
Abstract Permafrost-affected soils in the northern circumpolar region store more than 1,000 Pg soil 
organic carbon (OC), and are strongly vulnerable to climatic warming. However, the extent to which changing 
soil environmental conditions with permafrost thaw affects different compounds of soil organic matter (OM) is 
poorly understood. Here, we assessed the fate of lignin and non-cellulosic carbohydrates in density fractionated 
soils (light fraction, LF vs. heavy fraction, HF) from three permafrost regions with decreasing continentality, 
expanding from east to west of northern Siberia (Cherskiy, Logata, Tazovskiy, respectively). In soils at the 
Tazovskiy site with thicker active layers, the LF showed smaller OC-normalized contents of lignin-derived 
phenols and plant-derived sugars and a decrease of these compounds with soil depth, while a constant or even 
increasing trend was observed in soils with shallower active layers (Cherskiy and Logata). Also in the HF, soils 
at the Tazovskiy site had smaller contents of OC-normalized lignin-derived phenols and plant-derived sugars 
along with more pronounced indicators of oxidative lignin decomposition and production of microbial-derived 
sugars. Active layer deepening, thus, likely favors the decomposition of lignin and plant-derived sugars, that is, 
lignocelluloses, by increasing water drainage and aeration. Our study suggests that climate-induced degradation 
of permafrost soils may promote carbon losses from lignin and associated polysaccharides by abolishing 
context-specific preservation mechanisms. However, relations of OC-based lignin-derived phenols and sugars 
in the HF with mineralogical properties suggest that future OM transformation and carbon losses will be 
modulated in addition by reactive soil minerals.

Plain Language Summary Permafrost thawing and subsequent decomposition of large parts of the 
soil organic carbon (OC) currently stored in the northern circumpolar permafrost region are projected to cause 
a positive feedback on global warming. To understand the potential consequences of climate change for organic 
matter (OM) decomposition in permafrost soils, we determined the concentration and degree of decomposition 
of two dominating constituents of soil OM, lignin and non-cellulosic carbohydrates by using CuO oxidation 
and TFA hydrolysis, respectively, in density fractionated soils covering a longitudinal gradient of northern 
Siberia (from east to west: Cherskiy; Logata; Tazovskiy). We found a stronger degradation of lignin and neutral 
sugars at Tazovskiy with its shallower active layer, probably due to better aeration, as compared to the other 
sites. Our study, hence, suggests that climate-induced degradation of permafrost soils will promote lignin and 
carbohydrate transformation and carbon loss. In addition, larger contents of clay and Fe and Al oxides at the 
Cherskiy site with appear to favor accumulation of lignin and neutral sugars, likely suggesting the extent of OM 
transformation is further modulated by soil mineralogical properties.
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1. Introduction

Arctic soils store about 1,035 Pg of organic carbon (OC, Hugelius et al., 2014), which is currently protected 
from microbial decomposition as consequence of low temperature, poor drainage, and frequent anoxic condi-
tions (Hobbie et al., 2000; Ping et al., 2015), as well as cryoturbation caused by seasonal freeze-thaw processes 
(reviewed by Ping et al., 2015). Most atmosphere circulation models predict amplified Arctic warming by the 
late 21st century and beyond (IPCC, 2019) that is expected to stimulate permafrost thaw and deepening of the 
seasonally thawed active layer (Anisimov et al., 1999; Mueller et al., 2015; Nelson et al., 2001; Prater et al., 2020; 
Schuur et al., 2008). The deepening of the active layer will increase oxygen availability (Lawrence et al., 2015; 
St Jaques & Sauchyn, 2009), promoting plant rooting as well as the downward transport of water, nutrients, and 
microorganisms into the subsoils (Schuur and Mack, 2018). These patterns may accelerate soil organic matter 
(OM) decomposition in deep soil layers and increase carbon losses to the atmosphere (Fontaine et al., 2007; 
Gocke et al., 2010; Schuur et al., 2015; Wild et al., 2016).

Understanding the potential consequences of climate change for OM decomposition in permafrost soils and 
predicting the response of global carbon budgets requires knowledge on the behavior of individual OM constitu-
ents, and their interaction with the mineral matrix under different environmental conditions (Koven et al., 2015; 
Ping et al., 2015). This study focuses on two most predominant compounds of soil OM, lignin (as more stable 
plant biomacromolecule) and carbohydrates (as more labile plant and microbial-derived molecules). Lignin is a 
high-molecular-weight phenolic biopolymer that constitutes up to 30% of dry wood mass (Higuchi, 1981). It is 
not susceptible to hydrolytic attack but is readily degradable by oxidative enzymes (Kirk and Farrell, 1987). Thus 
oxygen availability is an important factor for lignin degradation. For instance, temperate soils typically exhibit a 
decrease of OC-normalized lignin concentrations with depth as result of progressive lignin degradation (Dignac 
et al., 2002; Feng & Simpson, 2011; Rumpel et al., 2004). Conversely, lignin appeared to be selectively preserved 
in deeper horizons of peat (Bambalov, 2007; Bourdon et al., 2000) and permafrost soils (Dao et al., 2018; Gun-
delwein et al., 2007), where the oxygen availability is low as result of high soil moisture. Furthermore, lignin 
phenols in association with minerals are considered to be protected against microbial decomposition, regardless 
of oxygen availability (Eusterhues et al., 2014; Hall et al., 2016; Riedel et al., 2013).

Noncellulosic carbohydrates (e.g., hemicelluloses) in soils consist of relatively short, mainly branched heter-
opolymers, which originate from plant tissues and are also synthesized during microbial neoformation (reviewed 
by Gunina and Kuzyakov, 2015). Plant-derived carbohydrates are to some extent chemically bound to lignin 
through cinnamic acid ester linkages and form the so-called lignocelluloses (Decker et al., 2008; Fengel & We-
gener, 1984). In consequence, plant-derived carbohydrate degradation can be constrained by slow lignin degrada-
tion (Benner et al., 1984). Carbohydrates, especially of microbial origin, can also be stabilized in soils by sorption 
to soil minerals (Derrien et al., 2006). Fine soil particles, thus, often show higher ratios of microbial sugars to 
plant-derived sugars than coarser particles, for example, in arable soils (Kiem and Kögel-Knabner, 2003), peat 
bogs (Comont et al., 2006), and also in permafrost soils (Dao et al., 2018). The extent of carbohydrate alteration 
(i.e., microbial degradation of plant-derived carbohydrates and synthesis of microbial ones) generally increases 
with soil depth in temperate (Guggenberger et al., 1994) and tropical (Nacro et al., 2005) soils, whereas such a 
pattern was not observed in northeastern Siberian permafrost soils (Dao et al., 2018).

The protection of soil OM by forming associations with soil minerals is well known for temperate and tropical 
soils (Kleber et al., 2015; Kögel-Knabner et al., 2008). Recently, this process has also been considered as key 
control in the stabilization of OM in permafrost soils and its temperature response (Gentsch et al., 2018; Patzner 
et al., 2020; Prater et al., 2020). Soil density fractionation into light and heavy fractions (LF vs. HF) yields distinct 
soil OM pools that differ in structure and function (Lavallee et al., 2019), that is, non or partly decomposed plant 
residues vs. microbially transformed organic molecules stabilized against fast microbial decomposition by asso-
ciations with minerals such as iron (Fe) and aluminum (Al) oxides or clay minerals (Golchin et al., 1994, 1995; 
Herold et al., 2014; Kögel-Knabner et al., 2008). Prater et al. (2020) underlined that with deepening of the active 
layer in permafrost soils the large and rather undecomposed OM pool becomes accessible to microorganisms, 
while OM occluded in aggregates or associated with clay-sized minerals may be less mobilized. However, thaw-
ing along with formation of water-logging and reducing conditions could also unlock carbon associated with 
metastable Fe phases due to the activity of Fe(III)-reducing bacteria (Patzner et al., 2020).
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Despite of the high vulnerability of OM in permafrost soils to climatic change, several studies used fraction-
ation approaches to investigate the distribution and composition of OM pools in permafrost-affected soils 
(Dao et al., 2018; Diochon et al., 2013; Gentsch, Mikutta, Shibistova, et al., 2015; Höfle et al., 2013; Mueller 
et al., 2015; Xu et al., 2009). Nevertheless, most of them used spectroscopic and isotopic techniques, which pro-
vided an overview of the total but not on the more detailed molecular OM composition. In order to delineate the 
possible consequences of active layer deepening on OM composition, we analyzed the molecular composition 
and microbial transformation of lignin and carbohydrates in the density fractionated soils (LF vs. HF) along a 
longitudinal gradient in northern Siberia. We hypothesized that permafrost soils in the western part of northern 
Siberia with a warmer climate and deeper active layer show a higher degree of lignin and carbohydrate transfor-
mation than regions of colder climate and shallower active layer, particularly in the subsoil horizons. We expected 
that these differences are more pronounced in the LF than in the HF, as the latter is more protected by association 
with minerals. We further assumed that differences in the mineral composition among sites also affect the com-
position and transformation of lignin and carbohydrates in the HF, as the presence of reactive mineral phases may 
control the formation of mineral-associated OM in the active layer.

2. Materials and Methods

2.1. Site Description, Plant, and Soil Sampling

Samples were collected from three sites in northern Siberia along a longitudinal gradient, from Cherskiy in the 
Kolyma region in the east to Logata on the Taymyr peninsula, in the center, to Tazovskiy in the Siberian Plain 
in the west (Figure 1). According to WorldClim database (Hijmans et al., 2005), the mean annual temperature 
(MAT) and mean annual precipitation (MAP) were relatively similar at Cherskiy (−12.7°C; 160 mm) and Logata 
(−13.5°C; 270 mm), but higher at Tazovskiy (−8.2°C; 454 mm, Table 1). The continentality index (K) was cal-
culated after Gorczynski (Blüthgen & Weischet, 1980), based on the annual temperature amplitude (difference of 
highest and lowest mean monthly temperature) and the latitude, and Werchojansk (east Siberia) being considered 
to represent 100% continentality. Continental indexes of Cherskiy 67.8, Logata 60.8, and Tazovskiy 56.5, respec-
tively, demonstrate decreasing degree of continentality from the east to the west Siberian sampling sites, which 
potentially affects active layer thickness (May and Gerya, 2021). However, active layer thickness was similar 
for Cherskiy and Logata (30–85 cm vs. 30–70 cm, respectively), while a deeper active layer was observed for 
Tazovskiy (100–150 cm, Table 1). All sites are in regions with continuous permafrost and comprise forest-tundra 

Figure 1. Study area and location of sites.
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and tundra biomes with different plant associations (Table 1). Soils were predominantly classified as Aquiturbels 
(Gentsch, Mikutta, Alves, et al., 2015) according to USDA Soil Taxonomy (Soil Survey Staff, 2014). Strong 
reducing conditions were however only observed close to the permafrost surface, as indicated by color hues be-
tween 5G and 10BG and low Munsell color values (≤4) and chroma (2). Redoximorphic soil features were less 
prominent at Tazovskiy with its deeper active layer than at the other two sites.

Sampling was done at the end of summer in 2010 (Cherskiy), 2011 (Logata), and 2012 (Tazovskiy), respectively, 
ensuring maximum annual thawing depth at the date of sampling. At each study site, three (Cherskiy) or two 
(Logata, Tazovskiy) tundra vegetation types were identified, and dominating plants of the main tundra vegetation 
types collected. For each vegetation type, we excavated three soil profiles as replicates. Soil profiles were dug 
as 5 × 1 m trenches down to the permafrost surface to obtain a representative cross section through micro-topo-
graphic features (hummocks, patterned ground) and irregular cryoturbation pattern. Because of hummocks and 
irregular cryoturbation patterns, soil horizons were heterogeneously distributed. We collected all diagnostic ho-
rizons including cryoturbated topsoil materials at various positions within the soil profile but at comparable 
depth. For that, about 20 subsamples per diagnostic horizon were sampled at random and bulked. We additionally 
sampled the upper part of the permafrost in three replicates using a steel corer, to a maximum depth of 30 cm 
from the permafrost table.

Following Gentsch, Mikutta, Alves, et al. (2015), the active layer horizons were categorized into organic topsoil 
(O), mineral topsoil (A/AB), buried topsoil, that is, topsoil material that was buried in deeper horizons by cry-
oturbation (Ojj/Ajj), mineral subsoil (BCg/Cg), and the upper part of the permafrost layer (Cff). Directly after 
sampling, living roots and visible soil fauna were removed and soil samples were dried at 50°C and ground in the 
laboratory before further analyses. Data from Cherskiy were previously published by Dao et al. (2018).

