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Abstract. Recent findings show that the amount of organic Shackleton, 2000; Luethi et al., 2008). Cold glacial peri-
carbon stored in high-latitude permafrost regions has beewds were characterized by low concentrations of atmospheric
greatly underestimated. While concerns are rising that thawCO, (~180 to 200 ppm), while interglacials had high con-
ing permafrost and resultant G@nd methane emissions are centrations £250 to 300 ppm). The large size of the car-
a positive feedback mechanism at times of anthropogenidon pool in the ocean~60 times the atmospheric carbon)
global warming, the potential role of permafrost carbon dy- led to the prevailing notion that the oceans were the principal
namics on glacial-interglacial timescales has received littledriver and acted as net carbon sink during glacials (Sigman et
attention. al., 2010; Broecker, 1982; Sigman and Boyle, 2000), which
Here we present new results from a well-studied per-we refer to here as the “ocean hypothesis”. Changes in the
mafrost loess-paleosol sequence in north-east Siberia that abouthern Ocean in particular have been proposed to play an
most spans two glacial cycles-220ka). We analysed the important role in controlling atmospheric GCbecause up-
deuterium/hydrogen isotopic ratios8Y) of alkanes, which  welling and ventilation of the deep ocean, which constantly
serve as proxy for paleo-temperature. Thus circumventingaccumulates respired G@&om sinking organic particles, oc-
difficulties to obtain exact age control for such sequences, theurs mainly around Antarctica (Sigman et al., 2010; Fischer
results corroborate our previous notion that more soil organicet al., 2010; Toggweiler et al., 2006).
carbon was sequestered during glacials than during inter- However, there has been no success so far in finding
glacials. This fact highlights the role of permafrost in favour- the supposedly large pool of “old” radiocarbon trapped in
ing preservation of soil organic matter. Reduced biomasghe glacial deep ocean, which would be required to cor-
production during glacials may have been of second-orderoborate the “ocean hypothesis” (De Pol-Holz et al., 2010;
importance on these timescales. Broecker and Barker, 2007; Skinner et al., 2010). Addition-
Although future studies are needed to evaluate existinglly, carbon models are yet unable to convincingly explain
large estimates of carbon dioxide releases from thawing perthe full range of glacial-interglacial changes in atmospheric
mafrost during the last terminatios (000 Pg C), we suggest CO, with physical and biological changes in the ocean alone
that permafrost carbon dynamics contributed to the observe@rovkin et al., 2007; Fischer et al., 2010; Tagliabue et al.,
glacial-interglacial variation in atmospheric @@ d needto  2009; Kohfeld and Ridgwell, 2010). In light of these incon-
be included in carbon cycle and climate models. sistencies, further research is necessary to (i) more precisely
guantify glacial-interglacial changes in carbon pools, both in
the marine and the terrestrial realm, and (ii) identify mecha-
nisms that may contribute to the observed changes in atmo-
spheric CQ.
Antarctic ice cores have revealed that the succession of YWhatare the current notions concerning the terrestrial car-
glacials and interglacials during the pas800ka was inti-  Pon pools during glacials? Apart from very few exceptions

mately linked to the global carbon cycle (Petit et al., 1999; (Zeng, 2007, 2003), most studies seem to support a “burden”
scenario, according to which the terrestrial carbon pools were

reduced during glacials, and thus the oceans not only had to

Correspondence tdR. Zech take up~200 Pg C from the atmosphere100 ppm change),
m (godotz@gmx.de) but additionally the carbon released from the continents.

