % of the&y (100 cm) was stored within the upper

— Typic Psammorthe). 50 cm of soil indicating a homogenous distribution over soil
depth. In the soil complex oBlacic Aquiturbelsand Typic
Historthels only 42 % was stored within this layer, whereas
63 % of theSy (100 cm) was found in the upper 50 cm of the

Regarding the two different investigated geomorphic Typic Aquorthe(silty) (Table 6).

units, the Holocene river terrace and the active floodplain

levels, the mean N stocks were 1.18kgit 0.36kgnT? 4.4 Land surface classification and upscaling

and 0.88kgm?+ 0.40 kgnt?, respectively. The distinctly

higher total N stock of the Holocene river terrace had Based on the Landsat-7 ETM satellite image mosaic

a different vertical distribution. While the active floodplain (Fig. 9a), the results of our supervised classification con-

stored about 53% of the entire estimated N stock withinfirmed previously reported ratios of the water- and land-

the seasonally thawed active layer (depth 0-50cm), onlycovered areas in the Lena River Delta (Fig. 9b) of approx-

48 % of the N stock of the river terrace was determined inimately 31 % and 69 %, respectively (Schneider et al., 2009).

the seasonally thawed active layer (Table 5). The polygoriThe area covered by water bodies3600 nf amounted to

centres had highefy (100 cm) (1.26 kgm2+0.35kgnT2)  around 10000krh Furthermore, the results indicated that

than the polygon rims (0.96kgm+0.31kgnt2). The  the geomorphic unit dominating the Lena River Delta are the

rim soils stored about 57 % of theify (100cm) within  active floodplain levels occupying about 8830%(Rig. 9c).

the seasonally thawed active layer, whereas only 45%rThis area represents approximately 40 % of the soil-covered

were stored in this active layer at the polygon centre soilsarea of the Lena River Delta. The investigated Holocene

(Table 5). river terrace (1st terrace) (Fig. 9c) occupies 4766 kvhich
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3516 S. Zubrzycki et al.: Carbon and nitrogen in the Lena River Delta

Table 5. The nitrogen stocks. The results are expressed in ké with the mean values and the respective standard deviations as well as the
minima and maxima.

Entire investigation area \ Holocene river terrace \ Active floodplain levels
Soil depth Nitrogen stock Nitrogen stock Nitrogen stock
(cm) (kg n2) (kg m=2) (kg m=2)

Mean SD Min. Max.| Mean SD Min. Max.| Mean SD Min. Max.
0-2 0.02 001 000 0.0 0.02 0.01 000 0.0 0.02 001 0.00 o0.03
0-10 0.09 005 001 0.23 009 005 001 023 010 0.05 0.02 0.5
0-30 031 015 0.06 0.76 031 0.16 0.06 0.76 0.30 0.15 0.08 0.49
0-50 054 023 015 1283 057 023 016 123 047 021 0.15 0.74
0-75 0.81 030 024 162 08 030 024 162 068 029 032 1.17
0-100 1.10 039 041 194 118 036 041 194 088 040 049 1.65

Polygon centres \ Polygon rims
Soil depth Nitrogen stock Nitrogen stock
(cm) (kg n2) (kg m~2)
Mean SD Min. Max.| Mean SD Min. Max.

