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Here we summarize the responses of our manuscript review and provide a point-by-
point reply on the reviewers comments. We followed the suggestion of reviewer two
and sent the manuscript to a professional language check. The marked-up
manuscript version is attached.

Comments on Referee #3

Thank you very much for taking time to review our manuscript. We appreciate the
valuable comments and tried to consider them in our manuscript wherever
meaningful. In the following, the referee comments are given in bold, followed by our
response as plain text.

No basic parameters of the soils were reported. Fo r example it is only within
the text that the reader learns about the high pH v alues of these soils, which
are likely influencing all the chemical and even bi  ological transformations
occurring. | think that this may be a problem of da  ta allocation to different
manuscripts, as another one is submitted right now. However, such basic
information needs to be included in the manuscript for the different
soils/horizons sampled along with their elemental c ontent and some
information on mineral parameters, i.e. differente  xtraction results.

All basic soil parameters are already presented in the supplementary material. Figure
S1 shows the soil texture while table S1 presents soil pH and exchangeable cations
across all sampling sites and soil horizon classes. We decided to publish these data
in the supplements because of the overall size of the manuscript.

The manuscript would have benefitted from the inclu sion of the 14C data, to
give at least some indication on microbial activity /decomposability. As such,

the manuscript provides a lot of detailed informati on of SOM association to
different fractions, which in the end does not lead to any additional progress.
Also, it is not evident from the data presentation, why a longitudinal gradient
was sampled? Is there any added value from the anal  yses of these well chosen
samples or is it just nine separate sites? Can any longitudinal trends be
indicated?

We agree that 14C data would improve the whole story. We have measured the 14C
content and as well as OC mineralization in incubation experiments. However, these
data are part of a second manuscript in preparation. The idea was to describe the
sampling sites and soil characteristics including OC stocks in different fractions in a
first publication. The benefit of this manuscript is that we, for the first time, quantified



the storage of different OM fraction across a large number of permafrost soil pedons.
In the second manuscript (in preparation), we will then directly refer to the OC stock
data. Focus of the second manuscript will be the bioavailability of different SOM
fractions and the temperature sensitivity of OC mineralization. Radiocarbon data and
bioavailability from the east Siberian sampling sites are also shown in Gentsch et al.
(2015), recently accepted for publication in EJSS.

We selected the study sites according to the tree main geographical regions in
Siberia (East-, Central-, and West Siberia). With a longitude gradient we try to cover
the dominant tundra ecosystems within the regions as shown in Table 1 (e.g. a
gradient from grass tundra to forest tundra in Western Siberia). Initially, we
emphasized to explore longitudinal gradients as well. However, the small scale
heterogeneity of OC stocks at the sampling sites was larger than between the
sampling sites across a longitudinal gradient. The only statistic significant gradient
was found between main geographic regions. The small scale heterogeneity
depends primarily on the abundance of cryogenic processes instead on shifts in plant
communities and tundra ecosystems.

| have a problem with the sample preparation proced  ure. The samples were air
dried. However, the authors mention in the text in some place the importance
of changing redox conditions for the processes oper ating in these soils. What
is the potential impact of airdrying on the results obtained?

The samples were dried before transport to the laboratory (also to reduce weight for
helicopter flight). Surely, this is a weakness in our study and we therefore cannot
draw direct conclusions about the redox conditions from the dried samples. However,
the in situ redox conditions at the sampling sites were reflected by field determination
of soil color, which changes in the soil profile along with the water content
(determined on fresh samples). Moreover, we found high Fe,/Feq ratios which are
indicative for hydromorphic soils and mirror changing redox conditions (Cornell and
Schwertmann, 2003). Air-drying, also tended to aggregate the soils. This was the
reason to refuse the separation of an occluded organic matter fraction by density
fractionation. Apart from that, we do not see that air-drying influenced the results of
this study.

Moreover, | found curious that you used (Fep+Alp)/(  Fed+Ald) as an indication of
complexed OM. In my opinion the determination of C in the pyrophosphyte extract
would give a much better proxy.

The (Fep+Alp)/(Fed+Ald) ratio was initially introduced by US Soil Taxonomy as index for
the total amount of Fe and Al which is potentially complexed with OM (USDA, 1999). We
agree that this index is not any more state of the art and have removed it from the
manuscript.

As the pH values of the soils were apparently very high, | wondered why the
occurrence of inorganic carbon in these soils was n ever discussed.

We have tested all samples for inorganic carbon. Only in the samples from the East
Siberian sites we found measurable amounts of inorganic carbon (<1% dw). Prior to
total OC measurements, the inorganic carbon was removed by HCI fumigation. The
high soil pH in the transient layer and permafrost horizons, however, derived from
high electrolyte concentrations. Mainly Na and/or K salts accumulate within the
subsoil and the frozen soil layers as result of impeded drainage. Due to the higher
summer evapotranspiration than drainage, large amounts of salts accumulate within
the active layer and the permafrost (Lopez et al., 2007). This is evident from the
increase of exchangeable base cations (especially K* and Na®) towards the



permafrost. Additionally, the parent material derived from shallow marine sediments
and may contribute to a higher salt concentration as well. This certainly interesting
phenomenon was beyond the scope our story and we did not discuss it further.
Instead we refer to Lopez et al. (2007), who discussed in detail the epigenetic salt
accumulation in permafrost soils.

Heavy and light fractions are compared in terms of C/N. However, this may be not
advisable, considering that the heavy fraction may always contain a substantial
amount of inorganic N.

We agree that the bulk of the inorganic N (Nmin) will be found within the heavy fraction
and the C/N ratio have a different meaning compared to the LF. We emphasize this fact
now more precisely in the manuscript. Both fractions have a different functionality in the
soils. Based on the C/N ratio we can show that the HF is the principle source of inorganic
nitrogen and comprised the majority of the microbial resynthesized material. The HF may
also be responsible for fixation of ammonium (e.g. in the interlayer of clay minerals). The
LF, however, has very wide C/N ratios and is close to the C/N of the plant source and
similar to the unfractionated O horizons (see Figure 6).

We have measured the Nmin values (NH4 + NO3) only from a selected pool of samples.
Thus we could not correct the whole TN data set for Nmin. The figure below is showing
the TN as 100% and the proportion of organic N (ON), ammonia (NH4), and nitrate
(NO3). NH4 and NO3 was measured from fresh soil, which was extract directly after
sampling from two sites on Taimyr Peninsula. In general, the inorganic N was far below
1% of the TN in the bulk soil. Only in few samples Nmin exceeded 2% of TN. However,
during density fractionation most of the Nmin is lost by exchange with sodium
polytungstate. Taking into account that only ammonium in the interlayer of clay minerals
can survive the density fractionation treatment, the proportion of Nmin to TN within the
HF is definitely negligible.
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Fig 1: Proportion of mineral N (NH4+NO3) to total N values (100%). Abbreviations: ON,

organic nitrogen; NOS3, nitrate; NH4, ammonia.



Comments on Referee #4

We thank the reviewer for thoughtful comments which help to improve the manuscript
guality. We have reworked our manuscript accordingly, wherever possible. In the
following, the referee comments are given in bold, followed by our response as plain
text.

How well do current stock estimates account for cry oturbation? How should
the community better sample to account for the find ings in this manuscript? |
agree with Reviewer 3 that greater discussion on th e use of a longitudinal
transect would help here — how do these results lik  ely scale across the great
continental region they span? A conceptual diagram at the end of the results or
within the discussion may help here.

Indeed, the current C stock estimates did not consider a separate quantification of
SOM in cryoturbated horizons. The latest SOC update for permafrost soils (Hugelius
et al., 2014) gives estimates for the main types of permafrost-affected soils (Turbels,
Histels, and Orthels). Therein, cryoturbation is a diagnostic level to characterize the
Turbel soil order. However, no details of how much cryoturbated horizons contribute
to the ecosystem C storage were reported so far. Only few studies have addressed
the importance of cryoturbation, such as Bockheim (2007) and most recently
(Palmtag et al.2015, and Palmtag et al.in preparation). Based on the reports in
Hugelius et al. (2014), we give a rough estimate on the contribution of cryogenic
processes to OC sequestration on page 2716 (line 6-20).

As mentioned in the response to reviewer #3, the mapping of cryogenic features was
the main goal of our study. The small scale heterogeneity of OC stocks within and
between the soil profiles based primarily on the abundance (and frequency) of
cryogenic features. The more cracks, pockets involutions or tongues were present in
the profile the larger was the OC storage. These features are overwhelming effects in
OC stocks between the different types of tundra. Significant differences only occur
between the geographic regions. The western Siberian sites clearly show least
disturbance and the differences in OC stocks compared to the eastern sites were
significant. As suggested, a schematic map (Fig 2) is now included in order to
visualize the data.

Abstract — has too much detail, particularly for th e methods, and could be
significantly shortened. p. 2700, line 8 — “most im portant” OM fraction — but is
largest OM fraction the most important? | would ten d to think of the most labile
as the most important, and the largest fraction as the greatest contributor to C
stock.

We agree that some methodic details can be removed and reworked the abstract
accordingly. We changed “most important” to “dominant” and re-worked the
sentence.

p.2701, line 10, soils to soill

Done.

p. 2701, line 17 add “an” before “Ecosystem”
Done.

p. 2703, In 13 remove “the” before “transport”
Done.



p. 2703, In14 *“triplicate” not “triplicates”; line 20 “given by” not “described
by”?

Changed.

p. 2707 line 7 “so-called” in English means “erron eously called”. | think you
can say just “referred to as the transient layer

Changed.

p. 2711, line 19, “relatively contained” is confusi ng — maybe rewrite without
“relatively”? | can’t follow the logic here.

Re-written.
p. 2713, line 22, add “a” before “response”
Done.

p. 2714, line 12 needs a date for Palmtag paper; li ne 14 add “the” before
“Results”, line 26, “constant” seems too strong sin ce | don't think it's a truly
continuous process — maybe just remove this word?