2.2. Density Fractionation, Organic Carbon, and Total Nitrogen, Soil Texture, and Soil Mineralogy

The separation of particulate and mineral-associated OM was achieved by density separation, knowing that this 
physical separation method is operationally defined (Cerli et  al.,  2012). Soil density fractions were obtained 
by separation of a light fraction (LF; <1.6  g  mL−1) from a heavy fraction (HF; >1.6  g  mL−1) using a sodi-
um polytungstate solution as described in Gentsch, Mikutta, Alves, et al. (2015), Gentsch, Mikutta, Shibistova, 
et al. (2015). Organic carbon and total nitrogen (TN) contents and the δ13C value of OM in the organic topsoil, 
LF, and HF were measured in duplicates (Gentsch, Mikutta, Alves, et al., 2015; Gentsch, Mikutta, Shibistova, 

Site Coordinates
MAT 
(°C)

MAP 
(mm)

Continentality 
index Vegetation type Soil type

Active 
layer 
(cm) Dominant plant species

Cherskiy 68°45′N, 
161°20′E

−12.7 160 68 Shrubby grass 
tundra

Ruptic-Histic 
Aquiturbel

30–70 Betula exilis, Salix sphenophylla, Carex lugens, 

Calamagrostis holmii, Aulacomnium turgidum

Shrubby tussock 
tundra

Ruptic-Histic 
Aquiturbel

35–60 Eriophorum vaginatum, Carex lugens, Betula 

exilis, Salix pulchra, Aulacomnium turgidum

Shrubby lichen 
tundra

Typic 
Aquiturbel

60–85 Betula exilis, Vaccinium uligonosum, 

Flavocetraria nivalis, Flavocetraria cucullata

Logata 73°25′N, 
98°16′E

−13.5 270 61 Dryas tundra Typic 
Aquiturbel

35–70 Dryas punctata, Rhytidium rugosum, 

Hylocomium splendens

Grassy moss 
tundra

Typic 
Aquiturbel

30–65 Betula nana, Carex arctisibirica, Hylocomium 

splendens, Tomentypnum nitens

Tazovskiy 67°16′N, 
78°50′E

−8.2 454 57 Shrubby lichen 
tundra

Typic 
Aquiturbel

100–120 Empetrumnigrum, Ledum palustre, Betulanana, 

Cladonia rangiferina,Cladonia stellaris

Forest tundra Typic 
Aquiturbel

130–150 Larix sibirica, Ledum palustre, Betula nana, 

Vaccinium uligonosum, Cladonia rangiferina, 

Cladonia stellaris

Note. Mean annual temperature (MAT) and mean annual precipitation (MAP) were derived from the WorldClim database (Hijmans et al., 2005); soil description follows 
the USDA Soil Taxonomy (Soil Survey Staff, 2014). Active layer depth was determined at the time of sampling.

Table 1 
Characterization of Sampling Sites (Data for Cherskiy are From Dao et al., 2018 and Those for Logata and Tazovskiy From Gentsch, Mikutta, Alves, et al., 2015)
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et al., 2015) using an Elementar IsoPrime 100 IRMS (IsoPrime Ltd.) coupled to an Elementar Vario Isotope cube 
EA C/N analyzer (Elementar Analysensysteme GmbH) after removing traces of carbonates by acid fumigation 
(Harris et al., 2001).

Contents of pedogenic Fe and Al in bulk soils were determined using extractions with 0.2 M ammonium oxalate 
and sodium dithionite-citrate-bicarbonate (McKeague and Day, 1966). Oxalate-extractable Fe (Feo) and Al (Alo) 
represent poorly crystalline oxide phases and organic complexes, while dithionite-extractable Fe (Fed) includes 
Fe-organic complexes, poorly crystalline as well as crystalline Fe oxides (Cornell & Schwertmann, 2003). The 
extraction solutions were analyzed for Fe and Al by inductively coupled plasma optical emission spectroscopy 
(ICP-OES; Varian 725-ES, Palo Alto). More details are reported in Gentsch, Mikutta, Alves, et al. (2015). The 
data are presented in Table 2.

2.3. Lignin Analysis

Concentrations of lignin-derived phenols and their degree of oxidative alteration in soil were determined using alka-
line CuO oxidation following the method of Hedges and Ertel (1982) with modifications of Amelung et al. (1999). 
Lignin-derived phenols were released by oxidation with CuO in the presence of Fe(NH4)2(SO4)2.6H2O, glucose 
and 2 M NaOH at 170°C for 3 hr. The lignin-derived monomers were purified using a conditioned C18 column 
(Bakerbond) and converted to trimethylsilyl (TMS) derivatives by reaction with (N, O-bis-trimethylsilyl)-trifluo-
roacetamide (BSTFA) in pyridine. Thereafter, derivatized-lignin monomers were identified and quantified using 
gas chromatography-mass spectrometry (Varian 450-GC with ion trap 220MS, Palo Alto). Ethylvanillin and phe-
nylacetic acid were used as internal and recovery standard, respectively. Analyzed lignin-derived phenols were 
vanillin, acetovanillone, vanillic acid, syringaldehyde, acetosyringone, syringic acid, ferulic acid, and p-coumaric 
acid. Vanillyl (V) and syringyl (S) units were calculated as the sum of their aldehyde, ketone and carboxylic acid 
forms, and cinnamyl units (C) are the sum of ferulic acid and p-coumaric acid. The acid to aldehyde ratios of 
vanillyl (Ac/Al)V and syringyl units (Ac/Al)S, were used to assess the degree of lignin alteration (Hedges and Er-
tel, 1982). The concentration of lignin-derived C was defined as the sum of C in the eight lignin-derived phenols 
normalized to the OC content (g kg−1 OC). The lignin-derived phenol contents of bulk soils were calculated by 
combining the values of two density fraction, based on the efficiency of fractionation (Gentsch, Mikutta, Alves, 
et al., 2015). The lignin stock was reported based on the directly measured lignin-derived phenols (VSC) per 
square meter soil (kg m−2), using the bulk density values reported in Gentsch, Mikutta, Alves, et al. (2015).

2.4. Carbohydrate Analysis

Neutral sugars were analyzed following the method of Amelung et  al.  (1996) with modifications of Rumpel 
and Dignac  (2006), Eder et  al.  (2010), and Dao et  al.  (2018) for purification and derivatization steps. After 
hydrolysis with 4 M trifluoroacetic acid (TFA) at 105°C for 4 hr, neutral sugars were derivatized using NaBH4 
solution (20 mg L−1) and acetic anhydrite. Derivatized compounds were extracted with dichloromethane before 
injection into a gas chromatograph equipped with a flame ionization detector (Agilent 7890A, Palo Alto, USA). 
Myo-inositol and D-allose were used as internal and recovery standard, respectively. Analyzed neutral sugars 
were rhamnose, fucose, arabinose, ribose, xylose, mannose, galactose and glucose. While the pentoses arabinose 
(A) and xylose (X) are mainly of plant origin, the hexoses galactose (G) and mannose (M) and the deoxyhexoses 
rhamnose (R) and fucose (F) are largely formed by microbial biomass (Murayama, 1984; Oades, 1984) and some 
lower plant groups, for example, lichens and mosses (Olafsdottir and Ingólfsdottir, 2001). The ratios of GM/AX 
and RF/AX are, hence, widely used to trace the origin of carbohydrates in soils (Murayama, 1984).

2.5. Statistics

One-way ANOVA, followed by Tukey's HSD post-hoc test, was used to test for significant differences in lignin-de-
rived phenol and neutral sugar contents between sites and between horizons at a significance level of p < 0.05. 
All variables were tested for normal distribution and log transformed if necessary. The effect of soil proper-
ties and pedogenic minerals on lignin and sugar patterns was examined using Pearson correlation. Non-metric 
multidimensional scaling (NMDS) was used to visualize the variation of lignin and neutral sugar contribution 
between sites and soil horizons. The ellipses show 95% confidence intervals, axes are arbitrary and scaled in 
units of Euclidean distance (Oksanen et al., 2016). Permutational multivariate analysis of variance using distance 



Journal of G
eophysical R

esearch: B
iogeosciences

D
A

O
 E

T
 A

L
.

10.1029/2020JG
006181

6 of 22

Soil horizon

Bulk soil LF HF

OC  
(g kg−1 OC) C/N δ13C (‰) pH Clay (%) Silt (%)

Feo  
(g kg−1 dw)

Fed  
(g kg−1 dw)

Alo 
(g kg−1 dw) OC (%) C/N δ13C (‰) OC (%) C/N δ13C (‰)

Organic topsoil

 Cherskiy 239 ± 70 24.0 ± 5.7 −28.3 ± 0.6 5.1 ± 0.3 n.d. n.d. n.d.

 Logata 195 ± 66 22.9 ± 5.3 −28.4 ± 0.8 5.7 ± 0.6 n.d. n.d. n.d.

 Tazovskiy 236 ± 69 33.2 ± 6.3 −26.6 ± 0.5 4.8 ± 0.6 n.d. n.d. n.d.

Mineral topsoil

 Cherskiy 34 ± 35 14.4 ± 3.2 −26.8 ± 0.6 5.6 ± 0.3 19.3 ± 4.3 73.2 ± 3.8 6.3 ± 2.0 11.9 ± 1.6 1.6 ± 0.6 34.4 ± 8.9 34.5 ± 10.2 −28.6 ± 1.1 1.7 ± 1.3 12.1 ± 2.6 −26.6 ± 0.4

 Logata 70 ± 20 16.0 ± 1.7 −27.9 ± 0.6 5.5 ± 0.3 22.7 ± 10.0 48.7 ± 14.7 4.0 ± 1.6 5.9 ± 1.7 0.8 ± 0.3 33.6 ± 3.8 26.7 ± 5.3 −29.1 ± 0.3 5.6 ± 1.7 15.0 ± 1.7 −27.7 ± 0.6

 Tazovskiy 3.5 ± 2.5 16.9 ± 3.8 −25.8 ± 0.3 5.3 ± 0.4 26.8 ± 9.3 66.6 ± 7.0 3.8 ± 0.9 5.6 ± 0.7 1.8 ± 0.7 36.3 ± 5.2 40.1 ± 3.3 −27.4 ± 0.3 2.7 ± 1.9 14.1 ± 3.1 −26.9 ± 2.4

Burried topsoil

 Cherskiy 101 ± 56 16.1 ± 2.1 −27.5 ± 0.5 5.8 ± 0.5 28.7 ± 8.4 66.7 ± 7.4 10.5 ± 6.0 12.9 ± 5.0 2.6 ± 0.6 36.6 ± 2.3 25.7 ± 2.3 −27.9 ± 0.5 7.8 ± 4.3 13.7 ± 2.5 −26.6 ± 0.5

 Logata 84 ± 33 17.0 ± 3.6 −27.4 ± 0.4 6.4 ± 0.4 25.7 ± 5.8 62.3 ± 6.4 5.1 ± 2.8 6.8 ± 2.6 0.8 ± 0.2 32.4 ± 2.3 22.2 ± 4.2 −28.2 ± 0.4 5.8 ± 1.4 15.0 ± 1.4 −27.0 ± 0.4

 Tazovskiy 42 ± 48 16.1 ± 4.5 −25.8 ± 0.8 5,9 ± 0.6 28.9 ± 9.8 64.5 ± 7.0 4.7 ± 1.6 6.2 ± 1.1 1.9 ± 1.1 39.8 ± 5.0 36.7 ± 6.6 −26.9 ± 0.6 3.0 ± 3.3 13.0 ± 3.7 −26.1 ± 1.5

Mineral subsoil

 Cherskiy 13 ± 5 11.5 ± 1.9 −26.3 ± 0.9 6.1 ± 0.6 17.0 ± 2.9 76.1 ± 4.5 6.3 ± 2.7 10.5 ± 2.2 1.2 ± 0.2 40.5 ± 3.7 32.9 ± 6.9 −27.7 ± 0.7 0.9 ± 0.4 9.4 ± 2.6 −26.1 ± 0.7

 Logata 18 ± 7 13.9 ± 2.8 −26.3 ± 0.9 6.7 ± 0.6 29.1 ± 4.9 67.3 ± 7.0 5.3 ± 1.2 8.4 ± 1.2 0.9 ± 0.2 34.6 ± 2.6 26.8 ± 2.4 −27.6 ± 0.9 1.6 ± 0.7 11.4 ± 0.7 −26.4 ± 1.0