1 Introduction
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Reduced carbon storage on land is in agreement with theonsist of frozen dark grey loess-like sediments alternating
intuitive view that net production of terrestrial biomass is with bright brown soil horizons (Fig. 2). Previous detailed
lower during glacials, because lower temperatures, lower atstratigraphical and geochemical analyses (Zech et al., 2007,
mospheric C@, and increased glacial aridity are less fa- 2008) have shown that the dark units (B and D) are dom-
vorable conditions for plant growth. Quantitative estimatesinated by silt size particles and have total organic carbon
based on vegetation models indicate that the “burden” mayTOC) concentrations exceeding 1 %. The bright brown units
have been on the order 6f600-800 Pg C (Joos et al., 2004; (A, C and E) contain more clay and have much lower TOC
Kaplan et al., 2002; Francois et al., 1998), although much(<0.5%). These findings have been interpreted to document
larger figures have been proposed as well (Adams and Fauréhe succession of glacials and interglacials, with low temper-
1998). Estimates of 300 to 700 Pg C have been derived fronatures favoring intensive permafrost and water logging con-
~0.32 %0 more negative marine carbon isotopes (Bird et al. ditions and good preservation of soil organic matter, while
1996; Duplessy et al., 1988) that are commonly interpreted tovarmer temperatures favor better drainage, mineralization
document a net transfer of (isotopically negative) terrestrialand weathering (Zech et al., 2007, 2008, 2010a).
carbon to the ocean. Radiocarbon and luminescence ages support this interpre-
However, the above estimates for the terrestrial burdertation and the correlation of the organic-rich units B and D
may be too high, because organic carbon buried below icavith the last (MIS 2 to 4) and penultimate (MIS 6) glacials,
sheets is ignored (Zeng, 2003, 2007), and quantification ofespectively (Fig. 2). It must be acknowledged though that
soil organic carbon in cold areas does not explicitly con-obtaining robust and precise age control in arctic, partly re-
sider the important role of permafrost for soil carbon stor- worked and weathered loess and paleosols is very challeng-
age. In fact, revised estimates suggest that the soil carboimg. Radiocarbon ages can be significantly too old, because
pools in northern permafrost regions are much larger tharsoil organic material is exceptionally well preserved in cold,
previously thought and may exceed 1670 Pg C (Tarnocai earctic environments, and re-working of sediments can occur
al., 2009; Zimov et al., 2006). The enormous carbon storagdghrough eolian, fluvial or colluvial processes without oxi-
at high-latitudes reflects that apart from biomass productiv-dation of “old” carbon. On the other hand, the humic acid
ity, the rate of decomposition is crucial for terrestrial carbon fraction, which for the above reasons is generally preferred
storage. Cold permafrost regions provide very suitable enover the refractory humin fraction when dating soils, is more
vironments for preservation of soil organic matter and long-susceptible to translocation, particularly in soils with water-
term carbon storage. Many studies have therefore alreadipgging conditions. This can lead to too young radiocar-
fueled concerns that today, at times of global warming, CO bon ages. Similarly, the IRSL ages can be too old when the
and methane emissions from thawing and decomposing pesamples have been insufficiently bleached prior to deposition
mafrost soils result in a large positive feedback and accel{which might explain the inconsistent IRSL age of 177 ka in
erate global warming (Schuur et al., 2008; Tarnocai et al.,unit C2), or they can be too young due to signal fading or sat-
2009; Zimov et al., 2006). uration. For a full discussion of the available numeric ages,
In order to evaluate the potential role of permafrost soilsthe reader is referred to the previous publications (Zech etal.,
in the global carbon cycle, information is needed about2010a).
their age, formation, and carbon dynamics. So far, the In light of the dating uncertainties, the correlation of
lack of long, continuous outcrops spanning several glacialthe organic-rich units with glacials remained controversial,
interglacial cycles has limited such insights. Here we presenparticularly as palynological and biomarker results became
new results, namelgD of alkanes, from a unique loess- available and documented larch forest cover for unit D (Zech
paleosol sequence, which we have studied over the laget al., 2010a). This seems to be at odds with its correla-
few years and which documents environmental and climatdion with the penultimate glacial, since larch has tradition-
changes over the last220ka. Apart from discussing the ally been considered to be an indicator for interglacials in
new record as proxy for paleo-temperature, we discuss th&iberia. Similar inconsistencies are known from Lake EI Gy-
potential change of the size of the permafrost carbon poobytgyn in NE-Siberia, possibly questioning the validity of
and critically reconsider the current paradigm of the burdenusing vegetation reconstructions to infer “independent” age
scenario. control (Brigham-Grette et al., 2007).
In order to circumvent the chronostratigraphical difficul-
ties and to robustly assess the carbon storage and dynamics in
2 Material and methods the Tumara Paleosol Sequence, we aimed at obtaining direct
temperature estimates and measwiedn the long-chain n-
Our research site is-a50 m high permafrost bluff along the alkanes C27, C29 and C31. These n-alkanes are epicuticu-
Tumara River in the southwestern foreland of the Verkhoy-lar leaf waxes synthesized by plants. They are relatively re-
ansk Mountains, northeast Siberia (Fig. 1). The lower part ofsistant against degradation and well preserved in paleosols,
the bluff exposes Tertiary sands and Quaternary gravels. Thand they are also virtually insoluable in water, prohibiting
upper~15m, referred to as “Tumara Paleosol Sequence”their vertical migration in soils once deposited (Huang et al.,
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Fig. 1. Geographic setting of the research site and distribution of permafrost soils. The location of the Tumara Paleosol Sequence is indicated
by the red star. Mean annual temperatures (MAT@) (New et al., 2002) are draped over a hillshade model. F6&C isotherm (red