We changed constant to continuous. We wanted to pay attention that cryoturbation of
OM rich pockets is a faster process, wrapping OM involutions to the subsoil probably
by the course of few events. Cryohomogenization, on the other hand, is a process
acting slowly and continuous over the whole formation period of the solum.

p. 2716, line 3, change “precipitating” to “precipi tation”, line 19-20 remove
either “in” or “within”
Done.

p. 2717, line 13 “LF fraction” is redundant — just say “LF”, line 21 change “the”
to “a”and clarify the writing so that it doesn’t ap pear that lichens are plants

We changed the sentence.

p. 2723, line 5 remove s on “causes”; line 4 add “a  n” before “object”
Fig 3 caption change “occur” to “occurred”

Changed.

Fig 5 it is very difficult to read the scale bar on these microscope images,
please adjust

The scale bars were adjusted.
Fig S3: capitalize “Siberian” and remove “ing” from “showing” both times
Done.
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Fig 2. The schematic map illustrates the distribution of OC stocks across the
sampling sites and all investigated soil profiles. The bubbles give the total OC stocks
(kg m-2 to one meter soil depth) by size, while the bar charts give the proportion of
the OM fractions (in different colors) with respect to the total OC stocks in mineral soil
horizons.
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Abstract

In permafrost soils, the temperature regime anddhbelting cryogenic processes dgxisive
ferimportant determinants dahe storage of organic carbon (OC) and its sneallesspatial

variability. For cryoturbated soilgshere is a lackn-the-assessment-of research assessing

pedon-scale heterogeneity in OC stocks and thesfoanation of functionally different
organic matter (OM) fractionsuch as particulate and mineral-associated OMrefbie,
pedons of 28 Turbelscross—the-Siberian—-Atic-were sampled in fivemeter-wide soil
trenchesacross the Siberian Arctio-erdertdo calculate OC and total nitrogen (TN) stocks
within-the-activelayer-and-the-upperpermafiloased on digital profile mapping. Density

fractionation of soil samples was performed to idgtish betweenparticulate OM (light

fraction, LF, < 1.6 g cff), mineral associated OM (heavy fraction, HF, >d.61>), and a
mobilizable dissolved pooI (moblllzable fraction OWD M+Hera4-e|tgan+c—assee+anens—were

N)-Across all investigated soil profilegietotal OC sbrag@mekswasere-calculated+80.2 +
8.0 kg m? (mean + SD) to 100 cm soil depthf-this-averageF4fty-four %-perceniof theis
OC was located ifmhe horizons of thactive layemerizens(annual summer thawing layer)

showing evidence of cryoturbation, and another 3886 present in thepperpermafrost.
The HF-OC dominated the overall OC stocks (55f8Jjowed by LF-OC (19% in mineral
and 13% in organic horizons). During fractionatieeut—-approximately 3% of the OC

was released as MoF, which likely represertse—meosh readily bioavailable OM pool.
Cryogenic activity combined witan-tmpaired-biedegradatioold and wet conditionef-OM

in—topseoi-herizens{O—and-A-horizongjere the principle mechanisms-through which
seguestelarge OC stocksvere sequesteréd the subsoil (16.4 + 8.1 kg all mineral B, C,

and permafrost horizonspbeut—2Approximately 2% of the subsoil OC stock can be

attributed to LF material subducted by cryoturbatihereas migration of soluble OM along
freezing gradients appearedto be the theprlnC|pIe sourcderof the de%nanngdomlnantHF
(63%) in the subsoifFhe

thawing—eyeles:-Despite the unfavourable abiotic conditiorsbstantial—microbial—-OM

transbrmation-in-the subsoilas-indicated-bjow C/N ratios and high**C valuesindicated
2
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substantial microbial OM transformation in the spibsbut this was not reflected in altered

LF and HF pool sizes. Partial least sqeaegression analyses suggest that OC accumulates
in the HF fraction due to coprecipitation with nivétlent cations (Al, Fe) and association
with poorly crystalline Fe oxides and clay miner&sr data show that across all permafrost
pedonsthe mineral-associated OM represents thestimpertantiominantOM fractionand
we-suppese, suggestinghat the HE-OC is @tz OM pool in permafrost soilsf06-on
whichwere changing soil conditiorga—the—aretic will have the largest impacbut—the

a v v a N alaVa Qgae N lele l:lv-nllln alala ala A N 4 her

1 Introduction

The storage and turnover of organic matter (OMarictic soils has received broad interest
given-due tothe potential of permafrost environments to acegerclimatefereeschange
(Schaefer et al., 2011; UNEP, 2012). Earth histeoprds have linked past extreme warming
events to permafrost thaw and the release of goemghgasses from decomposing, previously
frozen OM (DeConto et al., 2012). Similar signais the onset of changing environmental
conditions in these regions have been recently rebdeand include the degradation of
continuous permafrost (Smith et al., 2005), anaaseef-in active layer depth (the annual
thawing layer), and rising permafrost temperatFesintain et al., 2012). Such changes will

strongly affect all pedogenetic processes, inclyidnineral weathering and OM cycling.

Alongside peat formation, cryoturbation is the magoil--forming process in permafrost-
affected soils-andis— and isprimarily responsible for the distribution of OM thin soil
(Bockheim and Tarnocai, 1998). The principle medras of cryopedogenic processes are
based on frequent freezing-thawing cycles in comtimn with moisture migration along a
thermal gradient (Bockheim et al., 1997). Cryottidra leads to irregular or broken soll
horizons as well as involutions and subduction rgfaaic rich materials from near surface
horizons to the subsoil. Pockets of topsoil (O Anldorizons) material are incorporated into
deeper mineral soil, including the upper part & germafrost. Radiocarbon ages of several
thousand years demonstrate that OM decompositibarigered in cryoturbated materials as
a result of the unfavourable abiotic conditions daeper soil layers (Bockheim, 2007;
Hugelius et al., 2010; Kaiser et al., 2007). Lowd,afor most of the year, sub-zero soill
temperatures and frequent waterlogging during ti@tsunfrozen period enable otherwise
3
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labile OM compounds to be preserved in the suliailser et al., 2007). Across the entire

northern circumpolar permafrost regiamproximately=400 Pgorganic carbon@C) and

approximately=16 Pg nitrogen (N) is estimated to be stored irottmpated sod horizons
alone (Harden et al., 2012).

Increagdng subsoil temperatures, longer fro$tee periods and permafrost thawmight
enhance the degradation of this preserved OM (Schlatual., 2008). As microbial
decomposition is more temperature sensitive thamgoy production processes (Davidson
and Janssens, 2006), this may generate a postdback of greenhouse gas emissions from
permafrost areas to climate warming (Koven et 2011; Ping et al., 2014; Schuur et al.,
2013; Schuur and Abbott, 2011). Recent conceptsidenthe persistence of soil OAdto be

an ecosystem property, primarily controlled by phgsitcemical and biological conditions
rather than its molecular structure (Schmidt et a011). Therefore, the magnitude of
greenhouse gas emissions from permafrost regiopends not only on changes in soill
environmental conditiopssut—-alsobut alsoon the contribution of different functional OM
fractions, the operating protection mechanisas well as inherent kinetic properties. For
temperate soilsit has been shown that interaction with minerafezies and metal ionss
well as physical stabilization by occlusion in salygregates protect OM against
decomposition (Kégel-Knabner et al., 2008; Lutzawak, 2006). Onlya few studieshave
investigated different OM fractions in permafrosils, and thosenestly—+eliedhave relied
mainly on a selegd number of soil profiles (Dutta et al., 2006; Gehtset al.,
submitte@015 Gundelwein et al., 2007; Hofle et al., 2013). Elendata about pool sizes of
different OM fractions such as mineral- or metal-associated OM versuicpte OM
(largely plant debris) on a larger spatial scadee still missing. Moving forward in
understanding high-latitude soil OM cycling regsiran integration of studies that aim to
upscale OC and TN stocks to the landscape andnadievels (Hugelius et al., 2014; Kuhry
et al., 2010; Palmtag et akQ15n~press Tarnocai et al., 2009) with more process-oriented
pedon-scale studies.

ConsequentlyFhisthe objectives of thistudytherefore-aims-atere tq first;(1) gquantification
efquantify OC and TN stocks in permafrost soils along a lutfnal gradient in the Siberian

Arctic, with particular emphasis on the spatial distribatof cryoturbated topsoil materjal
Second?2) —by—usingise density fractionation in combination with stableotope t°C)
analyses-we—investigated to investigatethe storage and transformation of OC in three

4
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different OM classes(i.e., potentially mobilizable dissolved ONfreleased by density
solutior]}, particulate and mineral-associated QMand Fhire(3) we-irvestigatehvestigate

the relevance of mineral properties for the accatmh of OC in permafrost soils.
TFhereforé o—appreach—thataddress these objective8 soil pits located under tundra

vegetation in western, central, and eastern Silvegi@ sampled and cryogenic features were

mapped in each pedon over a distance of 5 metdéinwihe active layer. Frorthathese

maps we derived precise information about pedon-sda&ibution and total storage of soil
OC and TN. The mineralogical assemblage of thessflay mineral and metal oxide
composition) was characterized by X-ray diffracti@and selective extractions. The
importance of mineral-organic associations forabeumulation of OC in the permafrost soils
was assessed using multivariate statistical amalyseelate mineralogical properties to the

quantity of mineral-associated OC.

2 Materials and methods

2.1 Study aArea and soil sampling

Soil samples were collected from nine sites oninaous permafrost in the Siberian Arctic
(Fig. 1). The sampling sites were selected in ciffé tundra types (Table 1 and detailed site
description in supplementary material) in West (vagkiy; TZ), Central (Ari-Mas; AM,
Logata, LG), and East Siberia (Cherskiy, CH). Fomparability, all sampling sites were
chesen-olocated inplain areas. Soil profiles were excavatedt leasin-three field replicates

(28 profiles in total)with each replicate consisting oga 5 x 1 m wide trenabs extending

down to the permafrost table. The large dimensiothe profiles provided a representative
cross section through micro-topographic featuresmfinocks, patterned ground) and
cryoturbation patterns. Soils were described agogrtb Soil Taxonomy (Soil Survey Staff,

2010); a schematic overview of soil diagnostics tredterminology is summarized in Fig. 2.