 Tazovskiy 3 ± 1 9.0 ± 3.2 −24.1 ± 1.1 6.6 ± 0.5 19.1 ± 7.2 74.2 ± 7.5 2.8 ± 0.7 4.7 ± 1.0 0.9 ± 0.3 26.7 ± 11.1 34.7 ± 9.3 −26.0 ± 0.8 0.3 ± 0.1 6.4 ± 2.4 −24.7 ± 1.0

Permafrost

 Cherskiy 20 ± 21 11.7 ± 4.5 −26.5 ± 0.9 7,1 ± 0.2 16.7 ± 4.8 78.5 ± 7.7 7.0 ± 2.3 9.7 ± 2.6 1.1 ± 0.3 39.7 ± 2.0 25.5 ± 8.1 −27.5 ± 0.7 1.1 ± 1.0 8.2 ± 4.0 −26.1 ± 0.6

 Logata 15 ± 17 12.2 ± 2.5 −24.6 ± 1.2 6,9 ± 0.5 24.8 ± 0.8 74.9 ± 0.8 4.3 ± 0.8 8.5 ± 2.5 0.6 ± 0.1 39.1 ± 4.2 29.2 ± 2.1 −26.3 ± 1.0 1.0 ± 0.6 10.6 ± 0.6 −24.4 ± 1.3

 Tazovskiy 2 ± 1 7.3 ± 2.0 −23.7 ± 0.7 7,3 ± 0.2 13.4 ± 7.7 60.9 ± 13.5 2.4 ± 0.7 4.5 ± 1.6 0.6 ± 0.1 20.4 ± 10.5 29.4 ± 4.4 −25.5 ± 0.4 0.1 ± 0.0 4.8 ± 0.5 −24.6 ± 0.9

Note. Values are mean ± SD, n.d.: not determined. Feo, Alo: Oxalate-extractable Fe and Al, Fed: dithionite-extractable Fe.

Table 2 
Basic Characteristics Related to Organic Matter in Bulk Soils, the Light Fraction (LF) and Heavy Fraction (HF) Along With pH, Soil Texture, and Iron (Fe) and Aluminum (Al) Contents Originating 

From Pedogenic Metal Oxide Phases Within the Soil Profiles (n = 3) of Each Sampling Site (Data are From Gentsch, Mikutta, Alves, et al., 2015)



Journal of Geophysical Research: Biogeosciences

DAO ET AL.

10.1029/2020JG006181

7 of 22

matrices (ADONIS) and post hoc-ADONIS (pairwise-ADONIS) in the vegan package of R were used to test 
for significant differences of sugar and lignin composition within sites and horizons (Anderson, 2001; McArdle 
& Anderson, 2001). The effect of soil properties and mineral phases on NMDS ordination was examined using 
environmental fitting tests in the envfit function in vegan, and the significance of vectors was tested with 999 
permutations. For statistical analyses, calculations, and plots we used R version 3.2.2 (R Core Team, 2015) and 
Sigma Plot 10 (Systat Software).

3. Results

3.1. Lignin and Carbohydrate Compositions of Arctic Plants

The contribution of lignin-derived phenols to OC, as assessed by the CuO oxidation method, accounted for 
36.02 ± 4.53 g C kg−1 OC (mean ± SD) in arctic graminoids, 20.94 ± 7.28 g C kg−1 OC in dwarf shrubs, and 
2.84 ± 2.77 g C kg−1 OC in lichen/moss (Table 3). The averaged OC-normalized contents of lignin-derived phe-
nols of plant tissues were slightly higher in shrubby grass tundra and shrubby tussock tundra than tundra types 
with smaller lichen/moss contents (Table 4). The OC-normalized of neutral sugar contents were highest in lichen 
and mosses with 261,7 ± 57,4 g C kg−1 OC, followed by graminoids (176,4 ± 21.0 g C kg−1 OC), and dwarf 
shrubs (94.6 ± 12.1 g C kg−1 OC; Table 3). The averaged neutral sugar contents of plant tissues were higher in 
shrubby lichen and moss tundra than other tundra types (Table 4). Overall, dwarf shrubs and graminoids showed 
higher percentages of arabinose and xylose and smaller percentages of mannose and galactose compared to li-
chens and mosses, and all plants were characterized by small fucose and negligible ribose contents (Table S1 in 
Supporting Information S1).

3.2. Lignin and Carbohydrate Contents and Stocks in Bulk Soils

The OC-normalized lignin-derived phenol contents of the organic topsoils were smaller in shrubby lichen tundra 
compared with other tundra types at Cherskiy, and in grassy moss tundra compared to dryas tundra at Logata, 
while they were similar between tundra types at Tazovskiy, following the lignin contents of the parent plant ma-
terials (Table 4). In comparison of all tundra types at each site, the lignin-derived phenol contents in bulk soils 
ranged from 5.5 ± 2.9 to 41.9 ± 33.2 g C kg−1 OC and tended to be largest in Cherskiy followed by Logata and 
Tazovskiy, and did not show a clear trend with soil depth (Table 5). On a soil mass basis, lignin-derived phenol 
contents ranged from 1.7 ± 1.3 to 24.2 ± 20.5 g kg−1 dry weight (dw, Table 5), which translates to stock values 
in the entire examined soil profiles ranging from 0.11 ± 0.06 to 0.56 ± 0.22 kg lignin-derived phenol m−2 (Ta-
ble 6). Cherskiy and Logata tended to show the largest stocks of lignin-derived phenols in the mineral subsoils 
and permafrost layers, followed by the organic topsoils and the mineral and buried topsoils (Table 6). In contrast, 
Tazovskiy showed the largest stocks of lignin-derived phenols in the organic topsoil compared to deeper horizons 
(Table 6). Integrated over all soil horizons, soils from Cherskiy and Logata stored more lignin-derived phenols 
than those from Tazovskiy.

The OC-normalized neutral sugar contents of the organic topsoils were similar between tundra types at Logata and 
Tazovskiy, while they showed a higher value in shrubby lichen tundra compared with other tundra types at Cher-
skiy, which likewise followed the contents of the parent plant materials (Table 4). Considering all tundra types 
at each site, the neutral sugar contents of OM in bulk soils ranged from 50.0 ± 24.3 to 177 ± 51.0 g C kg−1 OC 

Plant species

Total lignin-derived phenol (g C kg−1 OC) Total neutral sugar (g C kg−1 OC)

Cherskiy Logata Tazovskiy All Cherskiy Logata Tazovskiy All

Dwarf shrub 21.1 ± 10.0 22.0 ± 8.0 20.3 ± 3.1 20.9 ± 7.3 88.7 ± 10.6 127.4 ± 24.0 100.6 ± 11.5 94.6 ± 12.1

Graminoid 38.5 ± 10.0 38.0 ± 4.8 n.d 36.0 ± 4.5 165.5 ± 7.7 211.8 ± 29.8 n.d 176.4 ± 21.0

Lichen 0.7 n.d 0.6 ± 0.4 0.7 ± 0.4 276.0 n.d 411.0 ± 130.4 316.4 ± 37.7

Moss 8.2 5.2 n.d 6.7 ± 2.1 183.0 266.8 n.d 224.9 ± 59.2

Note. Values are mean ± SD, n.d.: not determined due to no appearance. Mean values without SD are not replicated.

Table 3 
Total OC-Normalized Lignin-Derived Phenol and Neutral Sugar Carbon Contents of Dominant Plant Species at Each Sampling Site
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with only clear difference between organic topsoil of Cherskiy and Tazovskiy was observed, and tended 
to decrease with soil depth at all sites (Table 5). On a soil mass basis, neutral sugar contents ranged from 
15.3 ± 11.0 to 111.5 ± 61.0 g kg−1 dw (Table 5). There were no differences between organic topsoil 
horizons, but in the mineral topsoil contents were highest at Cherskiy followed by that at Tazovskiy and 
Logata. Expressed as stock values, soils contained from 2.4 ± 0.6 to 5.5 ± 1.5 kg neutral sugar m−2 for the 
total examined depth (Table 6). In general, at all three sites, organic topsoil and mineral subsoils stored 
more neutral sugars than the mineral topsoil and buried topsoil horizons, while at Cherskiy and Logata 
also permafrost horizons comprised large stocks of neutral sugars (Table 6).

3.3. Lignin in Soil Density Fractions

For the LF, OC as well as soil dw-normalized contents of lignin-derived phenols tended to increase 
toward the permafrost layer at Cherskiy and Logata (Figure 2a, Figure S1a and Table S2 in Supporting 
Information S1), but no clear trend was observed for the (Ac/Al)V and (Ac/Al)S ratios (Figures 2b and 2c, 
Table S2 in Supporting Information S1). In contrast, at Tazovskiy the LF showed a significantly decreas-
ing OC and soil dw-normalized lignin-derived phenol contents (Figure 2a, Figure S1 and Table S2 in 
Supporting Information S1) and increasing (Ac/Al)V ratios with soil depth, including the buried topsoils 
(Figure 2b, Table S2 in Supporting Information S1).

Although a similar lignin-derived phenol content was observed for organic topsoils at all three sites, 
over all mineral soil horizons the LF showed smaller OC- and soil dw-normalized lignin-derived phenol 
contents and higher (Ac/Al)V ratios at Tazovskiy than at Logata and Cherskiy (p < 0.0001, Figures 2a 
and  2b; Figure S1a in Supporting Information  S1). The NMDS and subsequent pairwise-ADONIS 
showed distinct clusters of individual lignin-derived phenols relating to OC and soil dw as well across 
sites (Figures 3a and 3b; Table S3 in Supporting Information S1). Also here, Tazovskiy tended to show a 
smaller abundance of lignin-derived phenols in the LF than the two other sites.

The HF contained less lignin-derived phenols normalized to OC than the LF, and no clear trend was ob-
served for (Ac/Al)V und (Ac/Al)S ratios (Figure 2). For the HF, the contribution of lignin-derived phenols 
tended to increase toward the permafrost layer at the Cherskiy but to decrease at Logata and Tazovskiy 
(Figure 2d, Figure S1b and Table S2 in Supporting Information S1). The (Ac/Al)V and (Ac/Al)S ratios 
of the HF tended to increase with soil depth at the Cherskiy and Logata sites, whereas no trend was ob-
served for Tazovskiy (Figures 2e and 2f; Table S2 in Supporting Information S1). However, the ANOVA 
followed by Tukey's HSD showed no significant differences in lignin-derived phenol contents as well as 
(Ac/Al)V and (Ac/Al)S ratios between soil horizons at all sites (Table S2 in Supporting Information S1), 
except for contents of lignin-derived phenols between Ojj/Ajj and deeper horizons at the Cherskiy site. 
Comparing the HF between sites, Tazovskiy had smaller amounts of OC-based lignin-derived phenols 
than Logata and Cherskiy (Figure 2d). The NMDS and subsequent pairwise-ADONIS showed distinct 
clusters of individual lignin-derived phenols as related to OC and soil dw as well across sites (Figures 4a 
and 4b, Table S3 in Supporting Information  S1). Confirming the ANOVA results, Tazovskiy tended 
to show the smallest abundance of lignin-derived phenols in the HF, which increased over Logata to 
Cherskiy.

3.4. Carbohydrates in Soil Density Fractions

For the LF, the contents of OC and soil dw-normalized total neutral sugars decreased from organic top-
soils to mineral subsoils at Tazovskiy (Figure 5a, Figure S2a and Table S2 in Supporting Information S1). 
A similar, but less pronounced pattern was observed at Logata, whereas concentrations were relatively 
constant at Cherskiy. Comparing the LF between sites, OC- and soil dw-normalized neutral sugar con-
tents were larger at Tazovskiy than at the other sites (p < 0.001) in organic topsoil horizons, while they 
were smaller in the mineral subsoils and buried topsoils (p < 0.01; Figure 5a; Figure S2a in Supporting 
Information S1). Like for lignin, the NMDS and subsequent pairwise-ADONIS showed distinct clusters 
of individual neutral sugars related to OC and soil dw as well across sites (Figures 3c and 3d, Table S3 in 
Supporting Information S1). Cherskiy tended to show a higher abundance of arabinose and xylose, while 
Logata and Tazovskiy soils showed a higher abundance of mannose, rhamnose, and fucose (Figures 3c 
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and 3d). The GM/AX ratios in the organic topsoils and the LF of other genetic horizons were larger at Tazovskiy 
for the whole soil profiles than at the other sites (Figure 5d).