0-2 0.02 001 000 0.0% 0.02 0.01 0.00 0.038

0-10 0.08 0.06 0.03 0.23 0.09 0.04 0.01 0.13

0-30 0.30 0.16 0.10 0.76 0.33 0.17 0.06 0.57

0-50 057 024 024 123 055 024 0.16 0.87

0-75 090 030 045 162 074 028 024 0.99

0-100 126 035 078 194 096 031 041 1.26

represents around 22 % of the soil-covered area of the Lenaf 50 cm a SOC pool of 59.9 T4 18.5 Tg for the river ter-
River Delta. According to Morgenstern et al. (2008) the race and 67.2Tg¢ 34.0 Tg for the floodplains (Table 8).
other geomorphic parts of the Lena River Delta account toThis depth is approximately the average depth of the sea-
6099 kn? (2nd terrace) and 1712 Kni3rd terrace). The over-  sonally thawed active layer in the summer. The total pools
all accuracy of our classification aiming at separating theof the SOC stored within a depth of 100 cm were estimated
Holocene river terrace and the active floodplain was 77 %,at 120.7 Tgt 43.0 Tg on the Holocene river terrace and at
with a producer accuracy of 78% and a user accuracy ofl19.8 Tg+-65.6 Tg on the active floodplains of the Lena
78 % (Table 7). This accuracy is on the same level as a previRiver Delta. Roughly 47 % of the SOC mass stored within
ous Landsat-based land cover classification in the Lena Rivethe top 100 cm of soils in the investigation area, specifically
Delta using the same image mosaic that focused on classesbout 61 Tg at the young river terrace and 53 Tg at the flood-
useful for methane emission assessment (Schneider et aplains, are located within the currently perennially frozen
2009; overall accuracy of 78 %). In our classification, part of layers deeper than 50 cm.
the observed misclassification between water and non-water The N stored within the top 100cm of soils was esti-
classes may be related to the different acquisition dates ofmated at 4.8 T¢- 1.5 Tg for the Holocene river terrace and
the imagery that may result in somewhat different water lev-at 7.7 Tg+ 3.6 Tg on the active floodplains of the Lena River
els and hence exposure or inundation of surfaces especiallpelta. About 49 % of this N pool within the top 100 cm of
for the active floodplain. soils was found within the currently perennially frozen lay-

After correcting for the spatial coverage of small ponds ers. This proportion was 52 % on the Holocene river terrace,
in the polygonal tundra of the Holocene river terrace, the soiland 47 % on the active floodplains (Table 9).
covered land area of the river terrace, which we used for later
calculations and upscaling, amounted to 4098 km

The results of the upscaling (Fig. 9d) reflect the near-5 Discussion
linear increase of SOC stocks with increasing reference
soil depths that was found in the analysed soil cores from5.1 Soil organic carbon pools on the Holocene river
Samoylov Island. The surface soil layers ranging from 0— terrace and the active floodplains
2cm store a total SOC mass of 2.4Fd.5Tg on the
Holocene river terrace and 3.0 #2.0Tg on the active In this study, we do not consider woody debris in our esti-
floodplain, respectively. We estimated for the reference depthmates due to its spatially very inhomogeneous distribution

and basically absent field data. However, there is certainly

Biogeosciences, 10, 3503524 2013 www.biogeosciences.net/10/3507/2013/



S. Zubrzycki et al.: Carbon and nitrogen in the Lena River Delta 3517

Table 6. The nitrogen stocks of the soil subgroups of Samoylov Island. The results are expressed‘i%\klglnrthe mean values and the
respective standard deviations as well as the minima and maxima.

Typic Psammorthel \

Psammentic Aquorthel \ Typic AquortheSandy

Soil depth Nitrogen stock Nitrogen stock Nitrogen stock
(cm) (kg %) (kg m~2) (kg m~2)
Mean SD Min. Max.| Mean SD Min. Max.| Mean SD Min. Max.

0-2 0.02 001 0.01 0.03 001 001 0.00 0.02 002 0.01 0.01 0.02
0-10 0.13 0.03 0.09 0.1%5 0.06 0.04 002 012 0.09 003 0.05 0.13
0-30 039 0.00 0.38 039 021 013 0.08 033 037 014 024 057
0-50 057 002 055 060 039 020 015 063 0.60 023 032 0.87
0-75 0.77 006 0.71 082 063 030 032 111 0.80 0.27 041 098
0-100 095 011 082 1.02 0.86 040 051 153 099 034 049 125

Ruptic-Histic Aquorthel

| Soil Complex:Glacic AquiturbelTypic Historthel | Fluvagquentic Fibristel

Soil depth Nitrogen stock Nitrogen stock Nitrogen stock
(cm) (kgn?) (kg m~2) (kgm~2)