Diagnostic horizons, including subducted topsoitemal, were sampled at various positions
within the soil profile.The upper Permafrostherizens-verdayer wascored (up to 30-40 cm

depth below the permafrost table) with a steel mpdwo positions in each profile: one
directly underneath a hummock and the othvesin between the hummocks. Directly after
sampling, living roots and animals were removed thedsamples were sieved to < 2 mm. An

aliquot of the samples was then air dried for tpansto the laboratory. Samples for the

5
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determination of bulk density (BD) were collectedtriplicates over the 5-m profile in all
diagnostic soil horizons using a 100%more cutter. Organic horizons were cut in
dimensional blocks and measured by length, widtl, leeight. All BD samples were dried at
105°C and BD was determined gravimetrically. Imthorizons where it was impossible to
extract a proper soil core, the BD of the surrongdmineral horizon was adopted and
corrected for the respective OM content using theagondeseribedyivenby Rawls (1983).

2.2 Soil c€hemistry and mMineralogy

Soil pH was measured in suspension withOlidion at a soil-to-solution ratio of 1:2.5.
Exchangeable cations were extracted with MehlicBoBition (detailed methodology see
Carter and Gregorich, 2008) and measured by ingelgticoupled plasma optical emission
spectroscopy (ICP-OES; Varian 725-ES, Palo Alto/lif@aia). The effective cation
exchange capacity (CEg was calculated as the sum of exchangeable catieasMg, K,

Na, Al, Fe, and Mn) and the base saturation (B&x@essed as the percentage of the basic
cations (Ca, Mg, K and Na) to CELC

Solil texture wasnalyzednalysedoy the sieve-pipette method according to DIN 1SQ77
(2002) after OM oxidation with 3Wt% hydrogen peroxide and dispersion of residudl so
aggregates in 0.05 M sodium pyrophosphate. Iron Ahdractions in bulk soils were
analyzednalysedusing 0.2 M ammonium oxalate (pH 2) and sodiunhiditite-citrate-
bicarbonate (McKeague and Day, 1966). Oxalate-¢oltte and Al (Fg Aly); represent
poorly crystalline aluminosilicates, Fe oxidéke— such asferrihydrite, and organically
complexed Fe. Sodium dithionite dissolves all peshig oxides (Fg, anrdthus represenhg

the total amount of poorly crystalline and crystelFe oxides such as goethite, hematite, and
ferrinydrite (Cornell and Schwertmann, 2008¢cerding-teAs described b¥usterhues et al.
(2008) and Lutwick and Dormaar (1973pdium pyrophosphate (0.1 M; pH 10) was used to

extract organically complexed Fe and Al from thawnesoil fractions (see 2.4). To avoid the

mobilization of colloids (Parfitt and Childs, 1988he extracts were ultracentrifuged at
300,000x g for 6 hours. All extracts were measured for Fe Ahdy ICP-OES (Varian 725-
ES, Palo Alto, California). The activity index JAee; represers the proportion of poorly
crystalline Fe oxides (e.g., ferrihydrite) to tlo¢ad free Fe (Cornell and Schwertmann, 2003).
The proportion of well crystalline Fe oxides candascribed by the term fe Fe, whereas

Fe, — Fg exclusively comprises the proportion of less cHjise&a Fe forms—Fhe—term



N

© 0 N O O &~ W

10
11
12

13

14
15
16
17
18
19
20
21
22
23

24
25
26
27
28
29
30

(Fer+Al Y FearAl
Goulet et al.,1998).

Clay-—sized minerals (<263 um) were identified by X-ray diffraction (XRD) agals.
Organic matter and Fe oxides were removed by texatnwvith 6 wt% Na hypochlorite
(Moore and Reynolds, 1997) and sodium dithioniteate-bicarbonate, respectively. The clay
fraction was isolated by sedimentation in Atterbeytinders according to Stoke's lavand
saturated with either Kor Mg?* (Moore and Reynolds, 1997). Oriented clay specaweere
prepared by drying the clay suspension onto glkds mounts. The samples were scanned
between 1 and 320°with 0.05 °® increment using a Kristalloflex D-500 spectrometer
(Siemens AG, Munich, Germany). XRD scans were aaxbifor the following treatments: K
saturation, K saturation with heating to 550°C, Iaturation, and Mg saturation with

ethylene glycol treatment (Moore and Reynolds, 1997

2.3 Soil fractionation and OC and TN determination

Mineral soil horizons were fractionated by denstcording to Golchin et al. (1994) with
some modifications. The light fraction OM (LF, 61g cm3) was separated from the heavy
fraction (HF, > 1.6 g cm) by floating the samplein sodium polytungstateand—soil
aggregates were destroyed by sonication (detaés ssgplementary material). During
washing of both fractions, considerable amount®©bf were mobilized. This “mobilizable
fraction” (MoF) was collected separately, passeduph syringe filters (PVDF, < 0.45 um)
and anahyzednalysedfor dissolved OC (LiquiTOC, Elementar, Hanau, Gany). The LF
was imaged by laser scanning microscope (Keyence9¥¥0, Osaka, Japan)}—and
additionallyscanning electron microscope images (FEI QuantaFEIB, Oregon, USA) were
producedrem-for both thel F andthe HF-additionally

Organic C and TN concentrations and tf@ isotope content of bulk sojlas well as of the
HF and LF fractionswere measured in duplicatesing an Elementar IsoPrime 100 IRMS
(IsoPrime Ltd., Cheadle Hulme, UK) coupled to aeri¢ntar vario MICRO cube EA C/N
analyzeanalyser (Elementar Analysensysteme GmbH, Hanau, Germanggfore
measurements, samples containing traces of cadmmwegre exposed to acid fumigation
(Harris et al., 2001). Isotope values are expregsdide delta notation relative to the Vienna
Pee Dee Belemnite (VPDB) standard (Hut, 1987).
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Caledlation—ofOC and TN stocks of the cryoturbated sdilss—been—deneere calculated
using the sketch-based method described in Micbaads al. (2001). Based on photo images

taken during field excursions referenced by scalemlvings, detailed digital maps of soil
horizons were generated using Autd@A 2010 (Autodesk, Inc., San Rafael, USA). From
these maps, the horizon arég ¢f a certain diagnostic horizon was calculatethasum of
the individual shapes (Fig. 3 and Fig. S7). Orgdhiand TN stocks per designated horizon
were calculated by Eq. (1) down to 100 cm soil depthere n is the number of designated

horizons. Finally, the stocks were relatechon? soil surface.

OCrock (kg m™2) = T}y BD (g cm™) x OC (%) X A (m?) x 10 (1)

2.4 Statistic al analys eis

Statistical analyses were performed with SPSS BM(l Armonk, United States). All
variables were tested f@normal distribution and log transformed when reggirPearson
correlation coefficients were calculated to deseiibear relationships between parameters.
The influence of soil horizons and sampling locatim individual parameterge.g., element
contens or isotopic ratioy werewasanalyzednalysedusing one-way and two-way analysis
of variance (ANOVA).Following ANOVA, pPost hoc -testsfolloewing-ANOVA—(Tukey’'s
HSD) were conducted to identify subsets of siteshorizons being—diseriminated-—by a
probability-tevel-of(p < 0.05. Interactions of OC with soil mineral parametesravstudied
with partial least squares regression (PLSR) amaligetails see supplementary material).
PleaseNnote thatfer—statistical-analysedhe few Ojj horizons were combined with the Ajj

horizonsfor statistical analyses

3 Results

3.1 Soil characteristics and morphology

All soils were classified in the AquiturbgkeatgroupGreat Groug(Soil Survey Staff, 2010)
or characterized as cryohydromorphic soils (Sokabual., 2002)with aquic soil conditions
being present in all soil profiles. In the upper2cm of the mineral soil, redoximorphic

features were indicated by redox depletion andlmgt{zones of Munsell soil value 4 and
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chroma < 4). Towalthe permafrost surface, the soils showed strodgaiag conditions
with low Munsell soilvalues (< 4), ardlow chroma (2) and frequentlya colour hue of
betweerbG ande 10 BG. All soil profiles showed strong signs ofatryrbation by disrupted
horizons or subducted ONch pockets involutions or tongues (Fig. 3 and Fig. SRete,
sinedBecausesamples from the permafrost were received by gorthe morphology of
subducted topsoil materials could not be tracethenfrozen parts of the profiles-g-e.q.,
Ajjff). Nevertheless, many profileBomef central and eastern Siberia (profiles CH D-I, AM
A-C, LG D; Fig. S7) contain a zone 20 cm aboveghanafrost tableandwithin the upper
10 cm of the permafrositherethatwads enrichmentd efinwith OCwas-measure(see 3.3).
This zone is referred to se—ealledthe “transient layer” (Fig. 2) This layef depends on
decadal climate fluctuations (French and Shur, 2@t@ showed pronounced signs of Fe

reduction. For data evaluation, the following fivaikon groups were distinguished: organic
topsoil horizons (Oa, Oe, Oi,), mineral topsoil ihons (A, AB), cryoturbated OM-rich
pockets in the subsoil (Ajj, Ojj, referred to asibislucted topsoil”), mineral subsoil horizons
(BCg, BC, Cg, often showed signs of cryoturbatioithwthe suffix jj), and permafrost
horizons (commonly designateas Cf, Cff, but partly incorporate subducted tapso

materials).

The soils were loamy, clayey, or fine sjltyith an absence of coarse materjadsd were

partly thixotropic.Onrly-in-eastern-Siberia—at-profilte-GHl-Rrock fragments from the near-

surface bedrock werenly incorporated ito the soil profilein eastern Siberia at profile CH-

H. The CH soils were all dominated by silt (Fig. SBging—indicativefersuggestingan
aeolian origin of the parent materi@n-At the Taimyr Peninsula (Central Siberian sites), the

soils were rich in silt and clay (silty clay loamai LG, but more sandy (sandy loam) at AM.
Vertical texturle differences (fine silty to coarse loamy) in T&re-indicative—fegsuggest

distinct ehangirgsedimentation conditionguring depositiorof the parent material and less

cryogenic mixing in the deeper soil. Clay contaerdreased in the order AM (12 + 4%), TZ
(20 £ 10%), CH (21 £ 8%), and LG (27 £ 6%).