The HF had higher OC-normalized neutral sugars contents and higher GM/AX ratios than the LF (Figure 2). For 
the HF, all sites showed a decrease of OC- and soil dw-normalized total neutral sugar contents with soil depth 
(Table S2 in Supporting Information S1). The GM/AX ratios also decreased with soil depth at Cherskiy and Ta-
zovskiy while no clear trend was observed for Logata (Figures 5e and 5h). Comparing the HF between sites, no 
significant difference in neutral sugars contents related to OC was observed, but Tazovskiy and Logata showed 
higher GM/AX ratios than Cherskiy (Figure 5h). The NMDS and subsequent pairwise-ADONIS revealed distinct 
clusters of individual OC-based neutral sugars between the three sites, while no significant difference in soil dw-
based neutral sugars was observed between Cherskiy and Tazovskiy (Figures 4c and 4d, Table S3 in Supporting 
Information S1).

3.5. Lignin and Carbohydrate Contents Related to Soil Properties

For the LF of all sites, OC- and soil dw-normalized lignin-derived phenol contents were positively correlated 
with pH while neutral sugar contents exhibited a negative correlation (Table 7). Further, the lignin-derived phe-
nols and neutral sugar contents on basis of OC and soil dw were negatively correlated with active layer thick-
ness while a positive correlation was observed for (Ac/Al)V and GM/AX ratios. Environmental vector fitting 
on NMDS of LF showed a strong significant relationship between the distribution of lignin phenols and neutral 
sugars with active layer thickness (Figure 3, Table S4 in Supporting Information S1). It also revealed a significant 
relation with pH, C/N, and δ13C, but in poorer significance compared to active layer thickness.

For the HF of all sites, pH shows a negative correlation with soil dw-based lignin-derived phenols, and a positive 
one with (Ac/Al)V and (Ac/Al)S ratios (Table 7). At the same time, pH was negatively correlated with OC- and 
soil dw-normalized neutral sugar contents and with the GM/AX ratio. Lignin derived-phenol contents on basis 
of OC and soil dw decreased with increasing active layer depth, while no such correlation was observed for 

Site/horizon

Lignin-derived phenols Neutral sugars

g C kg−1 OC g kg−1 dw g C kg−1 OC g kg−1 dw

Cherskiy

 O 16.4 ± 3.6 6.2 ± 1.9 85.0 ± 20.8 54.3 ± 25.6

 A/AB 25.1 ± 11.5 13.0 ± 7.1 109.6 ± 27.2 79.6 ± 28.2

 Ojj/Ajj 10.1 ± 5.5 4.2 ± 3.5 56.1 ± 11.5 31.7 ± 13.9

 BCg/Cg 18.6 ± 13.2 9.0 ± 7.8 55.0 ± 21.2 40.1 ± 36.8

 Cff 41.9 ± 33.2 24.2 ± 20.5 60.9 ± 34.6 45.3 ± 35.8

Logata

 O 14.9 ± 5.4 4.4 ± 1.1 148.3 ± 10.4 75.8 ± 29.2

 A/AB 10.0 ± 3.4 1.7 ± 1.3 86.4 ± 15.0 21.6 ± 8.4

 Ojj/Ajj 9.6 ± 2.9 2.2 ± 2.0 59.4 ± 10.4 19.2 ± 8.5

 BCg/Cg 12.3 ± 5.4 4.2 ± 2.6 67.6 ± 8.6 25.0 ± 15.5

 Cff 27.4 n.d. n.d. n.d.

Tazovskiy

 O 13.0 ± 0.9 4.9 ± 1.8 177.8 ± 51.0 111.5 ± 61.0

 A/AB 10.6 ± 7.4 5.2 ± 4.2 89.5 ± 29.3 42.4 ± 23.9

 Ojj/Ajj 5.5 ± 2.9 2.3 ± 2.3 50.0 ± 24.3 15.3 ± 11.0

 BCg/Cg 11.8 ± 5.8 6.7 ± 4.7 55.2 ± 27.5 40.8 ± 27.5

 Cff n.d. n.d. 40.5 1.8

Note. Values are mean ± S; n.d.: not determined due to lack of samples.

Table 5 
Lignin-Derived Phenol and Neutral Sugar Contents Normalized to OC and Dry Weight (dw) in Bulk Soils
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oxidative indicators of lignin degradation. Neutral sugar contents did not show a clear correlation with active 
layer thickness, whereas GM/AX showed a positive one (Table 7). The soil dw-based lignin-derived phenol and 
neutral sugar contents were also positively correlated with clay, Fed, Feo, and Alo contents but negatively with 
silt contents. The (Ac/Al)V and (Ac/Al)S ratios showed only a positive correlation with silt contents. In contrast, 
GM/AX ratios were positively correlated with clay contents but negatively correlated with silt contents as well 
as with Fed and Feo contents.

Environmental vector fitting for HF revealed that pH, active layer thickness, contents of clay as well as of Fed, 
Feo, and Alo were significantly correlated with both lignin-derived phenol and neutral sugar patterns. However, 
the effect of mineral contents was stronger than that of pH on lignin patterns, while the opposite was observed for 
the neutral sugar patterns (Figure 4, Table S4 in Supporting Information S1).

4. Discussion

4.1. Lignin and Carbohydrate Contents in Permafrost Environments Versus Other Ecosystems

The arctic graminoids showed generally smaller CuO oxidation lignin contents than those in peatlands (Bourdon 
et al., 2000), in grasslands (Otto and Simpson, 2006), in forest (Prietzel et al., 2013) and in mangrove soils (Op-
sahl and Benner, 1995, Table 8). The lignin-derived phenol contents of dwarf shrubs were also smaller than those 
of pine needles (Kuo et al., 2008; Opsahl & Benner, 1995; Otto & Simpson, 2006), while the observed lignin 
phenol contents of lichen and mosses were higher than those reported in the study of Zavarzina et al. (2015) (Ta-
ble 8). The observed OC-normalized lignin-derived phenol contents of organic topsoil horizons, ranging from 12 
to 19 g C kg−1 OC, were smaller than in the surface layer of peatlands (Bourdon et al., 2000) and organic topsoil 
of grasslands (Otto & Simpson, 2006), and either smaller or comparable to lignin concentrations reported for 
organic layers of forest soils (Rumpel et al., 2002; Spielvogel et al., 2007), while being higher than report of Feng 
and Simpson (2007) for grassland. In the studied permafrost soils, the OC-normalized contents of lignin-derived 
phenols declined in the organic topsoil relative to the parent plants, mirroring the degradation of lignin in the 
organic surface layer of tundra soils. The OC-based lignin-derived phenol contents in bulk soil showed no clear 

Horizon

O Horizon and LF HF Bulk soil

Lignin-derived phenols (kg m−2)

Cherskiy Logata Tazovskiy Cherskiy Logata Tazovskiy Cherskiy Logata Tazovskiy

O 0.11 ± 0.12 0.05 ± 0.03 0.08 ± 0.06 0.11 ± 0.12 0.05 ± 0.03 0.08 ± 0.06

A/AB 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.04 ± 0.02 0.01 ± 0.01 0.02 ± 0.02 0.05 ± 0.03 0.01 ± 0.01

Ojj/Ajj 0.03 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.01 0.05 ± 0.005 0.04 ± 0.02 0.02 ± 0.01

BCg/Cg 0.02 ± 0.01 0.05 ± 0.02 0.01 ± 0.00 0.11 ± 0.06 0.13 ± 0.07 0.02 ± 0.01 0.17 ± 0.007 0.18 ± 0.07 0.02 ± 0.01

Cff 0.06 ± 0.05 0.04 ± 0.03 n.d. 0.11 ± 0.07 0.04 ± 0.03 n.d. 0.21 ± 0.15 0.10 n.d.

Total 0.22 ± 0.19 0.10 ± 0.02 0.09 ± 0.03 0.28 ± 0.12 0.20 ± 0.06 0.03 ± 0.01 0.56 ± 0.22 0.35 ± 0.08 0.11 ± 0.06

Neutral sugars (kg m−2)

Cherskiy Logata Tazovskiy Cherskiy Logata Tazovskiy Cherskiy Logata Tazovskiy

O 1.16 ± 1.08 1.02 ± 0.77 1.23 ± 0.82 1.16 ± 1.08 1.02 ± 0.77 1.23 ± 0.82

A/AB 0.04 ± 0.03 0.09 ± 0.08 0.05 ± 0.08 0.11 ± 0.1 0.54 ± 0.29 0.24 ± 0.28 0.17 ± 0.21 0.63 ± 0.36 0.30 ± 0.36

Ojj/Ajj 0.20 ± 0.10 0.09 ± 0.07 0.02 ± 0.04 0.39 ± 0.1 0.36 ± 0.18 0.48 ± 0.38 0.62 ± 0.06 0.46 ± 0.23 0.50 ± 0.41

BCg/Cg 0.10 ± 0.04 0.27 ± 0.08 0.02 ± 0.02 0.64 ± 0.44 1.85 ± 0.64 0.47 ± 0.17 0.75 ± 0.21 1.75 ± 1.02 0.48 ± 0.14

Cff 0.19 ± 0.14 0.32 ± 0.55 n.d. 0.71 ± 0.62 1.45 ± 1.09 n.d. 1.02 ± 0.77 3.75 n.d.

Total 1.52 ± 1.05 2.80 ± 0.84 1.18 ± 0.21 1.80 ± 0.88 4.76 ± 1.76 1.25 ± 0.29 3.72 ± 0.89 5.50 ± 1.52 2.35 ± 0.58

Note. Values are mean ± SD; n.d.: not determined due to the large active layer thickness in the western Siberian soils, where no permafrost appeared within the 
examined soil depth.

Table 6 
Stocks of Lignin-Derived Phenols and Neutral Sugars in Organic Topsoil (O) Horizons and the Light Fraction (LF), Heavy Fraction (HF), and the Bulk Soil for 

Different Sampling Sites and Soil Horizons (0–100 cm)
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trend with soil depth (Table 5), being consistent with peat soils (Williams et al., 1998), whereas in many studies 
of grasslands and forests the contents decreased from the topsoil to deeper horizons (Feng & Simpson, 2007; 
Rumpel et al., 2002; Wiesmeier et al., 2009). As a consequence, OC-normalized lignin contents in permafrost 
subsoils were larger than those in subsoils of the temperate zones by factors of 2–7 (Feng & Simpson, 2007; 
Rumpel et al., 2002), while they were smaller than in subsoil horizons of peat (Bourdon et al., 2000, Table 8). 
We, hence, suggest that lignin decomposition in the bulk mineral subsoils of permafrost-affected soils appears 
to be restrained.

The arctic graminoids and dwarf shrubs showed lower TFA-hydrolyzable sugar contents than those of Alpine 
(Prietzel et al., 2013) and of mangrove soils (Opsahl and Benner, 1999). These contents of moss and lichen, in 
contrast, were higher than reported for peatbog (Comont et al., 2006, Table 8). The OC-normalized content of 
neutral sugars in the organic topsoils of the studied permafrost soils was generally larger than that of Alpine soils 
(Prietzel et al., 2013), and of temperate forest soils (Spielvogel et al., 2007), but smaller than the upper section 
of a peat core (Comont et al., 2006). The observed decrease of neutral sugar contents with soil depth in the study 
soils was in line with the observation of a peat core (Comont et al., 2006) and temperate soils (Navarrete and 
Tsutsuki, 2008; Spielvogel et al., 2007). Hence, in contrast to the decomposition of lignin, the transformation of 
carbohydrates in bulk soils appears to be similar in permafrost compared to temperate soils.