dashed line) approximately marks the southward extent of continuous permafrost today (Tarnocai et al., 2009). Discontinuous permafrost
exists at MAT<0°C, and the +5C isotherm (dashed blue line) indicates the approximate southward expansion of continuous permafrost
during glacials assuming a 2@ temperature reduction.

1999). They can thus be employed to reconstrucsihgig-  were run every 6 measurements and yielded fairly constant
nal of the water used by the plants during synthesis (Hou etsotope values 0f221.2+ 2.8 and—186.1+ 3.0 %e.

al., 2008; Sachse et al., 2006). Assuming constant metabolic

fractionation and limited effects of soil water evaporation

(discussed in detail below), the n-alkane signal mainly re-3 Results and discussion

flects changes in the isotopic composition of past growth sea-

son soil water and thus precipitation. Similar to ice core oxy-3.1  Interpretation of 8D in terms of relative

gen and hydrogen isotope records, our leaf wBxrecord temperature changes
thus allows inferring past relative temperature changes, with o
more negativéD values indicating lower temperatures. ThesD records of the three n-alkanes show very similar pat-

terns (Fig. 2). The organic rich units B and D are charac-
The laboratory work followed standard procedures. Theterized by values as negative a270 %o, while the alkanes

air-dried soil samples were ground and extracted within units A, C and E are more enriched and exce@d0 %o.
DCM/Methanol (9:1) using accelerated solvent extraction. The similarity between compounds suggests that the overall
The total lipid extracts were separated over activated silicgpattern is robustly recording isotopic changes related to tem-
columns. The alkane fractions were spiked with hexamethylperature and that the potential effects of changing vegetation
benzene for quantification on a GC-FID. Triplicate measure-cover are negligible. Changing vegetation could theoretically
ments of the compound-specific deuterium isotope ratios ohave an effect on the reconstructed isotopic signal, because
the alkanes were performed on a GC-pyrolyses-irMS. Stanplants may exhibit specific isotopic leaf water enrichments.
dard deviations (shown in Fig. 2) were 2.3, 1.9 and 1.2 %o onln fact, vegetation changes have been reconstructed for the
average for C27, 29 and 31. External standards (C27 and 29)umara Paleosol Sequence, employing that fact that C27 and
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Fig. 2. Stratigraphy and analytical results for the Tumara Paleosol Sequence. The stratigraphy illustrates the distinction between organic-rich,
dark grey units (B and D) and bright brown organic-poor units (A, C and E). Calibrated radiocarbon ages (cal. ka BP) have been obtained for
the upper part of the profile (* humic acids, others: humins, macrofossils from within the ice wedge), and infrared stimulated luminescence
ages (IRSL) for the lower part (Zech et al., 2010a). TOC is the total organic carbon concentratiéb, simalvs the deuterium/hydrogen

isotope ratios measured on the n-alkanes C27, C29 and C31 (in blue, red and green, error bars show standard deviation of triplicate measure
ments, grey line is the average of all three alkanes). The correlation with marine isotope stages (MIS) and the age-depth model are shown tc
the right.