The active layer depth in CH and Taymyr soils \é@iffiem 30 to 90 cm, depending on the
thickness of the organic layer and position. Smeedlle variability in the thickness and the
insulating effect of the organic layer associatetih \watterned ground formation (Ping et al.,
2008) often caused a wavy upper boundary of theakeost surface (Fig. 3). In contrast, the

permafrost table of the TZ soil profiles was smoatid considerably deeper (100286m

9
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cm). The surface morphology and horizon boundaryheté soil layers were plane and less
disturbed by cryoturbation (Fig. S7). The uppemparost (30-46em cm) was recorded as
dry permafrost (Cff) containing little vain ice and massive ice bodies.

3.2 Chemical soil parameters and mineral compositio  n

Topsoil pH ranged from strongly agdn organic topsoil to slightly aciclin mineral topsoil
horizons (Table S1). Subsoil pH increased with depth from slightly acid in the upper
active layer to neutral or moderately alkaline witlpermafrost horizons. The CEQwvas
larger only in the LG soils (Tukey's HSD, p < 0.00&ith an interquartile range from 20 to
34 cmo} kg™ across all sites (Table S1), and no differencesden soil horizons was evident.
The BS varied from 33 to 88% an#vas—dominated-—at-al-sitds/ihe dominating catis
wereas C&* (from 17 to 64% of CEG) and Md"* (from 8 to 33% of CEg) at all sites
Tukey's HSD indicated increasing BS in the order €HZ < AM < LG and rising values

towards the permafrost. Concurrently, exchangeabie cations such as %l (contributing
from 11 to 64% to CEL) showed significahy smaller values at AM and L-Gs-empared
comparedwvithte TZ and CH (Tukey's HSD, p < 0.001) and decreasid soil depth only at

the latter sites.

In_the CH soils-ef-the—CH-sites the clay fraction was composed of illite, vernfiig)
kaolinite, and mixed-layer claysiith an increasing abundance of smectite claysatds/the
permafrost table (Fig. S4). Primary minerals suslgaartz and traces of feldspars were also
detected in all samples. Smectite minerals cledoiyinated the clay fractions in central and
western Siberian soils (Fig. S3 akth. S4). In addition, soils from AM contained illite,
vermiculite, and kaolinite. The LG and TZ samplbeevged somewhat higher peak intensities
for illite and kaolinite andan abundance of chlorite instead of vermiculite. Thiemsity of
smectite signals increased strongly in the perrsaftable at TZ whereas chlorite was

enriched in the upper active layer.

Pedogenic Fe and Al in the CH soils were alreaddsgmted in Gittel et al. (2014) and
Gentsch et al.sibmitte@015. Dithionite-extractable Fe ranged from 1.7 to426. kg™
(Table S2), and all sampling sites showed sigmticgdifferences to each other (two-way
ANOVA, F3,127)= 113.7, p < 0.001) but no variations with soiptte(Rs 127y= 1.0, p = 0.38).
Oxalate-extractable Fe (0.7 to 26.4 g'kqnd Al (0.02 to 5.0 g k) varied significantly
between sites and soil horizons (two-way ANOVAg F126)= 2.7, p = 0.005, 4r(9,108)= 14.3,

10



A W DN PP

© 00 N O o

10
11
12
13
14
15
16

17
18

19
20
21
22
23
24
25
26

27
28
29
30
31

p < 0.001). The largest conteraf Fe, Fe, and Al werewas found in the CH soils and
decreased in the order LG, TZ, and AM. As overadind, Tukey’s HSD indicated a
significant enrichment of Beand Al in subducted topsoil materials compareihte the

surrounding horizons (p < 0.05).

The concentrations of Fe in well crystalline oxidesged from 0.8 to 6.0 g Kgand were
largest at CH (Table S2.). The smallest amountgwbserved in subducted topsoil (1.8 £1.6
g kg™), but no clear differencesppearedvere detectedbetween the topsoil, subsoil (B/C),
and the permafrost horizons. Concurrently, thevagtindex Fe/Fe; varied from 0.4 to 1.0
across soil horizons and sites with the highesteslin subducted topsoils. Pyrophosphate-
extractable Fe and Al ranged from 0.04 to 10.03jd &nd 0.01 to 2.91 g kg respectively.
The highest concentrations were found at CH and BGd subducted topsoils were
significantly enriched (up to 7-fold) comparedithte surrounding subsoils (two-way
ANOVA, Tukey's HSD, pe < 0.001, p < 0.01; Table S2.Based-on-the{BeAl){Fes+Aly)

a ala¥a N A A0/ O aVallla alfa orm a a ala A N N an o
o 0 ot

3.3 Organic carbon and total nitrogen storage and stable *C isotopic

composition of the bulk soil

The average OC and TN concentrations (Table S3padid/ary significantly across the four
study areas for O and A horizons (Tukey's HSD, 0.65). Nete,—pafPlease note that a
portion of the bulk OC and TNencentrationslatahave been reported elsewhere (Gentsch et
al., submitte@015 Gittel et al., 2014; Schnecker et al., 2014; Watdal., 2013). Subducted
topsoil horizons revealed twice as much OC and Tt and LG when compareaglithte

AM and TZ (Table S3). For B/C horizons, OC concatidns were significantly larger at CH,
AM, and LG exceeding those at TZ soils by up to five timesk@y’'s HSD, p < 0.05). This
difference increased to factors of 8 to 11 in teeymafrost horizons (Table S3).

The OC stocks to one meter soil depth ranged frdintd 36.4 kg rif, with a mean value
across all soils of 20.2 + 8.0 kg f(Table 2). The soils in eastern (CH: 24.0 + 6.7nkg)

and central Siberia (AM: 21.1 + 5.4 kg fand LG: 24.4 + 7.0 kg ) contained about twice
as much OC as those sampled in western Siberial@3: + 4.3 kg rif). On average, 2.6 +
2.4 kg OC m?or 13% of the total OC was stored in the organfstdl. The amount of OC

11
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stored in the mineral active layer was 11.5 + 338nk? (57%), of which 3.5 + 2.5 kg Th
(18%) was located in subducted topsoil materiahe proportion of soil OC located in active
layer horizons with signs of cryoturbatieretuding(i.e.,B and C horizonsranged from 33%

to 83% with an average of 54%. All mineral subgwtizons including permafroststored
16.4 + 8.1 kg OC 7 (81% of the total soil OC). Within the first soileter, the eastern and
central Siberian soils stored 8.1 + 5.5 kg OC (85%) in the upper permafrost. Due to the
large active layer thickness in the western Silpesiails, no OC was located in the permafrost

within the examined soil depth.

The 5'3C ratios of soil OC (Fig. 4) showed significantfditnces between sites and genetic
horizons, representingerementingsoil depth categories (two-way ANOVAuk324= 4.4, p

< 0.001). Overall, bulk OC showed increasBtdC ratios from eastern to western Sibgria
with no difference between the two central Sibeg#es. Thes'*C values generally increased
with soil depth (O < A, Ajj/Ojj < B/C < Cff, Tukeyg HSD, p < 0.05) and no difference was
observed between topsoils and subducted topsoizdrw (Tukey's HSD, p = 0.99).
Concurrently, C/N ratios decreased with soil de@fly. 4, ANOVA, Ra3zzz = 81.9, p <
0.001) with no differences between topsoil horizons amadsicted topsoils (Tukey’'s HSD, p
= 1) as-wellasr between B/C horizons and the upper permafrost iayekey’'s HSD, p = 1).

In correspondence to OC storage, TN stocks of thie $oil increased from 0.8 + 1.4 kg'm
in TZto 1.3+ 0.3 and 1.7 + 0.3 kg'fin AM and LG, and 1.8 + 0.4 kg Tin CH, with an
average of 1.4 + 0.5 kg TN facross all soils (Table 2.). On average, 0.1 +k@. TN m>
(7%) was stored in the organic layand0.9 + 0.2 kg TN ¥ (61%)the-ameunt-of Fhas

stored in the mineral active layewas0.9-+ 0.2 kg-AT—{61%)of which 0.2 + 0.1 kg rf
(15%) was located in subducted topsoils. In théegasnd central Siberian sqQik5 + 0.4 kg

TN m 2 (32%)werewasfound in the permafrost layer.

3.4 Organic carbon and total nitrogen storage in or ~ ganic matter fractions

At AM, LG, and CH, the relative proportion of LF-QG the bulk OC increased from 24% in
topsoil to 30% in subducted topsoil horizons (TaBl&). The permafrost horizons stored
relatively more OC in the LF than the overlying mvial subsoils (21%ersus 16%). In
contrastte-that in soils from TZ with the permafrost table at 80lcm soil depth, the relative
storage of LF-OCeenstanthydecreasedrogressivelyfrom the topsoil (23%) towarsl the
permafrost (11%).