Mean SD Min. Max.| Mean SD Min. Max. | Mean Min. Max.
0-2 0.01 0.01 0.01 0.0 0.01 0.01 0.00 0.04 0.02 0.02 0.02
0-10 0.08 0.03 004 0.1 0.10 0.05 0.01 0.15 0.10 0.09 0.12
0-30 0.22 0.09 012 02 0.26 0.13 0.06 0.49 035 0.32 0.39
0-50 040 0.14 0.24 0.5 052 020 0.16 0.74 0.65 0.61 0.68
0-75 0.61 0.15 044 0.7 085 031 024 1.17 0.93 0.88 0.99
0-100 094 0.17 0.83 1.1 123 042 041 1.68 1.18 1.09 1.26

Typic AquortheBilty

| Soil Complex:Typic AquiturbefTypic Historthel

Soil depth N stock Soil depth N stock
(cm) (kgnT?) (cm) (kg nT°2)

0-2 0.04 0-2 0.05
0-10 0.23 0-10 0.18
0-30 0.76 0-30 0.44
0-50 1.23 0-50 0.72
0-75 1.62 0-75 1.11
0-100 1.94 0-100 1.47

Table 7. Accuracy assessment of Landsat-based geomorphic land unit classification for the Holocene terrace, the active floodplain and water,

using high-resolution WorldView-1 data.

M Active Holocene  Water Othér| Total User’s
floodplains terrace accuracy
Active floodplains 42 8 5 0 55 76.4%
Holocene terrace 10 33 2 D 45 73.3%
Water 6 1 41 0| 48 85.4 %
Other* 2 0 0 0 2 0
Total 60 42 48 0| 150
Producer’s accuracy 70.0 % 786% 854% 0 77.3%

* Other includes coastal beach and a drained lake basin on the 2nd geomorphic delta terrace.

a considerable C stock in the Holocene delta area that corhigher than some older published estimates of mean organic
sists entirely of wood trunks buried in soils. Our me&ir carbon stocks stored in permafrost-affected tundra soils. Post
(100cm) estimate for the soils of the Holocene river ter-et al. (1982) estimated the average SOC stock in tundra
race amounts to 29.5kgrh+ 10.5kgm 2 and is distinctly  soils worldwide at 21.8 kg ir?. Kolchugina et al. (1995) pro-
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-Holoccnc river terrace |:| Partly affected by cloud cover

Fig. 9.Landsat-7 ETM- remote-sensing image mosaic of the Lena River Delta from 27 July 2000 and 26 Jul{A20fsults of land-water
classificationB), results of classification into main geomorphic terra@)s and upscaling of soil organic carbon stocks to Holocene river
terrace and active floodplain leveB).

vided an estimate of 21.4 kgmA for Russian tundra soils, terrace (29.5kgm?) lies in the range of the more recently
whereas Matsuura and Yefremov (1995) estimated the SO@eported estimates. The estimate for soils of the active flood-
stock in Russian permafrost-affected soils to be betweerplains of 13.6 kgm? +7.4kgnT?2 cannot readily be com-