29 are dominantly produced by trees, whereas C31 can bperiods, which would have dampened the observed glacial-
mainly attributed to grass (Zech et al., 2010a). As all threeinterglacial pattern. This could possibly explain the some-
n-alkanes show very similar values and patterns (Fig. 2), wavhat smaller range &D values in our recorc~¢30 %o0) com-
suggest that the effect of changing vegetation orsihaig- pared to respective ranges in ice core records (up to 50 %o,
nal is negligible. Fig. 3), and particularly the relatively positive values during

Evaporation effects are probably also only of second-ordethe MIS 2.
importance, because the plants likely could use the soil wa- We finally note that a correction could be applied to
ter close to the thawing front of the active layer, which hasOur record to take global ice volume changes into account.
not yet experienced the isotopic enrichment that can be exJ his would consider the fact that the glacial oceans and
pected for the soil water in the uppermost topsoil. More-thus precipitation became slightly more positive8(%o),
over, in their study of leaf wax hydrogen isotopic fractiona- and applying a correction would further increase the glacial-
tion across a large gradient of precipitation and evaporationinterglacial differences idD values. However, such a cor-
Hou et al. (2008) did not find a significant influence of aridity fection would require relatively precise age control, and we
on hydrogen isotopic fractionation of plant leaf waxes. In- thus prefer to plot the non-manipulatéd record.
deed, if evaporation had an effect on élr record, it would
have led to isotopic enrichment during the more arid glacial
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Fig. 3. Comparison of the TOC artD record from the Tumara Pa- Age BP [kal

leosol Sequence with the mari&B0 stack (Lisiecki and Raymo,

2005). The vertical grey lines mark the tie points chosen for theFig. 4. The Tumara Paleosol record in its paleoclimatic context.
age-depth model. The TOC concentration and the mesi values are compared to
temperature proxies from Greenland (NGRBO) (NGRIP mem-
bers, 2004) and Antarctical@ Vostok) (Petit et al., 1999), and to
atmospheric C@ (Ahn and Brook, 2008; Petit et al., 1999). The

In summary, although we acknowledge the need for fur_trian les mark the tie points used to establish the age-depth model
ther research to quantify and correct for the potential effects g P 9 P '

of changing vegetation, evaporation, global ice volume and

water vapor sources, we suggest that édrrecord domi-  ¢,5q6q in the following, our main conclusions drawn in this

nantly reflects temperature, and we infer that units B and Dmanuscript are not affected at all.

were deposited during particularly cold conditions, namely

the last and penultimate glacial. 3.3 Regional paleoclimatic and environmental
reconstruction

3.2 Atentative age-depth model for the Tumara

Paleosol Sequence Plotted on an age scale (Fig. 4), our deuterium record reveals

good overall agreement with independent paleoclimate data,

for instance the isotope temperature proxies derived from

In order to construct an age-depth model for the Tumara Pa L ! ]
leosol Sequence, we used tie points to match (ipDenini- Greenland and Antarctic ice cores (Petit et al., 1999; NGRIP

mum in Unit B1 to the global Last Glacial Maximum, (ii) the members, 2004). .T.h.'s is of course no SUrprise, and our ap-
B/C unit boundary to the MIS 5/4 transition, (iii) unit C2 to proach could be criticized to be based on a circular argument,