12
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When considering the organic layers and the diffe€@M fractions in the mineral soil across
all study sites (Table 2), the average storageOd? 2 8.0 kg OC ff within 1 m soil depth
can be separated into the following fractions: orgdayer 2.6 + 2.4 kg M (13%), LF 3.8 +
2.3 kg m? (19%), HF 11.1 + 5.0 kg T (55%), and MoF 2.7 + 1.8 kg ¥(13%). Fhe With

the exception of the AM soils, tlewntribution of the individual fractions to totadbsks was

quite constant betweesd-profiles with no major deviation from the mean percentagel®
(ANOVA, F(3.4)= 0.98, p = 0.42) and MoF (ANOVA, 4= 1.16, p = 0.35)Only-theThe
AM soils relatively-contained on average 47% more LF-OC than the dtibes (ANOVA,
Fi24= 6.63, p < 0.01). This larger value was primadlye to ahigherlarger LF storage in
subducted topsoil (Tab. 2). All mineral subsoil ihons including permafrost stored on
average 3.6 + 2.3 kg OCfmas LF, 10.3 + 4.9 kg OC thas HF, and 2.6 + 1.8 kg OC fras
MoF, corresponding to a contribution of 22%, 63%gd al5% of the total subsoil OC.
Remarkably, at AM and LG up to three times mordipalate OM was located in the subsoil
as LF-OC than was found as LF-OC in the mineras¢dpandin-the organic layetegether
combined The permafrost horizons at CH, AM and LG storedawerage 1.8 + 1.9 kg OC
m?as LF, 5.0 + 3.1 kg OC thas HF, and 1.3 + 1.3 kg OC fras MoF, which contributes
40%, 38%, and 41% of the individual fraction witlime whole soil.The OC distribution map

(Fig. 8) summarizes the principle findings of this study

FhedistributiorCompared withte OC, relativelymore ef-TN between-thefractions—shifted
shghtly-towardsvas located irthe mineral-associated fractidgBiven-thd he average storage
of TN in the bulk soil wad.41 + 0.51 kgFN-m~%in-the-bulk-seil with the HF containing 1.07
+ 0.40 kg TN m? (76%).e0nly 0.10 + 0.10 kg TN if (7%) was stored in the organic layers
and0.15 + 0.10 kg TN nAf (10%) was isolated as LFwhereas-the HF contained1.07-+0.40
keg-FN-m 2{76%)-The mobilized TN in the rinsing solutions could et measured directly

due to detector problemiut was calculated based on mass balance. Ongayé¥®9 + 0.13

kg m? (6%) of the total TN stocks was mobilized. The ifi\all subsoil horizons was present
as 0.14 + 0.10 kg M LF, 1.01 + 0.39 kg nf HF, and 0.08 + 0.04 kg h MoF, which
contributes 11%, 82%, and 7% of the total subgoitks. The permafrost horizons at CH,
AM, and LG stored on average 0.08 + 0.08 kg TN im the LF, 0.49 + 0.29 kg TN thas
HF, and 0.03 + 0.07 kg TN thas MoF, whicteentributesepresent41%, 40%, and 29% of
the individual fraction within the whole soil.

13
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3.5 Composition of LF and HF

The LF was primarily composed of discrete debriplaihts and microorganisms. Confocal
laser scanning microscope images show remnaneagés, fine roots, wood, and bark from
dwarf shrubs and hyphae of fungi (Fig. 5). The iplrtsize of these materials is not
necessarilyrelated to depth. Coarse plant fragments (> 1 merewwbserved in whole soill
profiles including the permafroshreas-where-thEhe LF comprisedwas composed ohther
fairly well--decomposed particles (< 1 mmgre-eithein organic layers and topsoils (Oa, Oe,

OA) at the rim of hummocks to frost cracks or irbducted topsoils at various depths. In
contrast to the heterogeneous LF particle sizeiloligion in subducted topsoils, the LF in B
and C horizons was very uniform and coarse frags&mre missing. Scanning electron
microscope images of the HF (Fig. S8; panel A andstibwed that soil aggregates were
largely disrupted after density treatment and that LF floated properly in the SPT. The
images also indicate amorphous structures whiche veesssociated with primary mineral

particles of different sizes.

Comparedwithte the HF, which showedlesernarrowC/N ratios and substantial enrichment
in 23C by-(1.38 + 0.14 %o in average), the C/N a#idC ratios of the LF were closer to the
ranges observed in organic topsoil and the plasitues from which they derived (Fig. 6).
Tukey’'s HSD indicated no difference &°C values of the LF and HF between central and
eastern Siberian soils (p= 0.17, pr = 0.37) but significant differences-in §*°C values
between soils in these two regions dhe western Siberian soils fp< 0.001, pr < 0.001).
Here, thes'C values of the LF and HF were on average 1.3814%. and 1.04 + 0.14%,
respectively, more positive than those in the etr@ind eastern Siberian soils. This effect can
be explained by the largefC content of theplants—seuresource plantsat TZ, which had

more positive3™*C values £ = 0.44 to 2.55%0) than at the central and eastésari@n sites
(Fig. S6). Theés™*C values of the LF increased in the order A < Ajjj®OB/C and Cff, with no
difference among B/C and Cff horizons (Tukey's H§D= 0.98). Further, Tukey's HSD
grouped two subsets 61°C values for the HF. Less negati&€C values were found ithe
B/C tegetherwith-andthe Cff horizons (Tukey’'s HSD, p = 0.98) and mosgative values
were detected ithe A and Ajj/Ojj horizons (Tukey’s HSD, p = 0.49).
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3.6 Organic matter in mineral-organic associations

Across all sampling siteshe concentration of HF-OC was highly correlatedhwhe
concentration of Re(r = 0.83, p < 0.001) and Alr = 0.72, p < 0.001), thus supporting the
use of Fg and A}, as indicators for organically complexed metasordertd o identify
preferred interaction of OC with different minepalrameters (keFe, Fe—Fg, Al—Al,, Fg,
Al,, clay- and clay+silt sized minerals), we perfornfedSR analyses with HF-OC as
response variable. The cumulativeaf the significant componentsss listed in Table ,3
describe the total explanatory power of the moGealr(ascal et al., 2009xeeptfelVith the
exception ofthe CH subsoils, we obtained two significant lateEctors (see 25). These
factors explairedng between 42 and 94% of the HF-OC variance and itbeféctor alone
explairedng between 84 to 95% of the total variance. For thgtor, the VIP values of the
individual predictor variables are shown in Fig.Atcordingly, organically complexed Fe
and Al (Fg and Al) had the highest explanatory loading for HF-OGhie topsoils and the
subducted topsoils. For subsoils and permafrosizdis, the VIP values indicated strong
interactions with poorly crystalline Fe and Al faniFe—Fe, Al—Aly) in CH and LG and a
strong affinity to clay-sized minerals in AM and L®&ver all sites and examined soil
horizons, well crystalline Fe (FeFe) appeared to have either afiector negative effects on
HF-OC.

4 Discussion

4.1 Organic carbon storage in soil horizons linked to cryogenic processes

The average OC storage of 20.2 kif o 100 cm soil depth across all sitesrresponds well
te-with integrated landscape level studies (Table S4).shetrenches from eastern Siberia
described in this study correspond to ¢hessegussock tundra and grass tundtassesnef
the area investigated by Palmtag et al. (20Which together cover 64%f this aresof-the

area—inPalmtag—et-al-2015npress) i-At the AM and LG sites, the soil trenches were
representativéer-of wet and dry uplands, which togetheenverrepresend7% and 48% of the

study areas (Table S4). Hendeg results of our pedon-scaled studies-bare considereabf
beinrgo berepresentativésrof the investigated landscape classes across theadilfectic.

Abeout-8Approximately 8% of the bulk OC stocks resided in the subsoils iemonstrates

the relevance of deeper soil horizons in cryohydnghic soils as a long term C sink and
15
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potential source of greenhouse gases (Michaelsah, d996). Subduction of topsoil material
by cryoturbation, visible as OM-rich pockets, invidbns, or tongues in the active layefas
calculated to account for 18% of the total soil @@ 22% of the subsoil OC stocks. In their
landscape scale studig®almtag et al(2015-ir—pres} calculatedferthe—eastern-Siberian
study-sitethat the landscape level mean SOC storage in stdmtitmpsoil materials (including
cryoturbations in the permafrost) represented up0% of the total SOC in the upper first
meterin the eastern Siberian study siégart from these most obvious patterns, cryotiimba

leads toeenstantcontinuousmixing and rejuvenation of the whole solum, refdrite as
cryohomogenization (Bockheim et al., 2006; Soko&ival., 2004). This process-was
especially relevant for the Central and East Samesampling sites, andatk to high OC
contens in B and C horizons (Table S3) and a faisiitlar-homogenougnineralogical
composition. In contraste—that the OC content in West Siberian B, C, and perosafr

horizons was up to 11 times lower, reflecting @eklof OM input by cryohomogenization.

Besidaln addition tothe input via root biomass, cryogenic mass exchangaasprinciple

way for LF materials to enter the deep subsaiceasthe studied soils did not exhikitiny
charactersiticgharacteristicef syngenetic soil formation or colluvial depos@ibduction of
LF by cryoturbation increased the total subsoil &Grage by 22%. In comparison, the
amount of LF in temperate environments is oftenligiade in subsoil and highly vulnerable
to disturbances and land management in the tofsed review article by Gosling et al.,
2013). Cryoturbation is a uniqgue mechanism in péwsé soils to bypass particulate OM
from the access and breakdown by the soil faunachnis restricted to the welldrained
topsoil (Van Vliet-Lano&, 1998). Thus, coarser plamaterials {such as seeds or woody
debris (Fig. 5), were distributed across théiele-entiresoil profile, including the permafrost
where the subsoil LF decomposition is restrictedbtochemically mediated microbial
processes. Therefore, the particle size of LF nasem the subsoitheuldis expected to

depend on the time of subduction and the stagetotwas formation.

Beside—eryoturbationTthe vertical transfer of dissolved and colloidal amig compounds,
often not considered in permafrost sodsoappeardo belikewiseimportantwith regard to

OC storagePreferred OC accumulation was observed in thesigat layer of several profiles
(profiles CH D-I, AM A-C, LG D; Fig. S7). Within #se profiles, a sharp increasef HF-
OC (from 8.2 + 4.0 to 14.4 + 10.0 g Kgand MoF-OC (from 1.7 + 1.8 to 3.6 + 4.8 g Rg
was recorded-frormbserved inthe upper BCgjj and Cgjj horizons towarthe Cgjj and Cff
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horizons of the transient layer. On the basis ofprofile maps, we calculated the area of the
accumulation zone and the difference in MoF-OC B#dOC between the upper subsoill
horizons and the transient lay&iis differenceaccounted foaplusn increasén OC storage
of 0.2 to 3.7 kg nf, which translates into 1-12% of the respectivekbstil OC stock.