Figure 2. Contents of lignin-derived phenols (VSC) along with (Ac/Al)V and (Ac/Al)S ratios in organic topsoil (O) horizons and the light fraction, LF (a–c) and heavy 
fraction, HF (d–f) of mineral soil horizons. Error bars represent standard deviations. The different letters indicate significant differences between sites for each horizon. 
Since the present study followed several other investigations (e.g., Gentsch, Mikutta, Alves, et al., 2015; Gentsch, Mikutta, Shibistova, et al., 2015), the amount of 
available material did not allow replicate analyses for both fractions of the permafrost Cff horizon from the Tazovskiy site.
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4.2. Decomposition Pathways in Functional Organic Matter Fractions

4.2.1. Lignin and Neutral Sugars in Light Fraction Materials

In combination of all tundra types there was no significant difference in OC-normalized lignin contents in plants 
and organic horizons between sites (Table 4, Figure 2). This suggests that the source of lignin entering the min-
eral soil was not a factor explaining the difference in lignin content and degradation along soil profiles between 
sites. The LF in mineral soils derives from plant residues and root detritus, and more LF is generally present in 
topsoils, as they receive more aboveground litter and represent the main rooting zone with higher belowground 
litter inputs than in deeper soil horizons (Gentsch, Mikutta, Alves, et al., 2015). However, also cryoturbation may 
cause the translocation of LF material to the deeper mineral soil. At the colder sites Cherskiy and Logata with 
their shallow active layer, the contributions of lignin-derived phenols and plant-derived sugars to LF fraction 
(on both, OC and soil dw basis) were constant or even increased with soil depth. At the same time, the ratios of 
(Ac/Al)V and (Ac/Al)S were constant or even decreased in all mineral soil horizons. These findings indicate that 
lignin-derived phenols and neutral sugars in the LF in the subsoils of these two sites are hardly degraded, which 
is supported by relatively constant values of C/N and δ13C in this fraction with depth (Table 2). The retarded 

Figure 3. Nonmetric multidimensional scaling analysis (NMDS) plots of contents of individual lignin-derived phenols and neutral sugars on basis of OC (g C kg−1 OC) 
(a, c) and of soil dw (g kg−1 dw) (b, d) from individual soil samples over all sites for organic topsoil (O) horizons and the light fraction. The significant fitting vectors 
refer to the correlations between active layer (AL) thickness, soil pH, C/N, and δ13C of the LF, and contents of individual lignin-derived phenols. Arrow lengths refer to 
the strength of correlation. The data were log-transformed to reduce stress values.
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degradation is additionally supported by high 14C ages of LF material at the Cherskiy site, ranging from 3,060 to 
8,560 years (Gentsch, Mikutta, Shibistova, et al., 2015), while LF material from temperate forest soils is usually 
much younger, for example, 60–100 years at Spanish Pyrenees (Leifeld et al., 2015).

In contrast, the western site Tazovskiy with a deeper active layer exhibited decreasing contents of lignin-derived 
phenols and plant-neutral sugars from topsoil to deeper horizons, including the buried topsoil. These results 
suggest that the LF material becomes progressively altered with soil depth (Otto and Simpson, 2005; Rumpel 
et al., 2002), which for lignin is also reflected by increasing (Ac/Al)V ratios and for sugars by generally higher 
GM/AX ratios. The more advanced decomposition of LF-lignin and neutral sugars at Tazovskiy as compared to 
Logata and Cherskiy is also in line with generally higher δ13C values in the LF of Tazovskiy soils (Table 2). Given 
the comparable δ13C values of source plants of all sites (Table 3), the higher δ13C values in the LF of Tazovskiy 
than Cherskiy and Logata reflect the preferential respiratory loss of the isotopically light carbon during microbial 
decomposition of soil OM (Wang et al., 1996). This pattern was also supported by decreasing C/N ratios with soil 
depth at Tazovskiy but not at Cherskiy and Logata (Table 2).

Figure 4. Nonmetric multidimensional scaling analysis (NMDS) plots of contents of individual lignin-derived phenols and neutral sugars on basis of OC (g C kg−1 OC) 
(a, c) and of soil dw (g kg−1 dw) (b, d) from individual soil samples over all sites for the heavy fraction. The significant fitting vectors refer to the correlations between 
active layer (AL) thickness, C/N, and δ13C of the HF, pH, contents of oxalate-extractable Fe and Al (Feo, Alo), and dithionite-extractable Fe (Fed) (g kg−1 dw). Arrow 
lengths refer to the strength of correlation. The data were log-transformed to reduce stress values.
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The concurrent transformation patterns of lignin and neutral sugars with soil depth hint to their presence as ligno-
cellulose (Seelenfreund et al., 1990), with ongoing decomposition causing the parallel alteration of both struc-
tural components. At Cherskiy and Logata, such impregnation of saccharides by lignin may protect them from 
rapid microbial utilization (Moran & Hodson, 1989), while the accelerated lignin decomposition at Tazovskiy 
also unlocks the plant-derived sugars. This finding was supported by a positive correlation between VSC and AX 
for LF materials of each site (Figure 6a).

The enhanced LF degradation at the western Tazovskiy site may be caused by higher MAT and probably more 
available oxygen as a result of the deeper active layer than at Cherskiy and Logata. The deeper active layer at 
Tazovskiy may increase drainage and enhance oxygen transport into subsoils, as it has been shown for northeast 
Siberian polygonal tundra soils (Walz et al., 2017). When combining the three sites, we further found significant 
negative correlations between active layer thickness and lignin and sugar contents, and a positive one with (Ac/
Al)V and GM/AX ratios (Table 7). Also in the NMDS plots active layer thickness showed the greatest effect (ex-
pressed by the length of fitting arrows, Figure 3) on the lignin and sugar contents of organic topsoils and LF of 
the mineral soils (Figure 3). All the data indicate a larger degree of lignin and carbohydrate transformation with 
increasing active layer thickness, suggesting active layer thickness and the zone of aeration as important control 
in the turnover of OM in permafrost soils.

Figure 5. Contents of total neutral sugars, primarily plant-derived sugars arabinose plus xylose, and primarily microbially derived sugars galactose plus mannose 
along with GM/AX ratios within soil profiles of all sampling sites in the organic topsoil (O) horizons and the light fraction, LF (a–d), and heavy fraction, HF (e–h) of 
mineral soil horizons. Error bars represent the standard deviation. The different letters indicate significant differences between sites for each horizon. GM/AX stands for 
(galactose + mannose)/(arabinose + xylose). Since the present study followed several other investigations (e.g., Gentsch, Mikutta, Alves, et al., 2015; Gentsch, Mikutta, 
Shibistova, et al., 2015) the amount of available material did not allow replicate analyses of the LF from the Cff horizon of the LogataG site.
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4.2.2. Lignin and Neutral Sugars in the Heavy Soil Fraction

The presence of plant and microbial compounds in the HF indicates that formation 
of mineral-organic associations in permafrost soils occurs via two distinct path-
ways (Sokol et al., 2019): First, the microbial community processes plant residues 
and then microbial assimilates become sorbed to minerals (Cotrufo et al., 2015). 
Second, dissolved OM, either leached from topsoils or liberated in mineral hori-
zons by desorption and microbial processes (Liebmann et al., 2020), is directly 
sorbed to minerals without preceding microbial assimilation of plant-derived car-
bon (Mikutta et al., 2019).

As lignin is not favorably used for microbial assimilation, lignin accumulation is 
best explained by the second pathway. In comparison to HF of other soils, soil 
dw-based contents of lignin-derived phenols in the topsoil were somewhat smaller 
than in humid tropical Hawaiian soils (Mikutta et al., 2009) but in the range of 
New Zealand soils under humid temperate climate (Mikutta et al., 2019). Com-
paring all study sites, Tazovskiy showed smaller OC- and soil dw-normalized 
contents of lignin-derived phenols compared to Cherskiy and Logata. In addition, 
lignin contents in Tazovskiy slightly decreased from mineral topsoil to mineral 
subsoil, which was in general agreement with some studies of clay- and silt-sized 
mineral-associated in forest soils (Mikutta et al., 2009; Rumpel et al., 2004, 2012; 
Vancampenhout et al., 2012). The decrease of lignin contents with depth was ex-
plained by preferential sorption of lignin to mineral surfaces when dissolved OM 
moves down the soil profile (Kaiser et al., 2001; Kaiser & Zech, 2000; reviewed 
by Angst et al., 2021). In contrast, the OC-normalized lignin contents in the HF 
of Cherskiy and Logata soils tended to remain unchanged from topsoil to sub-
soil. We speculate that the comparable lignin content in the subsoil HF could also 
be explained by sorption processes. In permafrost soils, seasonal thawing creates 
pulses of melting water, draining faster to larger depth than in nonpermafrost soils 
(Ostroumov, 2004). However, the shallower active layer at Logata and Cherskiy 
may impair the fast drainage, thus enhancing the opportunity for dissolved OM 
interactions with soil minerals.

Unlike lignin, neutral sugars derive not only from plants but also from microbial 
assimilates. The abundance of neutral sugars in the HF, hence, is due to sorption of 
both dissolved OM and microbial residues. The contents of mainly plant-derived 
neutral sugars (i.e., xylose and arabinose) in the HF (10–26 g C kg−1 OC) have 
exceeded those of lignin (3–14 g C kg−1 OC), which is consistent with temperate 
forest soils (Córdova et al., 2018; Guggenberger et al., 1995; Kiem & Kögel-Knab-
ner, 2003). The plant-derived sugar contents were slightly smaller at Tazovskiy 
than at Cherskiy and Logata, while no difference between the three sites was ob-
served for microbially derived sugars as well as the GM/AX ratios (Figure 5). The 
HF of permafrost soils contained either a similar proportion of neutral sugars as 
humid tropical Hawaiian soils (Mikutta et al., 2009) and even a three-fold high-
er share as soils under deciduous and coniferous stands in the temperate zone 
(Rumpel et al., 2010), suggesting that neutral sugars might be an integral compo-
nent of stabilized OM in permafrost soils (Angst et al., 2021).

When normalized to OC, neutral sugar contents of all three sites decreased 
with soil depth. This trend was consistent to those of temperate forest (Rumpel 
et al., 2012) and steppe soils (Bischoff et al., 2018), but was in contrast to Spielvo-
gel et al. (2008) who reported an increasing proportion of neutral sugars in the HF 
of acidic forest soils with depth. Further, the GM/AX ratios of HF in permafrost 
soils generally decreased from topsoil to deeper horizons, while it increased in 
forest soils (Rumpel et al., 2010). The lower GM/AX ratios and C/N ratios in the 
HF of mineral subsoil and permafrost layer than in topsoil and buried topsoil rather 
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Nr. Location Land-use MAT (°C) MAP (mm)

Graminoid
Dwarf shrub/
woody plant Lichen/moss O A B/C Cff O A B/C Cff

VSC
Neutral 
sugars VSC

Neutral 
sugars VSC

Neutral 
sugars VSC Neutral sugars

1 Siberia Permafrost −12.7to −8.2 57–68 20.9 94.6 36 176.4 0.7–6.7 316.4 15.1 15.9 16.5 24 121.5 94.1 59.5 59.0

2 Canada Permafrost −6.8 298 6.9* 1.5

3 Russia Artic mountain 0 1,600 0.4–4.4

4 Madagascar Peaty marsh 16 1,600 90 50 33.4 20.0–32.0

5 France Peatbog 7–8 1,349 48–80 110–176 197 122 90

6 Canada Grassland 1.7–3.3 413–452 70 128 33.8

7 Germany Forest 6.3–11.0 700–1,250 21.6 13.5 7.0

8 Alberta Grassland 1.7–5.0 413–452 3,6 3.2 2.5

9 USA Forest 18.3 813 96 90

10 Austria Alpine soils 5.5 2,109 257–354 267–444 193 69

11 Germany Forest 5.7 1,150–1,300 24 19 88.5 62.3

12 USA Mangrove 62.3 60.1 230 60.1 90–275

13 Brazil Grassland 14.5 1,800–2000 2.7 5.9 0.9 0.4 0.38

Note. * value of whole active layer. 1. This study; 2. Bröder et al. (2021); 3. Zavarzina et al. (2015); 4. Bourdon et al. (2000); 5. Comont et al. (2006); 6. Otto and Simpson (2006); 7. Rumpel et al. (2002); 
8. Feng and Simpson (2007); 9. Kuo et al. (2008); 10. Prietzel et al. (2013); 11. Spielvogel et al. (2007); 12. Opsahl and Benner (1995), (1999); 13. Wiesmeier et al. (2009). O, organic topsoils; A, mineral 
topsoils; B/C, mineral subsoils; Cff, permafrost horizons.

Table 8 
Contents of Lignin-Derived Phenols and Neutral Sugars (g C kg−1 OC) of Plants and Soils From Reference Studies
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suggest a more effective microbial recycling, with preferential use of microbial necromass by microorganisms. 
Effective recycling of microbial necromass leads to a loss of carbon by respiration whereas N is efficiently re-
cycled, thus also explaining the depth trends in C/N ratios. This finding is supported by the studies at the same 
soils by Wild et al. (2014) and Čapek et al. (2015), who showed increasing respired substrate-derived carbon and 
decreasing microbial carbon from mineral topsoil to mineral subsoil horizons.