. 8, _
MIS 5d, (iv) the C/D boundary to the penultimate termina- because the maring*®0 stack used to construct the age

tion, (v) the D/E boundary to the onset of the penultimateqepth model basically reflects the temperature changes seen

glacial, and (vi) the lowsD values at the bottom of the pro- in the ice cores. Neverthgless, we are relatively confident
file to MIS 7d (Fig. 3). The respective depth-age pairs arethat the age-depth model is reasonable, becguse our record
230/25, 490/70, 745/110, 965/130, 1245/190 and 1460/22¢'SC S€ems to correctly capture well-known climate patterns
(depths in cm, ages in ka). Given the large methodological!n Siberia, such as the early Holocene warmth, warming dur-

uncertainties of the numeric ages, the constructed age-dep g MIS 3 (Anderson and Lozhkin, 2001), and peak warmth

model seems plausible. It yields an almost steady age dept gggQK'\.’”S 5? (tCAI‘PgO_OIéaSt Interglacial Project Members,
model (Fig. 2), which indicates that likely no major changes Altho |er;]atshee :I(;oen 'r)énmental reconstruction is not the
in sedimentation rates or hiatuses occurred. This is in agree- 49 p Vi struction 1S

ment with the stratigraphical and geochemical results. Th : an fotc_:usl O]; t.h'f matrllusc],:rlpi, we vlzpu![d “k|§ 0 p()jotlnt out
ice wedge at-5m depth is the only cryoturbation feature in two particularly Interesting teatures. Hrst, cold conditions as
indicated by unit C2 are consistent with various findings doc-

the outcrop. . . . . ha
) umenting substantial cooling and glacial advances within the
We have 'to emph§15|ze that the constructed age'deptréstinterglacial during MIS 5d (Zech et al., 2011; Karabanov
model remains tentative to some degree. However, whiley; | 1998: Stauch and Gualtieri 2008)
flaws in the model could have an effect on the details of the ' ’ '
regional paleoclimatic and environmental reconstruction dis-
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Secondly, relatively positiveD values are found for in Russian, often have TOC concentrations exceeding 5%
MIS 2. As already mentioned above, this could indicate (Schirrmeister et al., 2002; Wetterich et al., 2008). Most
either extreme arid conditions (evaporation effects), or thatof these sequences, however, span only a few ten thousand
the temperatures were relatively modest in NE Siberia. Bothyears, are discontinuous, and strongly affected by cryoturba-
interpretations would corroborate plant macrofossil findingstion, which limits possible insights into permafrost loess for-
from the Laptev Sea coast, which reveal extremely continenimation and carbon storage on glacial-interglacial timescales.
tal, arid conditions characterized by relatively warm sum- Apart from the ice-wedge at5 m depth, the Tumara Pale-
mers during MIS 2 (Kienast et al., 2005). Increasing aridity osol Sequence shows no evidence for cryoturbation. It thus
and continentality during the course of the last glacial prob-provides the first field evidence for the temporal dynamics
ably also explain (i) successively more restricted glacial ex-of carbon storage in permafrost soils, documenting enhanced
tents in Siberia (Stauch and Gualtieri, 2008; Svendsen et alterrestrial carbon sequestration during glacials and reduced
2004; Zech et al., 2011), and (ii) the decline in forest coversequestration during interglacials/interstadials.
and expansion of “Mammoth Steppe” (Zech et al., 2010a;

Sher et al., 2005). Explanations for this trend may be founds 5 pgtential size of permafrost carbon sequestration
in the lowering of sea level and the resultant distance to the during glacials
Arctic Ocean, combined with rain shadow effects on the lee-

side of the growing Fennoscandian and Barents Ice Sheetis der t timate the alacial * b ¢ >
(Svendsen et al., 2004). However, an intriguing feature is horder fo estimate the glacial “excess carbon storage " for

. . . the Tumara Paleosol Sequence we did a simple back-of-the-
that the penultimate glacial apparently developed differentl : . . . .
P g PP y P Y nvelope calculation. Using estimated dry soil densities of

he | lacial. Glaci h h . S
compared to the last glacial. Glaciers seem to have reache 000 kg nT3, TOC differences of 1%, and soil thicknesses

thei [ tents in Siberia at th d of th Iti- _ :
eI maximim SXEnts I SLeria at e ent of 118 PENUN of 3m, the glacial units B and D each store80 kg nt?

mate glacial (Zech et al., 2011; Stauch and Gualtieri, 2008; b Wh led t Sk
Svendsen et al., 2004), and although &é0r record indi- excess carbon. en scaled lo an area ; EXCESS

cates very low temperatures, trees and even Larch prevaile(éarbon storage would be alreadyB0PgC, and when con-