Enrichment of well-decomposed, humic-rich OM in the transient layes a0 reported

elsewhere (Gundelwein et al., 2007; Mergelov andydl&an, 2011; Ostroumov et al., 2001).
Mergelov and Targulian (2011) explained this ermeht by the concept of “cryogenic
retenization”, denoting the vertical migration asubsequent precipitabing of mobile OM

during ice segregation along freezing gradieBecause the LF can only be transferred by

cryoturbatior;, hHowever, only the pools of HF and MoF are affectgdHtis processsinee
e c e be e e L el ibe 00
By ineerporating-considering all soil horizons with evidence of cryogenic praseEs

(including BCgjj and Cgjj horizons)an average of 54% of the total OC storage can be
attributed to re-allocation by cryogenesis in ticéve layer. Bockheim (2007) published an
almost equal number of 55% for 21 peddrsm-in Alaska as—quantifiethatvhich was
calculatedwith-usinga similar approach. Cryogenic processes as a msohda sequester
OC are often not incorporatedtendiscussions about subsoil OM (e.g., Rumpel andekég
Knabner, 2011)but the global relevance of this process cannatdagected. Gelisols cover
9.1% of the global icefree land area (USDA, 1999) and Turbels account6fityo of the
Gelisol area (Hugelius et al., 2014). The lattetcated the amount of soil OC in
circumpolar Turbels tbe207 Pg. Assuming that the upper first meter of thbaj soils store
1324 Pg of OC (Kochy et al2014015, cryoturbated permafrost soils account for
approximately 15% ot#tthis global valueCensideringBased orthe 54% re-allocain ofed
OC by cryogenesisstiareund-8pproximately % or 110 Pg of the global soil OC pool
within the upper first meteeeuld-can be attributed to the redistribution by cryogenic

processes. This proportion will increasdien cryoturbated materiatswithin the permafrost
and =.4m m willbearetaken into account (Harden et al., 2012).

4.2 Transformation of organic matter in the cryotur bated soils

We used C/N values anit®C ratios together with density fractionation toesssthe OM
transformation within the cryoturbated soils. SmaIC/N ratios andighermore positive
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813C values of OM with soil depth (Fig. 4) are botlizative for-of consecutive microbial
transformation from organic topsoil towards perrasfihorizons. In this study, OM in deep B
and C horizons as well as in the upper permafrogemwvent the strongest transformation.
This eentrastds in contrast tdhe findings of Xu et al. (2009) frosites inAlaskasitesand

might indicate temporarily greater thawing deptimgl/ar microbial OM transformation at
subzero temperatures (Gittel et al., 2014; Hobbad.e2000). However, the subducted topsoil
material did not fit to this pattern. The transfation proxies of the bulk soil OM did not
resemble those of the surrounding subdmit rather those of the respective topsoil hoiszon
Alseln addition,when considering the HF, mineral-associated OMmndidindicate alteration
in the subducted topsoits—®mpared comparedo the A horizons. The LF the subducted
topsoil materigl however, was significantly enriched ifC and had smaller C/N ratios
subducted-topsei-as—comparieahn that cte the topsoil. This pattern can likely be attributed
to the availability of large amounts of unprotecpedticulate OM over a longer tinperiod
for microbial decomposition. According to Gentstlake (2015ubritted, the LF'“C signals
decreased from moderaluesin the topsoil to 81 and 84 pMC (~1300 to 1600rgeP) in

subducted topsqibnd-thd hereduced bioavailability during incubation experitgeindicates

depletion of energy-rich plant material.

Narrow C/N ratios in the HPwhen—compara@lative to LFfraction indicate a larger

proportion of microbial products (Christensen, 208ad the HF as principle source of N in
the soil (Khanna et al., 2001). The strong dedimnie C/N values of the HF from the topsoil
towards the permafrost (Fig. 6) mirrors the incregscontribution of microbial residues to
mineral-associated OM at larger soil depth. Venyowva HF C/N ratios in the subsoil at TZ (5
+ 1) and CH (8 + 4) likely reflestthe fixation of NH" in the interlayer of expandable 2:1

clay minerals (Dixon et al., 2002)§lowever, considering the general low concentratioihs

mineral N in the soils (<-26, data not shown) and the log®ereof during the density

fractionation, the proportion of mineral N to theéNTin the whole soil HF appeages
Reglectable.

Forto benegligible. ForLF-OM, higher C/N ratios were found in the topsodm TZ (40 +
3) and CH (38 + 8kemparedrelativeto Taimyr soils (26 + 4), reflecting signals froime

plant source with wider C/N ratiossuch as mosses or lichesth-wider-C/N-ratiogFig. 6.).
Although the C/N ratio of the plant input was wiggrTZ and CH than at the Taymyr sites,

the ratio became narrower with depth at the formeggesting stronger decomposition and
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less active cryogenic processes in TZ (discussededb The generally less negatis€C
values of OM at TZ sites were, howevextherthe result of less strong isotope discrimination
by the plant sources instead inflicatingan advanced stage of decomposition. This can be

linked to environmental forces{-€.0., the lewer-|less -——pronouncedcontinentality, see

supplementary material Sihfluencing water-nutrient use efficieneynd watervapewapour
pressurewhich in turn affectanrd-thusphotosynthetic discrimination (Bowling et al., 2002
Dawson et al., 2002).

Overall, the bulk and fraction-related OM showestrang microbial transformation with soll
depth.Hewever,—thdhe subducted topsoil material was an exceptiomwever,as only the
LF appeared to be more decomposed than the regpdcction in the topsoilkor the CH
sample subsetGittel et al. (2014) showedbrthe—CH-sample—subset relatively high

abundance of bacteria (especially actinobactemiaubducted topsoil materiatsutthe-sama

similar, low abundance of fungi as in the surrounding silbBifferences in the microbial
community composition, therefore, cannot explam pheferential degradation of LF material
in the cryoturbated pocketasespeeialiyl F materials with high C/N araveredavouredby

the fungal community (Six et al., 2006). ConcurkgrBchnecker et al. (2014) suggested low
adaption of the microbial community to the avaidablbstrate in subducted topsoils. These
findings suggestimply that subsoil OM decomposition in cryohydromorphailss largely
depends on the adaption of the microbial commuaodgnposition to microenvironments
(abiotic conditions) instead of the availability @C sourcesConsequently;Fthe retarded
OM decomposition in cryoturbated permafrost sedgghimay-thus not be a matter of
substrate availability (Kaiser et al., 2007) nobstuate quality (Schnecker et al., 2014; Xu et

al., 2009) but insteadmay be restricted by abiotic conditions (Harden et 2012) and
nitrogen limitation of enzyme production (Wild ét, 2014).

4.3 Potentially solubilizable organic matter

The concentrations of &Os-extractable dissolved OC (DOC) from fresh soitleg CH and
Taimyr soils ranged from 5.2 mg'gn organic topsoil to 0.01 mg Gin subsoil, representing
abeut-2pproximately 23 to 0.04% of the total OC (data not shown). Samilalues were

reported from water extracts by Dutta et al. (20@8)Kolyma lowland soils. In contrast, the

DOC concentrations measured in the MoF were rerbfrkarger and accounted from 0.3 to
75% (on average 13%) of the total OC content (T&3de The maximum proportion of the

initial OC release (> 30%) was found in B/C and Kdfizons from TZ and LG where total
19
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OC conters werewassmall (1-8 mg @ soil) and the HF strongly dominated the OC storage
As shown in Fig. Slabeut-&pproximately 8% of the MoF-OGvasderived from the HF as
aresult of the SPT-induced desorption of OM outlifgdCrow et al. (2007) and Kaiser and

Guggenberger (2007But-However,the release of OM by SPT was found to be small in

temperate, arableand high latitude forest soils (John et al., 208%5-e.g., Kaiser and
Guggenberger, 2007; Kane et al., 2005). The diateom this study, however, point toward
a relatively large pool of mineral-associated OWhich is retained in weaker, chemically
exchangeable bindings. The high soil pH in the sillbasually pH =6 and up to pH 9 in
permafrost horizons, might directly affect the bngd strengths. Maximunalisselved OM
sorption to sesquioxides occurs at pH 4-5, while @Mnost soluble at pH 6-8 due to the
increasing deprotonation of OM and the decreaswosgitipe charge on metal oxide surfaces
(Andersson et al., 2000; Whittinghill and Hobbi€12), thus,everall-causing anoverall
increasend OM mobilization at higher pH (Kalbitz et al., 2000 he anaerobic conditions in

the subsoil may promote the OM reledsesausebased on research showing thagerobic

decomposition of OM leaves a high proportion of evagoluble intermediate metabolites
behind (Kalbitz et al., 2000)and that the reductive dissolution of Fe oxides |eanb the
mobilization of the formerly sorbed OM (Fiedler aKdlbitz, 2003; Hagedorn et al., 2000).
Furthermore, frequent freezing-thawing cycles hbeen found to increase dissolved OM
loads by disruptigen—ef microbial tissue and cell lysis (DelLuca et al.92p As water-
soluble OM is the most bioavailable fraction (Mdmser and Kalbitz, 2003), the MoF

includes a potentially vulnerable soil OM pool.