The relatively larger contribution of lignin moieties and associated plant sugars in the HF of subsoil horizons at 
Cherskiy and Logata is also likely due to the negative impact of frequently anaerobic conditions on the lignin-de-
grading microbial community. Although Gittel et al.  (2014) showed for the Cherskiy soils that actinobacteria 
abundance increases with soil depth, actinobacterial lignin degradation activity is apparently lower than fungal 
activity, due to smaller biomass, lower cell-specific enzyme activities, and absence of hyphae structures (Gittel 
et al., 2014). Gentsch, Mikutta, Shibistova, et al. (2015) used 13C nuclear magnetic resonance spectroscopy and 
X-ray photoelectron spectroscopy to demonstrate an increasing proportion of aromatic and aliphatic carbon with 
soil depth in the HF of the Cherskiy soils, suggesting an enrichment of less oxidized carbon forms of plant and 
microbial origin in the mostly anaerobic deep active layer of permafrost soils.

4.3. Controls on Lignin and Carbohydrate Transformation in Permafrost Soils

At the western site Tazovskiy, with its quite favorable soil environment, lignin appears to be well decomposable, 
as has also been shown for temperate soils (von Lützow et al., 2006). In contrast to Tazovskiy, the OC-normalized 
contents of lignin-derived phenols increased at eastern Cherskiy and middle Logata sites with depth while the 
degree of oxidative alteration remained at a low level. This indicates that the stage of lignin decomposition is 
low under the cold and frequently anaerobic conditions in the active layer und the upper permafrost at Cherskiy 
and Logata. In the absence of oxygen, the decomposition of compounds with a low nominal oxidation state, pri-
marily lipids but also lignin, is strongly restrained since it is thermodynamically ineffective (Boye et al., 2017; 
Keiluweit et al., 2016). According to Keiluweit et al. (2017), the less efficient anaerobic metabolism selectively 
preserves otherwise bioavailable reduced organic compounds from decomposition. A shift from anaerobic to aer-
obic conditions of bulk soils in contrast can increase mineralization rates 10-fold (Keiluweit et al., 2017). Hence, 
at Cherskiy and Logata lignin in the LF appears to be preserved by a context-specific persistence. As a large 
part of plant-derived sugars are incorporated in lignocelluloses, this context-specific persistence also protects 
plant sugars from decomposition in both fractions of Cherskiy and Logata, as supported by a significant, posi-

Figure 6. Relationship between total lignin-derived carbon and the sum of arabinose plus xylose carbon in the (a) light fraction (b) and heavy fraction of mineral soil 
horizons from the three study sites.
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tive regression between OC-normalized VSC and AX in the LF and HF of Cherskiy and Logata (Figure 6b). In 
contrast, lignocellulose is well decomposed in the much less hydromorphic Tazovskiy soils, possibly additionally 
facilitated by the higher MAT at this site.

When analyzing the decomposition patterns of lignin and carbohydrates in the HF of the three permafrost sites, 
not only climatic factors and associated soil physical conditions must be considered, but also soil mineralogy. 
The HF contained smaller amounts of OC-normalized lignin-derived phenols and neutral sugars of assumed 
plant origin at Tazovskiy than at Logata and Cherskiy. Concurrently, the degree of oxidative decomposition of 
the remnant lignin and the relative proportion of microbial sugars were higher at Tazovskiy than at Logata and 
Cherskiy. At first glance, this observation can be similarly explained as for the LF. The lower soil moisture along 
with the higher mean annual temperature might have contributed to the more advanced decomposition of plant 
residues and formation of microbial metabolites (Davidson & Janssens, 2006). However, also the texture and 
mineralogical composition differed between the sites, which might have an impact not only on OC storage (see 
Gentsch, Mikutta, Alves, et al., 2015) but also on OM composition. The effect of mineralogical properties was 
revealed by a positive correlation between soil dw-normalized lignin and neutral sugar contents with clay, Fed, 
Feo, and Alo contents across all sites (Table 7). Hence, differences in the mineralogical composition, with highest 
contents in pedogenic Fe oxides in Cherskiy, might determine the sorption capacity and thus the accumulation of 
lignin and neutral sugars in the HF, decreasing in the order Cherskiy > Logata > Tazovskiy. However, we also 
found indications that biomarker compounds were selectively associated with certain mineral phases. In relation 
to clay contents, the negative regression of OC-based lignin-derived phenols versus positive regression of neutral 
sugars in the HF provides evidence for the selective association of neutral sugars with clay minerals. In contrast, 
the positive regression of lignin-derived phenol contents with Fe contents versus a negative regression of neutral 
sugars pointed at selective lignin retention by Fe oxides. These findings are in agreement with Kawahigashi 
et  al.  (2004), who reported preferentially retained aromatic dissolved OM in the Fe oxide-enriched horizons 
of central Siberian permafrost soils. Moreover, these patterns were in line with studies of non-permafrost soils 
that demonstrate the preferential adsorption of OM rich in aromatic moieties and carboxyl groups on Fe oxides 
(Biber & Stumm, 1994; Gu et al., 1994; Kaiser, 2003; Kaiser &] Zech, 2000; Korshin et al., 1997) and of neutral 
sugars on clay minerals (Kaiser and Zech, 2000). Recently, Patzner et al. (2020) suggested that permafrost thaw 
may foster the release Fe and associated carbon due to the activity of Fe(III)-reducing bacteria. Such a process, 
principally depending on anaerobic conditions, could also partly explain the relatively low Feo contents and the 
more advanced lignin and carbohydrate decomposition at the Tazovskiy site with its larger active layer thickness.

Lignin-derived phenol contents showed no significant relationship to pH when normalized to OC, but a signifi-
cant negative correlation when expressed by soil dw. This contrasts with the previously observed stimulation of 
microbial lignin degradation at decreasing soil pH (Thevenot et al., 2010). At the same time, pH was negatively 
correlated also with neutral sugar contents and GM/AX, indicating a lower contribution of microbially synthe-
sized sugars at higher pH values. Thus, pH might not control microbial lignin and carbohydrate degradation activ-
ity, but rather affect the sorption of these substances to mineral phases, since the sorption of anionic compounds 
is usually greater at lower pH because of the greater protonation and formation of positively charged mineral 
surfaces (Pierzynski et al., 2005; van Bergen et al., 1997).

5. Conclusions

Density fractionation together with biomarker analysis was used to assess the contents and decomposition of 
lignin and carbohydrates in permafrost soils in northern Siberia as influenced by climatic conditions and mineral 
properties. In comparison to many non-permafrost environments, the OC-normalized contents of lignin-derived 
phenols in bulk soils were smaller, while neutral sugars contents were comparable or even higher. The strongest 
degradation of lignin and neutral sugars in the LF was observed at Tazovskiy, which may be due to the highest 
MAT and largest active layer thickness, coinciding with better aeration, as compared to the other sites. These fac-
tors might also have contributed to the relatively weak decomposition status of lignin in the HF of soils at Cher-
skiy and Logata. In addition, the larger contents of Fe and Al oxides likely additionally stabilized lignin-derived 
phenols associated with the mineral phase at these sites. Our study suggests that the stabilization of lignin and 
polysaccharides associated with lignin (lignocelluloses) is context-dependent, and climate-induced degradation 
of permafrost soils, that is, increasing active layer thickness, will promote carbon losses by microbial degradation 
of lignin and associated polysaccharides. However, the magnitude of future OM losses from permafrost soils will 
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strongly depend on texture and mineralogical properties, either assisting or hampering the turnover of OM in the 
HF. These findings confirm our initial assumption that, in addition to climatic constraints, soil mineralogy is a 
decisive factor variegating the transformation of organic matter also in permafrost. Here, generally more knowl-
edge is required about mineralogical soil properties of high-latitude ecosystems, including the transformation of 
mineral phases under changing environmental conditions.

Data Availability Statement

The data that support the findings of this study are openly available in the EarthChem Library repository at 
https://doi.org/10.26022/IEDA/112204. Data of soil properties are publicly available at Gentsch, Mikutta, Alves, 
et al. (2015) (DOI: 10.5194/bgd-12-2697-2015). Neutral and lignin data from Cherskiy site are publicly available 
at Dao et al. (2018) (DOI: 10.1016/j.soilbio.2017.10.032).

References
Amelung, W., Cheshire, M. V., & Guggenberger, G. (1996). Determination of neutral and acidic sugars in soil by capillary gas-liquid chromatog-

raphy after trifluoroacetic acid hydrolysis. Soil Biology and Biochemistry, 28, 1631–1639. https://doi.org/10.1016/S0038-0717(96)00248-9
Amelung, W., Flach, K.-W., & Zech, W. (1999). Lignin in particle-size fractions of native grassland soils as influenced by climate. Soil Science 

Society of America Journal, 63, 1222–1228. https://doi.org/10.2136/sssaj1999.6351222x
Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. Australian Ecology, 26, 32–46. https://doi.

org/10.1046/j.1442-9993.2001.01070.x
Angst, G., Mueller, K., Nierop, K., & Simpson, M. (2021). Plant-or microbial-derived? A review on the molecular composition of stabilized soil 

organic matter. Soil Biology and Biochemistry, 156, 108189. https://doi.org/10.1016/j.soilbio.2021.108189
Anisimov, O. A., Nelson, F. E., & Pavlov, A. V. (1999). Predicative scenarios of permafrost development under conditions of global change in 

the XXI century. Earth’s Cryology, 3, 15–25.
Bambalov, N. N. (2007). The lignin content in virgin and cultivated peat soils of Belarussian poles’e. Eurasian Soil Science, 40, 1175–1180. 

https://doi.org/10.1134/S106422930711004X
Benner, R., Maccubbin, A. E., & Hodson, R. E. (1984). Anaerobic biodegradation of the lignin and Polysaccharide components of lignocel-

lulose and synthetic lignin by sediment microflora. Applied and Environmental Microbiology, 47, 998–1004. https://doi.org/10.1128/
aem.47.5.998-1004.1984

Biber, M. V., & Stumm, W. (1994). An in-situ ATR-FTIR study-the surface coordination of salicylic-acid on aluminium and iron(III) oxides. 
Environmental Science & Technology, 28, 763–768. https://doi.org/10.1021/es00054a004

Bischoff, N., Mikutta, R., Shibistova, O., Dohrmann, R., Herdtle, D., Gerhard, L., et al. (2018). Organic matter dynamics along a salinity gradient 
in Siberian steppe soils. Biogeosciences, 15, 13–29. https://doi.org/10.5194/bg-15-13-2018

Blüthgen, J., & Weischet, W. (1980). Allgemeine klimagegraphie. De Gruyter.
Bourdon, S., Laggoun-Défarge, F., Disnar, J.-R., Maman, O., Guillet, B., Derenne, S., & Largeau, C. (2000). Organic matter sources and early 

diagenetic degradation in a tropical peaty marsh (Tritrivakely, Madagascar). Implications for environmental reconstruction during the Sub-At-
lantic. Organic Geochemistry, 31, 421–438. https://doi.org/10.1016/S0146-6380(00)00010-3

Boye, K., Noël, Tfaily, M. M., Bone, S. E., Williams, K. H., Bargar, J. R., & Fendord, S. (2017). Thermodynamically controlled preservation of 
organic carbon in floodplains. Nature Geoscience, 10, 415–419. https://doi.org/10.1038/ngeo2940

Bröder, L., Keskitalo, K., Zolkos, S., Shakil, S., Tank, S. E., Kokelj, S. V., et al. (2021). Preferential export of permafrost-derived organic matter 
as retrogressive thaw slumping intensifies. Environmental Research Letters, 16, 054059. https://doi.org/10.1088/1748-9326/abee4b

Čapek, P., Diakova, K., Dickopp, J. E., Bárta, J., Wild, B., Schnecker, J., et al. (2015). The effect of warming on the vulnerability of subducted 
organic carbon in arctic soils. Soil Biology and Biochemistry, 90, 19–29. https://doi.org/10.1016/j.soilbio.2015.07.013

Cerli, C., Celi, L., Kalbitz, K., Guggenberger, G., & Kaiser, K. (2012). Separation of light and heavy organic matter fractions in soil — Testing 
for proper density cut-off and dispersion level. Geoderma, 170, 403–416. https://doi.org/10.1016/j.geoderma.2011.10.009

Comont, L., Laggoun-Défarge, F., & Disnar, J.-R. (2006). Evolution of organic matter indicators in response to major environmental changes: The 
case of a formerly cut-over peat bog (Le Russey, Jura Mountains, France). Organic Geochemistry, 37, 1736–1751. https://doi.org/10.1016/j.
orggeochem.2006.08.005