(Zech et al., 2010a). Our results may lend support to thesidering the possible expansion of permafrost areas during

controversial hypothesis that the sprawling megafauna itselgl?jc'alsf (see Fllgh 1)6 exc;:;ssc;: arbon storage could be on the
was responsible for the expansion of the “Mammoth Steppe’or erotsevera _un redrg - o
and the aridization trend during the last glacial (Zimov et Note that our simple up-scaling exercise is only meant to

al., 1995). illustrate the direction and order of magnitude of potential
permafrost carbon dynamics. Many more long permafrost
3.4 The role of permafrost for enhanced carbon sequences would ideally have to be studied to come to robust
sequestration estimates, because local and regional differences in biomass

productivity, drainage, mineralization, sediment accumula-

Our results have major implications on the role of per- tion rates, etc., need to be taken into account. Nonetheless,
mafrost for carbon sequestration. As illustrated in Figs. 2-We suggest that the permafrost carbon dynamics recorded
4, more negativéD values (i.e. lower temperatures) corre- in the Tumara Paleosol Sequence were (and still are) char-
late with higher TOC concentrations (correlation coefficient acteristic for large parts of the vast, non-glaciated areas in
R =—0.61). Note that this correlation is totally independent Siberia (Fig. 1). Spatial limits were probably reached only at
of the age model uncertainties. We suggest that the correextremely cold sites, where TOC concentrations in soils be-
lation reflects the importance of permafrost (as impermeablé&ame production-limited, and at the southern boundary of the
layer) in favoring water logging, oxygen depleted conditions, Siberian permafrost area, where glacial aridity might have
and, in combination with low temperature, results in reducedoffset the water logging effect of permafrost.
organic matter mineralization and enhanced carbon storage. Further insights from additional field studies will be valu-
Net biomass productivity, which was likely higher during able, but may also be limited, because pedological evidence
warmer periods, was obviously not the dominant factor infor glacial excess carbon storage in (relict) permafrost soils
controlling TOC concentrations in permafrost soils. Our rea-could, of course, been erased due to mineralization during in-
soning is consistent with studies that indicate that increasingerglacials. Only where accumulation rates are high enough
biomass productivity in a warming world doesn't offset the and where permafrost prevails and protects the carbon-rich,
effect of permafrost thawing and resultant mineralization of glacial paleosols even during interglacials, the sedimentary
soil organic matter (Schuur et al., 2008; Zimov et al., 2006), stratigraphies will preserve the evidence for glacial per-
as well as with modern analogues, for example the fact thamafrost carbon. This, combined with the landscape dynam-
tundra soils preserve and accumulate more TOC than (thés and intensive erosion related to permafrost thawing, likely
more productive) taiga or forest-steppe soils further south. explains why long, continuous paleosol sequences suitable

Permafrost loess sequences along the arctic coast, whictor paleoenvironmental and -climate reconstruction are so
are referred to as “ice complex deposits”, or “Yedoma” scarce and could not be studied more extensively so far.
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Modeling studies may therefore prove to be very helpful buried carbon) are needed to come up with robust figures,
in providing more accurate estimates for excess carbon stomwe suggest that permafrost carbon dynamics may off-set at
age in permafrost soils during past glacials. We are awardeast part of the hitherto assumed terrestrial burden and thus
of only one such modeling study published so far. Zimov ethelp to explain the observed glacial-interglacial variability in
al. (2009) used a permafrost-soil carbon model, which indi-atmospheric C@concentrations.
cates that permafrost soils in Europe and South Siberia may Interesting implications of our study may also arise for our
have lost more than 1000 Pg C upon warming during the lasunderstanding of the role of high latitude regions for the car-

deglaciation. bon cycle during the Holocene. Many studies have focused
on postglacial peatland development and find rapid carbon
3.6 Potential implications for the global carbon cycle accumulation with the onset of the Holocene (Tarnocai et al.,