The mobility of soluble compounds (including metas and dissolved OM) in the annual
thawing zone is controlled by the formation of sgmtion ice. During crystal growth, the
soluble compounds remain in the pore solution amctemse electrolyte concentrations

(Ostroumov et al., 2001). Zones of concentrate@ gotutionfaverfavour colloid flocculation

and the formation of metal-loaded organic precipgaOstroumov, 2004; Van Vliet-Lanog,
1998). Since-Ceoprecipitation has been postulated as an impomaethanism for OM
preservation in soils (Gentsch et akipmitte@015 Kalbitz and Kaiser, 2008; Scheel et al.,
2007),and on this basi$teeze and thaw cycle&® would not only increasethe production of

DOC but alsg—but—at-thesamelsdime stimulats the formation of mineral-organic

associations.
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4.4 Mineral controls on organic matter storage

Abeut-BApproximately % of the total OC in the first soil meter and 68%the OC within

subsoil horizons was associated with the mineralsph Soil OMwhieh-that interacts with
reactive minerals isuppesedelievedto be less available for microbial decompositiand
thus contribuhges to the “protected” or “stabilized” OM pool (Schmidt al., 2011). The
extent of protection thereby depends on the mingredl assemblage and the soil
environmental conditions (Baldock and Skjemsta@®(30

The PLSR analyses (Fig. 7) highlight the site-djesignificance of certain mineral phases
which-that act as potential binding partners for OM. Well tajiine Fe oxides (ReFe),
generally low in abundance, have no or a negafieetecon HF-OC variability across all sites.
The significance of well crystalline minerals fdret stabilization of OM in mineral-organic
associations has been addressed in several stodi¢smperate (Eusterhues et al., 2005;
Mikutta et al., 2006) and tropical soils (Mikuttaa., 2009; Torn et al., 1997and-s and is
generally considered low. Poorly crystalline Fe aldohases (Fe-Fe, Al—Alp,) gair—in
impertancare more importanat CH and TZwhere weathering was found to be strongest

(see supplementary material, S4).

Clay-sized minerals have a strong influence on HF-i©the subsoils at sites dominated by
highly reactive smectite clays (AM, LG). This fimgdj is in agreement with Six et al. (2002),
who suggesthoweed that stabilization of OC is related to the typecte#y minerals (2:1 or
1:1) present in soil. The authors sugdbsa stronger adsorption capacity of 2:1 clalyse-tas

based ordifferences in CEC and surface area.

The PLSR further identified organically complexesl &d Al (Fg, Alp) asanoverwhelming
factor explaining the variations in HF-OC concetdnas across all study sites (Fig. 7).
Sorption of OM to the surfaces of phyllosilicatayd, partly complexed with Fe and Al, may
reduce their specific surface area and “glue” thegether under formation of tertiary OM-
Fe/Al-clay complexes (Wagai and Mayer, 2007). Titerplay between OM, clay minerals,
and less polymeric Fe and Al species may partlycedhe explanatory power of the clay-
OM relation alone during statistical analysBssidegn addition tothe formation of ternary
OM-Fe/Al-clay complexes, the presence of, Bad Al in the HF may also result from
coprecipitation reactions between OM and dissol¥ed and Al (Scheel et al.,, 2007,
Schwertmann et al., 2005). When plotting the motarcentration of HF-O®ersus those of
Fe+Al,, linear correlations were observed with differeggression slopes for different sites
21
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(Fig. S5; r = 0.63 to 0.97; p < 0.001). The slopaseateshowmolar metal/C ratigsahich
were of 0.02 for CH and TZ sites and < 0.01 for the Taimiyes. These strong relati¢mgss
suggest a proportional increase of Fe/Al-OM assioria with the amount of OC present in
the soil. Several studies reported that the prtipn of OM with hydrolyzed Al and Fe
species begins already at low metal/C ratios of.G65 @Nierop et al., 2002; Scheel et al.,
2007). These findings support our previous conolusihat beside clay-organic interactions,
coprecipitation of OM with Fe and Al is another ionfant process in cryohydromorphic soils
(Gentsch et alsubmitte@015.

Overall, it appeared difficult to differentiate et mechanisms of mineral-organic
interactions for cryohydromorphic soils of the Siba arctic. Statistical evidence was found
for (i) complexation of OM with metal cations, (lprmation of Fe/Al coprecipitateas—wel
asand (iii) sorption of OM to clay minerals and poorlyystalline Fe and Al phases. Whether
the formation of mineral-organic associations metand the decomposition of OM depends,
however, on the stability of these complexes (Mt al., 2007). Reductive dissolution of
Fe oxides may liberate the attached OM (Fiedler Hatbitz, 2003; Knorr, 2013). The
strongest mineral-organic bindigguch as ligand exchangecurs in acid soils (von Lutzow
et al.,, 2006), whereas the neutral to alkaline conditionthat dominatinge the subsoil of
northern Siberiaweaker outersphere complexa® prevaiirg. In an artificial cryoturbation

experiment,Klaminder et al. (2013) founéh—an—artificial-eryoturbation—experimenthat

mixing of humus into mineral soil from cryoturbatedils primed heterotrophic respiration,

possibly as result of contact with mineral surfacgentsch et al sgbmitte@015 performed
incubation experiments over 90 days using bulkssdlF, and LF materials from the CH
sites. In_this study,©only up to ~3% of the initial mineral-associated ®@s respired.

Jagadamma et al. (2013) reported slightly highagiv@aOC mineralization of mineral-
associated OM from a Typic Aquiturbebmparedrelative to non-permafrost soils from
various environments, and no significant differebetween the HF and LF was observed.
Although the stability of mineral-organic asso@as as protecting agents against microbial
OM degradation appears uncertain so far and warfamther research, our results suggest
that soil minerals in cryoturbated permafrost saite crucial factors facilitating high OC

stocks in the subsaoill.
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5 Conclusions

This study investigated 28 cryoturbated soils oorlyodrained, silty-loamy parent material
with relatively flat topography in a gradient fromest to east Siberia. All soils belonged to
the Aquiturbel gGreat gGroup. where—differences of physico-chemical properties and
processes depend on the heterogeneity of the pawaerial, the annual thawing depth, and
the occurrence of cryogenic processes. Based caveirage storage of 20.2 + 8.0 kg OCG,m
54% was redistributed by cryogenic processes axipte drivers for the high subsoil OC
stocks of 16.4 + 8.1 kg OC T The vast majority of the subsoil OC was assodiatéh
minerals (HF: 10.3 + 4.9 kg OC ) and dominated by microbially resynthesized présiuc
The size of this pool depends on the yield of dissib compounds delivered by microbial
transformation, migration along freezing gradiemsd the mineral assemblage. Substantial
microbial OM transformation in the subsoil was irated by low C/N ratios and high*C
values, despite of themfaverablenfavourableabiotic conditions i(e., water saturation,
anaerobiosis, low temperatures). Under current gmilditions, mineral-organic associations
emerge from complexation of OM with metal catiortbe formation of Fe/Al-OM
coprecipitatesas well as sorption of OM to poorly crystalline &ed Al surfaces and clay
minerals. In the absence of segregated groundéckes, future climate scenarios predict
increags inkRg active layer depth and deep drainagepredicted-bjuture-chmate-secenarios
(IPCC, 2013; Schaefer et al., 2011; Sushama e2@07) likely resulings in dryer andnore

oxic soil conditions. Drainage and oxygen avaiifbilgive rise to proceeding soil

development (acidification) as well as mineral r@t®n under the release of Fe and Al to the
soil solution, formation of Fe and Al oxides, retlon of exchangeable basic cations, and
clay mineral transformation. This, in turn, mayenincrease the relevance of mineral-organic
associations to mitigate the permafrost carbonldaekl to climate change by reducing the
microbial excess to the OC source. Howewestil-remainsan-object-offurther studiesare
needed to understand theefeeus-enspecific mechanisms that cagshe enrichment of OC

on mineral surfaces (adsorpti@arsus coprecipitation reactionsgs—weH-aand the role of

minerals in permafrost soils as a substantial ptimte factor for OM.
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1 Table 1. Location and site conditions of the stsidgs, with soil classification according to Sailr&y Staff (2010). Morphological features
2 | werearedescribedaccording to theirn diameter (D) anddaght (H).

Site UT™M Sample Land cover class Dominant species Morphologicdlifes, Active Soil classification
code coordinates year Size (cm) layer depth
(cm)
CHA-C 57W 2010 Shrubby grass tundra Betula exilis, Salix sphenophylla, Carex Frost boils (D 30-40) 30-70 Ruptic-Histic Aquitutpe
0607781, lugens, Calamagrostis holmii, Aulacomnium fine silty
7706532 turgidum
CH D-F 57W 2010 Shrubby tussock tundra Eriophorum vaginatum, Carex lugens, Betula ~ Frost boils (D 30-40) 35-60 Ruptic-Histic Aquitutpe
0606201, exilis, Salix pulchra., Aulacomnium clayey to fine silty
7705516 turgidum
CH G-I 57W 2010 Shrubby lichen tundra Betula exilis, Vaccinium uligonosum, Hummocks (H 30, D 35-90 Typic Aquiturbel, fine
| 0604930, Flavocetraria nivaliss, Flavocetraria 200), barren patches silty to loamy-skeletal
7628451 cucullata
AW A-C 47X 2011 Shrubby moss tundra Betula nana, Dryas punctata, Vaccinium Polygonal cracks frost 60-85 Typic Aquiturbel, coarse
0589707, uligonosum, Carex arctisibirica, boils (D 50-70), barren loamy (thixotrop)
8044925 Aulacomnium turgidum patches
AM D-F 47X 2011 Shrubby moss tundra Cassiope tetragona, Carex arctisibirica, Polygonal cracks, frost ~ 65-90 Typic Aquiturbel, fine
0588873, Aulacomnium turgidum boils (D 50-60) loamy to coarse loamy
8045755 (thixotrop)
LG A-C 47X 2011 Dryas tundra Dryas punctata, Rhytidium rugosum, Small hummocks (H 20-  35-70 Typic Aquiturbel, fine
0482624, Hylocomium splendens 30, D 30-100) clayey to fine silty
8147621
LG D-F 47X 2011 Grassy moss tundra Betula nana, Carex arctisibirica, Small hummocks (H 25- 30-65 Typic Aquiturbel, fine
0479797, Hylocomium splendens, Tomentypnum nitens 40, D 30-100) clayey to fine silty
8150507
TZA-C 44W 2012 Shrubby lichen tundra  Empetrum nigrum, Ledum palustre, Betula Frost boils (D 40-80), 100-120 Typic Aquiturbel, fine
0406762, nana, Cladonia rangiferina, C. stellaris barren patches silty or fine silty over
7463670 coarse loamy (thixotrop)
TZ D- 44w 2012 Larch woodland with  Larix sibirica, Ledum palustre, Betula nana, 130-150 Typic Aquiturbel, fine
F,Y 0412015, shrubby lichen understory Vaccinium uligonosum, Cladonia silty or fine silty over
7441112 (forest-tundra zone) rangiferina, C. stellaris coarse loamy (thixotrop)
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Table 2. Mean soil OC and TN stocks (0-100 cm) watspect to different sampling sites and
soil horizons plus standard deviation (SD). Bulkuea (unfractionated stocks) were separated
into light fraction (LF), heavy fraction (HF), and thebilized fractiomtion (MoF). The total

bulk values include the organic topsoil.