Córdova, S. C., Olk, D. C., Dietzel, R. N., Mueller, K. E., Archontouilis, S. V., & Castellano, M. J. (2018). Plant litter quality affects the accu-
mulation rate, composition, and stability of mineral associated soil organic matter. Soil Biology and Biochemistry, 125, 115–124. https://doi.
org/10.1016/j.soilbio.2018.07.010

Cornell, R. M., & Schwertmann, U. (2003). The iron oxides: Structure, properties, reactions, occurrences and uses. WILEY-VCH.
Cotrufo, M. F., Soong, J. L., Horton, A. J., Campbell, E. E., Haddix, M. L., Wall, D. H., & Parton, W. J. (2015). Formation of soil organic matter 

via biochemical and physical pathways of litter mass loss. Nature Geoscience, 8, 776–779. https://doi.org/10.1038/ngeo2520
Dao, T. T., Gentsch, N., Mikutta, R., Sauheitl, L., Shibistova, O., Wild, B., et al. (2018). Fate of carbohydrates and lignin in north-east Siberian 

permafrost soils. Soil Biology and Biochemistry, 116, 311–322. https://doi.org/10.1016/j.soilbio.2017.10.032
Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil carbon decomposition and feedbacks to climate change. Nature, 440, 

165–173. https://doi.org/10.1038/nature04514
Decker, S. R., Siika-Aho, M., & Viikari, L. (2008). Enzymatic depolymerization of plant cell wall hemicelluloses. In M. E. Himmel (Ed.), Bio-

mass recalcitrance. Deconstruction of the plant cell wall for bioenergy (pp. 353–373). Blackwell.
Derrien, D., Marol, C., Balabane, M., & Balesdent, J. (2006). The turnover of carbohydrate carbon in a cultivated soil estimated by 13C natural 

abundances. European Journal of Soil Science, 57, 547–557. https://doi.org/10.1111/j.1365-2389.2006.00811.x
Dignac, M. F., Kögel-Knabner, I., Michel, K., Matzner, E., & Knicker, H. (2002). Chemistry of soil organic matter as related to C:N in Nor-

way spruce forest (Picea abies (L.) Karst.) floors and mineral soils. Journal of Plant Nutrition and Soil Science, 165, 281–289. https://doi.
org/10.1002/1522-2624(200206)165:3<281::AID-JPLN281>3.0.CO;2-A

Acknowledgments
Financial support was provided by the 
German Federal Ministry of Education 
and Research (03F0616A) within the 
ERANET EUROPOLAR project Cryo-
CARB. T.T. Dao is grateful for financial 
support from Vietnamese Education, O. 
Shibistova acknowledges funding from 
the National Science Foundation of 
China and Russian Foundation for Basic 
Research (NSFC-RFBR joint project No 
19-54-53026), and A. Richter, B. Wild 
and J. Schnecker appreciate the financial 
support from the Austrian Science Fund 
(FWF - I370-B17). We thank all members 
of the CryoCARB project team for their 
incredible team spirit. We are grateful to 
the technical staff of the Institute of Soil 
Science in Hannover for great laboratory 
assistance. Open access funding enabled 
and organized by Projekt DEAL.

https://doi.org/10.26022/IEDA/112204
http://10.5194/bgd-12-2697-2015
http://10.1016/j.soilbio.2017.10.032
https://doi.org/10.1016/S0038-0717(96)00248-9
https://doi.org/10.2136/sssaj1999.6351222x
https://doi.org/10.1046/j.1442-9993.2001.01070.x
https://doi.org/10.1046/j.1442-9993.2001.01070.x
https://doi.org/10.1016/j.soilbio.2021.108189
https://doi.org/10.1134/S106422930711004X
https://doi.org/10.1128/aem.47.5.998-1004.1984
https://doi.org/10.1128/aem.47.5.998-1004.1984
https://doi.org/10.1021/es00054a004
https://doi.org/10.5194/bg-15-13-2018
https://doi.org/10.1016/S0146-6380(00)00010-3
https://doi.org/10.1038/ngeo2940
https://doi.org/10.1088/1748-9326/abee4b
https://doi.org/10.1016/j.soilbio.2015.07.013
https://doi.org/10.1016/j.geoderma.2011.10.009
https://doi.org/10.1016/j.orggeochem.2006.08.005
https://doi.org/10.1016/j.orggeochem.2006.08.005
https://doi.org/10.1016/j.soilbio.2018.07.010
https://doi.org/10.1016/j.soilbio.2018.07.010
https://doi.org/10.1038/ngeo2520
https://doi.org/10.1016/j.soilbio.2017.10.032
https://doi.org/10.1038/nature04514
https://doi.org/10.1111/j.1365-2389.2006.00811.x
https://doi.org/10.1002/1522-2624(200206)165:3%3C281::AID-JPLN281%3E3.0.CO;2-A
https://doi.org/10.1002/1522-2624(200206)165:3%3C281::AID-JPLN281%3E3.0.CO;2-A


Journal of Geophysical Research: Biogeosciences

DAO ET AL.

10.1029/2020JG006181

20 of 22

Diochon, A., Gregorich, E. G., & Tarnocai, C. (2013). Evaluating the quantity and biodegradability of soil organic matter in some Canadian 
Turbic Cryosols. Geoderma, 202–203, 82–87. https://doi.org/10.1016/j.geoderma.2013.03.013

Eder, E., Spielvogel, S., Kölbl, A., Albert, G., & Kögel-Knabner, I. (2010). Analysis of hydrolysable neutral sugars in mineral soils: Improvement 
of alditol acetylation for gas chromatographic separation and measurement. Organic Geochemmistry, 41, 580–585. https://doi.org/10.1016/j.
orggeochem.2010.02.009

Eusterhues, K., Neidhardt, J., Hädrich, A., Küsel, K., & Totsche, K. U. (2014). Biodegradation of ferrihydrite-associated organic matter. Biogeo-

chemistry, 119, 45–50. https://doi.org/10.1007/s10533-013-9943-0
Feng, X., & Simpson, M. J. (2007). The distribution and degradation of biomarkers in Alberta grassland soil profiles. Organic Geochemistry, 38, 

1558–1570. https://doi.org/10.1016/j.orggeochem.2007.05.001
Feng, X., & Simpson, M. J. (2011). Molecular-level methods for monitoring soil organic matter responses to global climate change. Journal of 

Environmental Monitoring, 13, 1246. https://doi.org/10.1039/C0EM00752H
Fengel, D., & Wegener, G. (1984). Wood: Chemistry ultrastructure, reactions. deGruyter.
Fontaine, S., Barot, S., Barre, P., Bdioui, N., Mary, B., & Rumpel, C. (2007). Stability of organic carbon in deep soil layers controlled by fresh 

carbon supply. Nature, 450, 277–280. https://doi.org/10.1038/nature06275
Gentsch, N., Mikutta, R., Alves, R. J. E., Bárta, J., Čapek, P., Gittel, A., et al. (2015). Storage and transformation of organic matter fractions in 

cryoturbated permafrost soils across the Siberian Arctic. Biogeosciences, 12, 4525–4542. https://doi.org/10.5194/bg-12-4525-2015
Gentsch, N., Mikutta, R., Shibistova, O., Wild, B., Schnecker, J., Richter, A., et  al. (2015). Properties and bioavailability of particulate and 

mineral-associated organic matter in Arctic permafrost soils, Lower Kolyma Region, Russia. European Journal of Soil Science, 66, 722–734. 
https://doi.org/10.1111/ejss.12269

Gentsch, N., Wild, B., Mikutta, R., Čapek, P., Diáková, K., Schrumpf, M., et al. (2018). Temperature response of permafrost soil carbon is atten-
uated by mineral protection. Global Change Biology, 24, 3401–3415. https://doi.org/10.1111/gcb.14316

Gittel, A., Bárta, J., Kohoutová, I., Mikutta, R., Owens, S., Gilbert, J., et al. (2014). Distinct microbial communities associated with buried soils 
in the Siberian tundra. The ISME Journal, 8, 841–853. https://doi.org/10.1038/ismej.2013.219

Gocke, M., Kuzyakov, Y., & Wiesenberg, G. L. B. (2010). Rhizoliths in loess: Evidence for post-sedimentary incorporation of root-derived 
organic matter in terrestrial sediments as assessed from molecular proxies. Organic Geochemistry 41, 1198–1206. https://doi.org/10.1016/j.
orggeochem.2010.08.001

Golchin, A., Oades, J. M., Skjemstad, J. O., & Clarke, P. (1994). Study of free and occluded particulate organic matter in soils by solid state 13C 
CP/MAS NMR spectroscopy and scanning electron microscopy. Australian Journal of Soil Research, 32, 285–309. https://doi.org/10.1071/
SR9940285

Golchin, A., Oades, J. M., Skjemstad, J. O., & Clarke, P. (1995). Structural and dynamic properties of soil organic-matter as reflected by 13C nat-
ural abundance, pyrolysis mass spectrometry and solid state 13C NMR spectroscopy in density fractions of an Oxisol under forest and pasture. 
Australian Journal of Soil Research, 33, 59–76. https://doi.org/10.1071/SR9950059

Gu, B., Schmitt, J., Chen, Z., Liang, L., & McCarthy, J. F. (1994). Adsorption and desorption of natural organic matter on iron oxide: Mechanisms 
and models. Environmental Science & Technology, 28, 38–46. https://doi.org/10.1021/es00050a007

Guggenberger, G., Christensen, B. T., & Zech, W. (1994). Land-use effects on the composition of organic-matter in particle-size separates of soil. 
1. Lignin and carbohydrate signature. European Journal of Soil Science, 45, 449–458. https://doi.org/10.1111/j.1365-2389.1994.tb00530.x

Guggenberger, G., Zech, W., & Thomas, R. J. (1995). Lignin and carbohydrate alteration in particle-size separates of an oxisol under tropical 
pastures following native Savanna. Soil Biology and Biochemistry, 27, 1629–1638. https://doi.org/10.1016/0038-0717(95)00080-X

Gundelwein, A., Müller-Lupp, T., Sommerkorn, M., Haupt, E. T. K., Pfeiffer, E.-M., & Wiechmann, H. (2007). Carbon in tundra soils in the Lake 
Labaz region of arctic Siberia. European Journal of Soil Science, 58, 1164–1174. https://doi.org/10.1111/j.1365-2389.2007.00908.x

Gunina, A., & Kuzyakov, Y. (2015). Sugars in soil and sweet s for microorganisms: Review of origin, content, composition and fate. Soil Biology 

and Biochemistry, 90, 87–100. https://doi.org/10.1016/j.soilbio.2015.07.021
Hall, S. J., Silver, W. L., Timokhin, V. I., & Hammel, K. E. (2016). Iron addition to soil specifically stabilized lignin. Soil Biology and Biochem-

istry, 98, 95–98. https://doi.org/10.1016/j.soilbio.2016.04.010
Harris, D., Horwáth, W. R., & van Kessel, C. (2001). Acid fumigation of soils to remove carbonates prior to total organic carbon or carbon-13 

isotopic analysis. Soil Science Society of America Journal, 65, 1853–1856. https://doi.org/10.2136/sssaj2001.1853
Hedges, J. I., & Ertel, J. R. (1982). Characterization of lignin by gas capillary chromatography of cupric oxide oxidation-products. Analytical 

Chemistry, 54, 174–178. https://doi.org/10.1021/ac00239a007
Herold, N., Schöning, I., Michalzik, B., Trumbore, S., & Schrumpf, M. (2014). Controls on soil carbon storage and turnover in German land-

scapes. Biogeochemistry, 119, 435–451. https://doi.org/10.1007/s10533-014-9978-x
Higuchi, T. (1981). Lignin structure and morphological distribution in plant cell walls. In T. K. Kirk, & T. Higuchi (Eds.), Lignin biodegradation: 

Microbiology, chemistry, and potential applications (pp. 1–19). CRC Press. https://doi.org/10.1201/9781351074063-1
Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005). Very high resolution interpolated climate surfaces for global land 

areas. International Journal of Climatology, 25, 1965–1978. https://doi.org/10.1002/joc.1276
Hobbie, S. E., Schimel, J. P., Trumbore, S. E., & Randerson, J. R. (2000). Controls over carbon storage and turnover in high latitude soils. Global 

Change Biology, 6, 196–210. https://doi.org/10.1046/j.1365-2486.2000.06021.x
Höfle, S., Rethemeyer, J., Mueller, C. W., & John, S. (2013). Organic matter composition and stabilization in a polygonal tundra soil of the Lena 

Delta. Biogeosciences, 10, 3145–3158. https://doi.org/10.5194/bg-10-3145-2013
Hugelius, G., Strauss, J., Zubrzycki, S., Harden, J. W., Schuur, E. A. G., Ping, C. L., et al. (2014). Estimated stocks of circumpolar permafrost 

carbon with quantified uncertainty ranges and identified data gaps. Biogeosciences, 11, 6573–6593. https://doi.org/10.5194/bg-11-6573-2014
IPCC. (2019). In P. R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H. O. Pörtner, D. C. Roberts, et al. (Eds.), Climate change and 

land: An IPCC special report on climate change, desertification, land degradation, sustainable land management, food security, and green-

house gas fluxes in terrestrial ecosystems. In press.
Kaiser, K. (2003). Sorption of natural organic matter fractions to goethite (-FeOOH): Effect of chemical composition as revealed by liquid-state 

13C NMR and wet-chemical analysis. Organic Geochemistry, 34, 1569–1579. https://doi.org/10.1016/S0146-6380(03)00120-7
Kaiser, K., Guggenberger, G., & Zech, W. (2001). Isotopic fractionation of dissolved organic carbon in shallow forest soils as affected by sorption. 