11 kgnT? and 20 kgnm?. Chestnyck et al. (1999) estimated pared with general estimates for tundra regions. Due to their
the SOC stock in East European Russian tundra soil afluvial origin and ongoing episodic reworking, the soils of
17.8kgnT2. More recent publications, however, provided the Lena River Delta floodplains consist of stratified mid-
higher stocks for tundra soils. Gundelwein et al. (2007) esti-dle to fine sands and silts with layers of allochthonous or-
mated the SOC stock in tundra soils of the Taymyr Penin-ganic matter as well as autochthonous peat (Boike et al.,
sula at 30.7kgm?. For the North American Arctic low- 2012). Parts of the floodplain are densly vegetated. How-
lands, Ping et al. (2008) reported SOC stocks of 25.9k§m  ever, generally the regular flooding events enable only sparse
Tarnocai et al. (2009) estimated the organic carbon stocksegetation adjacent to the river channel. Though, our esti-
in Turbels and Orthels of the circumpolar permafrost at mate is still notably higher than the mean C stock of sparse
32.2kgnT2 and 22.6kgm?, respectively. Hugelius and tundra (1.4kgm?) in the database used by Hugelius and
Kuhry (2009) estimated the stocks in northeastern Euro-Kuhry (2009). Hugelius et al. (2011) reported a SOC stock
pean Russian tundra soils at 38.7 kggnOnly Stolbovoi  for the sediments of the Rogovaya River in northeastern Eu-
et al. (2006) reported a lower stock estimate of 16.6k§m ropean Russia of 11.7 kgTh which is very close to the esti-
for Russian tundra soils. Ping et al. (2011) found a stockmate we present for the soils of the active floodplain strongly
of 41kgnT2 in river deltas along the Alaska Beaufort Sea affected by active fluvial sedimentation by the Lena River.
coastline. The estimate we provide for the Holocene river
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Table 8. The vertical distributions of the total soil organic carbon mass within the seasonally thawed and perennially frozen soil for the
Holocene river terrace (A) and the active floodplain levels (B) in the Lena River Delta. Represented are the estimated mean soil carbon mass
(Tg) for all investigated soil horizons (Magsand the estimated mean soil organic carbon mass (Tg) for different depth incrementg (Mass

with the respective standard deviations.

A Holocene River Terrace area: 4090km
Soildepth Mass Soildepth  Mass SD
(cm)  (T9) (cm) (Tg) (Tg)
Seasonally 0-2 241 0-2 241 1.50
thawed soil 2-10 8.52 0-10 10.93 4.61
10-30 23.63 0-30 3456 11.59
30-50 25.35 0-50 59.91 18.50
Permafrost 50-75 29.85 0-75 89.76 30.33
75-100 30.90 0-100 120.66 42.96
B Active Floodplain Levels area: 8830 ém
Soildepth Mass Soildepth  Mass SD
(cm)  (To) (cm) (Tg) (Tg)
Seasonally 0-2 2.99 0-2 2.99 1.96
thawed soil 2-10 13.58 0-10 16.57 11.39
10-30  29.07 0-30 45.64 26.76
30-50 21.53 0-50 67.17 33.99
Permafrost 50-75 27.17 0-75 94.34 48.17
75-100 25.49 0-100 119.83 65.63

Table 9. The vertical distributions of the total nitrogen mass within the seasonally thawed and perennially frozen soil for the Holocene river
terrace (A) and the active floodplain levels (B) in the Lena River Delta. Represented are the estimated mean total nitrogen mass (Tg) for all
investigated soil horizons (Magsand the estimated mean total nitrogen mass (Tg) for different depth increments)(Midisghe respective

standard deviations.