2009; MacDonald et al., 2006; Jones and Yu, 2010). We

Even though it is very difficult to quantify the uncertainty of suggest that while permafrost degradation was dominant dur-
Zimov's figure at this point and future modeling studies areing the last termination (from-17 to 12 ka) and may have
necessary to evaluate and refine this estimate, the potentiallyontributed to the observed rise in atmospheric, Ceat-
enormous size of excess carbon storage in permafrost soiland formation in the formerly glaciated regions of Siberia
during past glacials strongly suggests that permafrost carboand North America started to significantly offset the per-
dynamics could have contributed to the observed variationsnafrost carbon emissions sined 2 ka and caused the initial
in atmospheric C@ concentrations (Fig. 4) and need to be ~7 ppm drop in atmospheric GQluring the Early Holocene
included in global carbon and climate models. (MacDonald et al., 2006). Carbon sequestration in peatlands

As mentioned in the introduction and acknowledged in would thus likely have contributed to initiate the next ice age
many studies, it is difficult to explain the full range of (Franzen, 1994; Klinger et al., 1996), namely by starting the
~100 ppm difference of atmospheric @@oncentrations on  cooling trend and causing further sequestration of carbon in
glacial-interglacial timescales with the current “ocean hy- expanding permafrost soils and peatlands. The cooling trend
pothesis” only and the widely assumed “burden scenario”.would likely have continued during the Holocene, had there
Permafrost carbon dynamics might provide a simple, hithertonot been man-made global warming and increasing anthro-
overlooked mechanism to off-set at least part of the terrestriabogenic emissions (Ruddiman, 2003), reachirgPgyr?
burden. Taken at face value, Zimov’s estimate-dD00PgC  during the last century. To put this emission rate into con-
would even result in a “helper scenario” instead (1000 ver-text, the positive feedback due to thawing permafrost is pro-
sus 600 to 800 Pg C would result in a net release of 200 tgected to be~100 Pg over the next century (Schuur et al.,
400 Pg C during terminations). It is certainly challenging to 2008; Tarnocai et al., 2009), while the natural rate of per-
fully and exactly balance the highly uncertain changes in themafrost carbon release during the last deglaciation (1000 Pg
various terrestrial carbon pools, and further studies are necever 5ka, namely from~17 to 12ka) was probably only
essary to explore the role of permafrost carbon for the globabn the order of~0.2 Pgyrl. We are thus responsible for
carbon cycle and the climate system (Zech et al., 2010brapid and unprecedented rates of climate and environmental
Zech, 2011). changes in the Arctic.

Supplementary material related to this
4 Conclusions article is available online at:
http://www.clim-past.net/7/501/2011/
Our study provides the first deuterium record from Siberiancp-7-501-2011-supplement.pdf
permafrost loess-paleosols and spans almost two glacial cy-
cles. Valuable paleoclimatic information can be inferred di- _
rectly from this temperature proxy, and future studies shall/Acknowledgementse thank J. Russell, T. Eglinton, N. Gruber,
increase the temporal resolution and test the reproducibiliF: Tnomas and J. Zech for discussions and comments on the
. . S - . “manuscript. We also appreciate the feedback of several reviewers
of the record at other sites. The discussion in this manuscrip : ) . . : )
. . on an earlier version of this manuscript. This work has partially
mainly f(,)cu,ses on the rObu_S*E(nsundependem of the age been funded by DFG grant ZE 154/52 to W. Z. and NSF grants
model) finding that more soil organic carbon was repeatedlyyg0o805 and 0816739 to Y. H. R. Z. gratefully acknowledges sup-

sequestered under cold conditions. This finding highnghtsport through the SNF PostDoc fellowship for advanced researchers.
that changes in mineralization of soil organic material are

as important to consider as changes in biomass productiorgdited by: V. Brovkin
which is in perfect agreement with recent studies showing
that the high-latitude soil carbon pools have been hugely un-
derestimated.
While more thorough evaluations of the various terrestrial
carbon pool changes (including also peatlands and glacially
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