Horizon oM CH AM LG TZ *AL < All sites
cluster fraction 1008em cm
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
ocC (kg m?)

Organic Bulk  3.71 3.45 156 1.49 154 0.89 2.92 2.09 2.47 2.59 2.59 245

topsoil

Mineral Bulk 0.89 095 147 1.59 1.62 1.09 0.96 1.28 1.26 1.19 1.19 1.19

topsoil LF 0.20 0.20 0.28 0.33 0.31 0.27 0.24 0.38 0.25 0.25 0.25 0.28
HF 0.58 0.57 1.06 1.22 1.22 0.87 0.60 0.73 0.90 0.88 0.82 0.84
MoF  0.12 0.30 0.12 0.16 0.08 0.03 0.12 0.18 0.11 0.21 0.11 0.20

Subducted Bulk 3.06 0.99 6.23 3.22 2.08 093 3.13 2.78 3.68 247 3.54 251
topsoil LF 094 0.39 252 1.77 0.57 031 0.60 0.60 1.28 1.24 1.11 1.14
HF 201 064 289 176 1.28 047 187 176 2.05 1.18 2.01 131

MoF 0.10 0.58 0.82 0.89 0.23 0.20 0.66 0.57 0.34 0.66 0.42 0.65

B/C horizons  Bulk 7.63 2.08 544 3.00 10.18 242 3.74 0.57 7.73 297 6.74 3.12
LF 090 0.19 091 0.77 2.09 0.57 0.60 0.32 1.24 0.74 1.08 0.71

HF 466 1.17 412 229 6.83 214 261 0.54 512 2.07 450 211

MoF 207 150 041 045 127 0.37 053 056 1.37 1.22 1.16 1.14

Permafrost Bulk 8.71 5.10 6.41 595 8.99 6.38 - - 8.13 5.54 6.10 5.96
LF 1.62 1.12 1.88 2.70 2.07 2.12 - - 1.83 1.87 137 1.80

HF 5.76 3.55 342 254 552 284 - - 503 3.12 3.77 348

MoF 1.33 0.67 1.10 1.77 1.39 1.56 - - 1.28 1.26 0.96 1.22

Total Bulk 24.00 6.72 21.10 5.42 24.41 7.01 10.76 4.33 23.29 6.31 20.16 8.01

LF 3.66 1.13 559 258 504 219 144 1.01 4.60 2.03 3.81 2.29
HF 13.01 3.96 11.49 2.72 14.86 4.51 5.09 2.48 13.10 3.86 11.10 4.99
MoF 3.62 194 246 194 297 158 130 0.71 3.10 1.82 2.65 1.79

TN (kg m™)
Organic Bulk 0.16 0.15 0.06 0.05 0.08 0.05 0.09 0.07 0.11 0.11 0.10 0.10
topsoil
Mineral Bulk 0.07 0.08 0.10 0.10 0.10 0.05 0.05 0.05 0.08 0.08 0.08 0.07
topsoil LF 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
HF 0.05 0.06 0.08 0.09 0.08 0.05 0.04 0.04 0.07 0.06 0.06 0.06
MoF  0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00
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Subducted Bulk 0.18 0.06 0.35 0.15 0.13 0.06 0.17 0.11 0.22 0.13 0.20 0.12
topsoil LF 0.04 0.02 0.11 0.07 0.03 0.02 0.02 0.01 0.05 0.05 0.04 0.05
HF 0.15 0.05 0.20 0.10 0.09 0.04 0.13 0.09 0.15 0.08 0.14 0.08
MoF 0.00 0.03 0.04 0.04 0.01 0.01 0.03 0.02 0.01 0.01 0.02 0.01
B/C horizons  Bulk 0.67 0.18 0.43 0.18 0.75 0.14 0.44 0.08 0.63 0.20 0.58 0.20
LF 0.03 0.01 0.03 0.03 0.08 0.02 0.02 0.01 0.05 0.03 0.04 0.03
HF 0.57 0.22 0.39 0.17 0.60 0.13 0.42 0.06 0.53 0.20 0.50 0.18
MoF  0.07 0.25 0.01 0.03 0.07 0.04 0.00 0.07 0.05 0.04 0.04 0.03
Permafrost  Bulk 0.71 032 036 031 0.65 0.27 - - 059 0.33 045 0.38
LF 0.07 0.06 0.09 0.13 0.07 0.07 - - 0.08 0.08 0.06 0.08
HF 0.62 0.32 0.27 0.17 0.50 0.14 - - 049 0.27 0.37 0.32
MoF 0.02 0.25 0.00 0.05 0.08 0.07 - - 0.03 0.04 0.02 0.03
Total Bulk 1.79 0.38 1.30 0.29 1.71 0.29 0.76 0.14 1.63 0.38 1.41 0.51
LF 0.14 0.06 0.24 0.12 0.19 0.07 0.04 0.03 0.19 0.09 0.15 0.10
HF 1.39 0.34 0.94 0.18 1.27 0.22 0.59 0.10 1.23 0.32 1.07 0.40
MoF 0.10 0.39 0.06 0.05 0.17 0.09 0.03 0.06 0.11 0.06 0.09 0.04

Number of soil profiles 9 6 6 7 21 28

| *Qenly include profiles from AM, LG and CH with active layer (AL) <1008em cm
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Table 3. Results from the PLSR analysis betweenO@Fand various mineral parameters.
The PLSR factors (latent factors) are given in deding order of importance and the
goodness ofit of the model is indicated by regression coefficieotsthe response variable

(cumulative Y variance).

Cumulative

. Latent X Cumulative Y ~ .. Adjusted
. Horizon Factor Variance X Variance Variance YLfmce R2
Site cluster (R)
CH topsoil 1 0.61 0.61 0.79 0.79 0.78
2 0.12 0.73 0.10 0.88 0.88
subsoil 1 0.44 0.44 0.62 0.62 0.61
AM topsoil 1 0.23 0.23 0.74 0.74 0.73
2 0.22 0.44 0.07 0.81 0.79
subsoil 1 0.48 0.48 0.66 0.66 0.64
2 0.19 0.67 0.08 0.74 0.70
LG topsoil 1 0.16 0.16 0.38 0.38 0.34
2 0.31 0.47 0.05 0.42 0.36
subsoil 1 0.56 0.56 0.79 0.79 0.76
2 0.15 0.71 0.11 0.90 0.87
VA topsoil 1 0.46 0.46 0.79 0.79 0.78
2 0.26 0.72 0.15 0.94 0.93
subsoil 1 0.33 0.33 0.75 0.75 0.74
) ) 2 0.22 0.55 0.04 0.78 0.76
enlle”zg“l:a%ent X e Gumu;faweAdfufted
Site __I Factor Variance X Marance Varance F F
CcH topsoil 1 061 061 079 079 078
2 012 073 610 088 088
subsoil 1 044 044 062 062 061
AM- topsoil 1 023 023 074 074 073
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Figure 1. Sampling locations in West Siberia (l§nttal Siberia (§ and theTaimyr
Peninsulaand East Siberia (3). Each star marks a sampliegvith three replicate soil
profiles. Abbreviations are: CH, Cherskiy; AM, Afias; LG, Logata; TZ, Tassovskiy
(generated by ArcGIS 10).

Figure 2. Overview fothen soil diagnostic terminologysedin this study. Horizon
nomenclature according to Soil Taxonomy (Soil SurS&aff, 2010).

Figure 3. Selected profile maps from three diffesampling sites at Cherskiy (CH), Ari-Mas
(AM), and LogataLG) (all other profile maps are presented in Fig. $lorizon symbols
according to Soil Taxonomy (Soil Survey Staff, 2DIotethat the hatched areas (frozen
zones) were not excavatethut cryoturbatioralsooccursed in the upper permafrosas-well

and subducted topsoil materials (Ojj, Ajj) can &tneinto the permafrost.

Figure 4. Vertical pattern &*C values and C/N ratios of bulk soils with resgedifferent

sampling sites and soil horizon clusters (mean 83 given in Table S1).

Figure 5. Laser scanning microscope images fronLEh&r one profile in western Siberia.
The images were arranged according to the incrgasiih depth of various genetic horizons.
Red green, and purplarrows mark-denotefine roots, greeneneswoody tissue purple

onesnd bark_respectively Red and green circlesark-denoteseeds and fungal hyphae,

respectively.

Figure 6.5"°C versus C/N ratios for individual soil fractionsdsthe most abundant plants.
The values of the soil fractions were grouped atiogrto the genetic soil horizons (mean
value = SD) and plotted for the different samplgitgs. The central Siberian plot incorporated
the two sampling sitesAM and LG where nostatistical-differencggnificant differencs

were observed for the evaluated parameters. Netelifferent scale of the plot in the lower

right corner.
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Figure 7. The influence of the PLSR predictor Malea on HF-OC concentrations plotted as
variable importance in the projection (VIP, see f82)the first latent factor (see Table-3g
response-variable®Pparameters representing the soil mineral phase wsedas response
variables Values above the dashed line indicate an abogeage influence on the response

variable. The stansiarkdenotenegative loadings oa giverthe factor.

Figure 8. OC distribution map across the Siberiam@ing sites. Thaegaygrey circles

giveshow the total OC stock for each profile individuallgcathe colored bars present the

proportion of the specific OM fraction. The upp&s pharts summarize af thesoil profiles.

Note that the percentage of permafrost OC summariaké profiles, while the number in

bracketssnly-includes only profiles with permafrost within 100 cm depth.
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