A Holocene River Terrace area: 4090km
Soil depth Mass Soildepth Mass SD
(cm)  (Tg) (cm)  (Tg) (T9)
Seasonally 0-2 0.07 0-2 0.07 0.05
thawed soll 2-10 0.28 0-10 0.35 0.22
10-30 0.91 0-30 1.26 0.64
30-50 1.05 0-50 231 0.95
Permafrost 50-75 1.20 0-75 351 122
75-100 1.30 0-100 481 1.47
B Active Floodplain Levels area: 8830 Km
Soil depth Mass Soildepth Mass SD
(cm)  (T9) (cm)  (Tg) (Tog)
Seasonally 0-2 0.14 0-2 0.14 0.08
thawed soll 2-10 0.73 0-10 0.87 0.48
10-30 1.79 0-30 2.66 1.32
30-50 1.46 0-50 412 181
Permafrost 50-75 1.84 0-75 596 254
75-100 1.77 0-100 7.73 355
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Generally, the considerable differences in the reportedOn the one hand, the floods bring allochthonous organic mat-
stocks of SOC originate in the strong spatial variability of ter, which is deposited with the alluvium on the floodplains.
soils on multiple scales. On the one hand, difficult access tdn the other hand, the growing vegetation, which is regu-
remote permafrost-affected areas leads to an inhomogeneolerly covered by the alluvium, is incorporated in the upper
distribution of investigation sites. On the other hand, largesoil horizons.
spatial heterogeneity within the same biome results in wide High intensity of flooding including sometimes strong wa-
ranges and uncertainties, as well as questions of represeter currents moving over the flat plains located near the river
tativeness, of stock estimates and demonstrates the imposhore prevents plant growth resulting in low volumetric soll
tance of intensive field work to produce more robust stockorganic carbon contents. When a certain elevation of the
estimates and more representative data coverage. Besides thheodplains is reached caused by regular sedimentation, the
non-satisfying distribution of the soil cores across the inves-intensity of flooding and current of water will decrease and,
tigation area, the low number of samples (29 soil cores withtherefore, plants will be able to establish. This sparse vege-
6 subsamples each) play a large role for the uncertainty of théation at the elevated floodplain sites is only flooded period-
presented results. Additionally the way of (sub)sampling canically. As a consequence of these flooding events, the vege-
be a source of uncertainties as reported in the method sedation is covered by a fresh sediment layer which hinders the
tion. Due to logistical limits for sample weight for the present continuation of plant growth. These sediment layers are then
publication, only preselected parts of the soil cores could bepopulated by a new generation of plants and incorporate the
analysed implying the need of estimation of the vertical dis-prior canopy as peat into the top soil horizons resulting in
tribution of the properties of the unsampled parts. The way ofhigh contents of carbon in the upper parts of soil horizons.
subsampling the same preselected depth in all sampled soil
cores probably leads to biased results for single cores. Usin§.4 Permafrost soil organic carbon storage
this method assumed “organic rich” or “organic poor” layers
could be missed in single cores. However, using the average@e assigned estimated SOC stock data to the landscape units
results of several cores is expected to reduce this uncertaintpf Samoylov Island, averaged them by land unit and esti-

mated the SOC pool size within the respective geomorphic
5.2 Soil organic carbon storage in the patterned ground  unit for the whole Lena River Delta by multiplying with
and the soil subgroups the area of the corresponding unit, particularly the areas of
the Holocene river terrace and the active floodplains derived
Our estimates for the two characteristic microforms of thefrom our satellite image classification. Our estimates indicate
polygonal landscape, the polygon centres and polygon rimghat the Lena River Delta contains in total 241 Tg of SOC
demonstrated a high micro-scale variability of the SOC stockin the upper 1 m of soils within its river terrace and active
within the investigated area. The me&nc (100cm) were  floodplains. The SOC stock of the area-dominating active
33.3kgnT2+9.7kgnt2 and 19.4kgm?+3.7kgnT2 for  floodplains levels is 120 T4 66 Tg. Despite covering only
polygon centres and rims, respectively. The polygons withinabout half as much area as the active floodplains, soils of the
the investigated area typically are about 15 m wide. Holocene river terrace have a similar sized total SOC stock of

Analyzing the Soc (100cm) on the soil sub- 121Tg+43Tg. About one half of the estimated SOC stock
group level provided stock estimates ranging from of these two morphological units (127 Tg) occurs in the depth
15.2kgm?+4.6kgnT? to 32.7kgm?+10.4kgnr2.  0-50cm which is the currently observed seasonal thaw depth
We, therefore, suggest that not only the SOC heterogeneityn late summer. The organic carbon pool in the seasonally
on the tundra biome scale needs to be captured in upscalinthawed top soil layer is subject to comparatively active de-
studies, but that more detailed field work is necessary tocomposition and mineralization processes resulting in trace
characterise site-scale SOC stock variations and how thesgas release to the atmosphere. On the other hand, this carbon
may be successfully translated in upscaling approaches.  pool gets also carbon inputs by fresh litter from the vegeta-

tion. First results of iéfle et al. (2012) indicate that physical
5.3 \Vertical distribution of the soil organic carbon protection mechanisms can limit SOC decomposition in the
storage within the soil active layer.
The other portion of 113 Tg SOC (ca. 47 %) in the depth
Vertical distribution of carbon contents considerably differed from 50-100cm is currently excluded from intense soil-
between the two investigated geomorphic units. The volu-atmosphere exchange processes in the perennially frozen
metric organic carbon contents in the soils of the Holoceneground. Permafrost degradation resulting from higher tem-
river terrace were rather uniformly distributed over the pro- peratures and changed precipitation patterns leading to
files’ depths whereas volumetric carbon contents in the soilsa deepening of the active layer are projected by global
of the floodplains were clearly highest in the uppermostclimate-permafrost models (Sazonova et al., 2004; Koven
10cm from the soil surface. This latter pattern probably iset al., 2011). The organic matter in the permafrost has been
caused by the ongoing regular flooding events of the plainsreported to be highly vulnerable to decay, and it is assumed
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that it has so far not undergone significant changes due to deatmosphere interactions due to permanent fixation in the
composition (Dutta et al., 2006; Khvorostyanov et al., 2008; perennially frozen ground.
Schuur et al., 2008, 2009; Waldrop et al., 2010). However, An increased deepening of the seasonally thawed layer
Knoblauch et al. (2013) argued that predictions of permafros{Sazonova et al., 2004; Koven et al., 2011) is likely to make
organic matter vulnerability are probably overestimated be-this frozen storage of N better available to soil microorgan-
cause typically too much carbon has been assigned to thisms. As a limiting nutrient for plant productivity, this ad-
fast-cycling SOC pool. It is expected that portions of the ditionally released N is likely to enhance the net primary
near-surface permafrost will disappear by the end of this cenproduction of existing vegetation by reducing the general N
tury (Lawrence et al., 2008). For large areas of the Lena Rivetimitation of tundra plant communities (Shaver et al., 1986;
Delta the thickness of the seasonally thawed layer is expecte8chimel et al., 1996; Weintraub and Schimel, 2003) or trig-
to increase to 120 cm and for some areas even to 180 cm bgering a general change of species composition. However,
the end of this century (Sazonova et al., 2004). it has to be considered that the portion of directly plant-
With the help of the Northern Circumpolar Soil Carbon available N within the amount of total N in soils is little
Database (see Hugelius et al., 2013), we calculated a SO@s most N is contained in slow-cycling soil organic matter
pool for the whole Lena River Delta and the depth of O— (Keuper et al., 2012).
100cm of 670 Tg carbon. When excluding the non-deltaic
units, the SOC pool for the Holocene river terrace and the ac-
tive floodplains was estimated to store around 357 Tg carbo® Conclusions
in the depth of 0-100 cm. However, due to the given char-
acter of the database, we were neither able to exclude watéfhe Lena River Delta, the largest arctic delta extends over
bodies in the same way as done with our satellite imagenyan area of 32000 kfn We investigated SOC stocks of the
nor reduce the extent of the Holocene river terrace by theHolocene river terrace and the active floodplain levels. Both
percentage of small water ponds and trough. Our reportedogether are the dominating geomorphic units in the Lena
carbon pool is lower with 241 Tg which might be an effect of River Delta by area (62 % of the soil-covered area). The mean
the reduced spatial extent of the Holocene river terrace an@&OC stocks in the Holocene river terrace and the active flood-
the active floodplains we used for the upscaling. For robusiplain are estimated at 29.5 kgt and at 13.6 kgm?, re-
estimates of the SOC pool in the circumpolar-arctic delta re-spectively. The Holocene river terrace stores about 50 % of
gions sampling must be performed in other major river deltasthe estimated SOC stock while occupying 32 % of the in-
of this region. vestigated portion of the Lena River Delta. Approximately
127 Tg of the estimated SOC mass of the river terrace and the
. active floodplains are stored in the seasonally thawed layer
5.5 Nitrogen stocks (0-50cm depth). The SOC stock stored in permafrost (50—
100 cm) and currently excluded from intense biogeochemi-
The mean N stock estimate for the investigation area andal exchange with the atmosphere accounts for 113 Tg. Tak-
the depth of 100cnBy (100 cm) amounted to 1.1 kgTA ing into account the projections for deepening of the sea-
or to 0.9kgnT2 and 1.2kgm?, respectively, when the sonally thawed active layer and general degradation of per-
active floodplains and the river terrace are separately remafrost over this century, this large stock is likely to be-
garded. Jonasson et al. (1999) reported a N stock for arcticome increasingly available for decomposition and mineral-
Scandinavian heath of 0.115kgfand a depth of 15cm, ization processes as well as fluvial retransportation and off-
which theoretically can be recalculated for 100cm depthshore/onshore deposition in the future. With our study, we
amounting to 0.8 kgm?. For the eroding Alaska Beaufort showed that the SOC stock in the Lena River Delta is high
Sea coastline, Ping et al. (2011) reported an average tocompared to average values reported for the tundra. However,
tal N storage of 1.4kgm?. The N stocks published by the stocks are not as high as reported in the Northern Circum-
Harden et al. (2012) for 300 cm deep soil profiles of Gelisolspolar Soil Carbon Database (see Hugelius et al., 2013) for the
were 4.6-7.5kgm?. Assuming a homogeneous vertical N depth of 0—1 m, indicating that the total carbon storage in per-
stock distribution, theSy (100 cm) can be estimated at 1.5— mafrost and the seasonally thawed layer of Arctic river deltas
2.5 kg2 which is distinctly higher than the estimatesSaf is probably lower than previously estimated, though still of
(100cm) in the Lena River Delta. Th# (100 cm) found in  substantial size. Here we investigated only the Holocene river
our study was in the range of the stock estimates of Jonassaerrace and active floodplain levels, and further complimen-
etal. (1999) and Ping et al. (2011). tary investigations of the other geomorphic terraces that dif-
Our estimates indicate that the Lena River Delta con-fer in cryostratigraphic composition and soils will be needed.
tains 12.5Tg of N in the upper 1 m of soils within its In addition, we provide a first estimate of the total N stocks
Holocene river terrace and the active floodplain levels — re-in this arctic river delta for the two investigated geomorphic
flecting a C/N ratio of about 20 (compare Table 4). About units — the Holocene river terrace and the active floodplain
49% of this N pool is not available for soil-vegetation- levels — and the N pool sizes for the soils up to 100cm in
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the corresponding geomorphic units. We also report the NChestnyck, O. V., Zamolodchikov, D. G., and Karelin, D. V.: Or-

stocks on soil subgroup level with their depth distribution.

ganic matter reserves in the soils of tundra and forest-tundra

With a mean of 13 Tg, the N stocks are higher than would be ecosystems of Russia, Ecologia, 6, 426-432, 1999 (in Russian).
expected by assuming a general C/N ratio of 30 (Jonassoﬁzong‘_'"lton' R.: A Review of Assessing the Accuracy of (.?|aSSIfI-
et al., 1999: Weintraub and Schimel, 2003) and considering cations of Remotely Sensed Data, Remote Sens. Environ., 37,

our estimated SOC storage of 241 Tg. Though not mvestl-Dutt& K. Schuur, E. A. G.. Neff, J. C.. and Zimov, S. A.: Poten-

gated in detail within our investigation area, this large N pool

deserves more consideration in future, particularly with re-

35-46, 1991.

tial carbon release from permafrost soils of Northeastern Siberia,
Glob. Change Biol., 12, 2336-2351, 2006.

gard to stocks of ammonium, nitrate and dissolved organiq:iemer‘ S., Wagner, D., Kutzbach, L., and Pfeiffer, E.-M.: Ele-

nitrogen.
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