European Journal of Soil Science, 52, 585–597. https://doi.org/10.1046/j.1365-2389.2001.00407.x
Kaiser, K., & Zech, W. (2000). Dissolved organic matter sorption by mineral constituents of subsoil clay fractions. Journal of Plant Nutrition and 

Soil Science, 163, 531–535. https://doi.org/10.1002/1522-2624(200010)163:5<531::AID-JPLN531>3.0.CO;2-N
Kawahigashi, M., Kaiser, K., Kalbitz, K., Rodionov, A., & Guggenberger, G. (2004). Dissolved organic matter in small streams along a gradient 

from discontinuous to continuous permafrost. Global Change Biology, 10, 1576–1586. https://doi.org/10.1111/j.1365-2486.2004.00827.x

https://doi.org/10.1016/j.geoderma.2013.03.013
https://doi.org/10.1016/j.orggeochem.2010.02.009
https://doi.org/10.1016/j.orggeochem.2010.02.009
https://doi.org/10.1007/s10533-013-9943-0
https://doi.org/10.1016/j.orggeochem.2007.05.001
https://doi.org/10.1039/C0EM00752H
https://doi.org/10.1038/nature06275
https://doi.org/10.5194/bg-12-4525-2015
https://doi.org/10.1111/ejss.12269
https://doi.org/10.1111/gcb.14316
https://doi.org/10.1038/ismej.2013.219
https://doi.org/10.1016/j.orggeochem.2010.08.001
https://doi.org/10.1016/j.orggeochem.2010.08.001
https://doi.org/10.1071/SR9940285
https://doi.org/10.1071/SR9940285
https://doi.org/10.1071/SR9950059
https://doi.org/10.1021/es00050a007
https://doi.org/10.1111/j.1365-2389.1994.tb00530.x
https://doi.org/10.1016/0038-0717(95)00080-X
https://doi.org/10.1111/j.1365-2389.2007.00908.x
https://doi.org/10.1016/j.soilbio.2015.07.021
https://doi.org/10.1016/j.soilbio.2016.04.010
https://doi.org/10.2136/sssaj2001.1853
https://doi.org/10.1021/ac00239a007
https://doi.org/10.1007/s10533-014-9978-x
https://doi.org/10.1201/9781351074063-1
https://doi.org/10.1002/joc.1276
https://doi.org/10.1046/j.1365-2486.2000.06021.x
https://doi.org/10.5194/bg-10-3145-2013
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.1016/S0146-6380(03)00120-7
https://doi.org/10.1046/j.1365-2389.2001.00407.x
https://doi.org/10.1002/1522-2624(200010)163:5%3C531::AID-JPLN531%3E3.0.CO;2-N
https://doi.org/10.1111/j.1365-2486.2004.00827.x


Journal of Geophysical Research: Biogeosciences

DAO ET AL.

10.1029/2020JG006181

21 of 22

Keiluweit, M., Nico, P. S., Kleber, M., & Fendorf, S. (2016). Are oxygen limitations under recognized regulators of organic carbon turnover in 
upland soils? Biogeochemistry, 127, 157–171. https://doi.org/10.1007/s10533-015-0180-6

Keiluweit, M., Wanzek, T., Kleber, M., Nico, P., & Fendorf, S. (2017). Anaerobic microsites have an unaccounted role in soil carbon stabilization. 
Nature Communications, 8, 1771. https://doi.org/10.1038/s41467-017-01406-6

Kiem, R., & Kögel-Knabner, I. (2003). Contribution of lignin and polysaccharides to the refractory carbon pool in C-depleted arable soils. Soil 

Biology and Biochemistry, 35, 101–118. https://doi.org/10.1016/S0038-0717(02)00242-0
Kirk, K. T., & Farrell, R. L. (1987). Enzymatic ‘combustion’: The microbial degradation of lignin. Annual Review of Microbiology, 41, 465–501. 

https://doi.org/10.1146/annurev.mi.41.100187.002341
Kleber, M., Eusterhues, K., Keiluweit, M., Mikutta, C., Mikutta, R., & Nico, P. S. (2015). Mineral–organic associations: Formation, properties, 

and relevance in soil environments. Advances in Agronomy, 130, 1–140. https://doi.org/10.1016/bs.agron.2014.10.005
Kögel-Knabner, I., Guggenberger, G., Kleber, M., Kandeler, E., Kalbitz, K., Scheu, S., et al. (2008). Organo-mineral associations in temperate 

soils: Integrating biology, mineralogy, and organic matter chemistry. Journal of Plant Nutrition and Soil Science, 171, 61–82. https://doi.
org/10.1002/jpln.200700048

Korshin, G. V., Benjamin, M. M., & Sletten, R. S. (1997). Adsorption of natural organic matter (NOM) on iron oxide: Effects on NOM 
composition and formation of organo-halide compounds during chlorination. Water Residues, 31, 1643–1650. https://doi.org/10.1016/
S0043-1354(97)00007-9

Koven, C. D., Lawrence, D. M., & Riley, W. J. (2015). Permafrost carbon-climate feedback is sensitive to deep soil carbon decomposability but 
not deep soil nitrogen dynamics. Proceedings of the National Academy of Sciences, 112, 3752–3757. https://doi.org/10.1073/pnas.1415123112

Kuo, L.-J., Louchouarn, P., & Herbert, B. E. (2008). Fate of CuO-derived lignin oxidation products during plant combustion: Application to the 
evaluation of char input to soil organic matter. Organic Geochemistry, 39, 1522–1536. https://doi.org/10.1016/j.orggeochem.2008.07.011

Lavallee, J. M., Soong, J. L., & Cotrufa, M. F. (2019). Conceptualizing soil organic matter into particulate and mineral-associated forms to address 
global change in the 21st century. Global Change Biology, 26, 261–273. https://doi.org/10.1111/gcb.14859

Lawrence, D. M., Koven, C. D., Swenson, S. C., Riley, W. J., & Slater, A. G. (2015). Permafrost thaw and resulting soil moisture changes regulate 
projected high-latitude CO2 and CH4 emissions. Environmental Research Letters, 10, 094011. https://doi.org/10.1088/1748-9326/10/9/094011

Leifeld, J., Heiling, M., & Hajdas, I. (2015). Age and thermal stability of particulate organic matter fractions indicate the presence of black carbon 
in soil. Radiocarbon, 57, 99–107. https://doi.org/10.2458/azu_rc.57.17964

Liebmann, P., Wordell-Dietrich, P., Kalbitz, K., Mikutta, R., Kalks, F., Don, A., et al. (2020). Relevance of aboveground litter for soil organic 
matter formation – A soil profile perspective. Biogeosciences, 17, 3099–3113. https://doi.org/10.5194/bg-17-3099-2020

May, A., & Gerya, T. V. (2021). Physics-based numerical modeling of geological processes. In D. Alderton, & S. A. Elias (Eds.), Encyclopedia 

of geology (2nd ed., pp. 868–883). Acadamic Press, USA. https://doi.org/10.1016/b978-0-12-409548-9.12520-5
McArdle, B. H., & Anderson, M. J. (2001). Fitting multivariate models to community data: A comment on distance-based redundancy analysis. 

Ecology, 82, 290–297. https://doi.org/10.1890/0012-9658(2001)082[0290:fmmtcd]2.0.co;2
McKeague, J. A., & Day, J. H. (1966). Dithionite- and oxalate-extractable Fe and Al as aids in differentiating various classes of soils. Canadian 

Journal of Soil Science, 46, 13–22. https://doi.org/10.4141/cjss66-003
Mikutta, R., Schaumann, G. E., Gildemeister, D., Bonneville, S., Kramer, M. G., Chorover, J., et al. (2009). Biogeochemistry of mineral–or-

ganic associations across a long-term mineralogical soil gradient (0.3–4100 kyr), Hawaiian Islands. Geochimica et Cosmochimica Acta, 73, 
2034–2060. https://doi.org/10.1016/J.GCA.2008.12.028

Mikutta, R., Turner, S., Schippers, A., Gentsch, N., Meyer-Stüve, S., Condron, L. M., et al. (2019). Microbial and abiotic controls on mineral-as-
sociated organic matter in soil profiles along an ecosystem gradient. Sciectific Reports, 9, 10294. https://doi.org/10.1038/s41598-019-46501-4

Moran, M. A., & Hodson, R. E. (1989). Formation and bacterial utilization of dissolved organic carbon derived from detrital lignocellulose. 
Limnology & Oceanography, 34, 1034–1047. https://doi.org/10.4319/lo.1989.34.6.1034

Mueller, C., Rethemeyer, J., Kao-Kniffin, J., Loeppmann, S., Hinkel, K., & Bockheim, J. (2015). Large amounts of labile organic carbon in per-
mafrost soils of Northern Alaska. Global Change Biology, 21, 2804–2817. https://doi.org/10.1111/gcb.12876

Murayama, S. (1984). Changes in the monosaccharide composition during the decomposition of straws under field conditions. Journal of Soil 

Science and Plant Nutrition, 30, 367–381. https://doi.org/10.1080/00380768.1984.10434702
Nacro, H. B., Larre-Larrouy, M. C., Feller, C., & Abbadie, L. (2005). Hydrolysable carbohydrate in tropical soils under adjacent forest and savan-

na vegetation in Lamto, Cote d'Ivoire. Australian Journal of Soil Research, 43, 705–711. https://doi.org/10.1071/SR03134
Navarrete, I. A., & Tsutsuki, K. (2008). Land-use impact on soil carbon, nitrogen, neutral sugar composition and related chemical properties in a de-

graded Ultisol in Leyte, Philippines. Journal of Soil Science and Plant Nutrition, 54, 321–331. https://doi.org/10.1111/j.1747-0765.2008.00244.x
Nelson, F., Anisimov, O., & Shiklomanov, N. (2001). Subsidence risk from thawing permafrost. Nature, 410, 889–890. https://doi.

org/10.1038/35073746
Oades, J. M. (1984). Soil organic-matter and structural stability - Mechanisms and implications for management. Plant and Soil, 76, 319–337. 

https://doi.org/10.1007/BF02205590
Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O'Hara, R. B., et al (2016). Vegan: Community ecology package. Ordination 

methods, diversity analysis and other functions for community and vegetation ecologists, Version 2.4-0. Retrieved from https://CRAN.R-pro-
ject.org/package=vegan

Olafsdottir, E. S., & Ingólfsdottir, K. (2001). Polysaccharides from lichens: Structural characteristics and biological activity. Planta Medica, 67, 
199–208. https://doi.org/10.1055/s-2001-12012

Opsahl, S., & Benner, R. (1995). Early diagenesis of vascular plant tissues: Lignin and cutin decomposition and biogeochemical implications. 
Geochimica et Cosmochimica Acta, 59, 4889–4904. https://doi.org/10.1016/0016-7037(95)00348-7

Opsahl, S., & Benner, R. (1999). Characterization of carbohydrates during early diagenesis of five vascular plant tissues. Organic Geochemistry, 
30, 83–94. https://doi.org/10.1016/s0146-6380(98)00195-8

Ostroumov, V. (2004). Physico-chemical processes in cryogenic soils. In J. M. Kimble (Ed.), Cryosols (p. 347). Springer. https://doi.
org/10.1007/978-3-662-06429-0_17

Otto, A., & Simpson, M. J. (2005). Degradation and preservation of vascular plant-derived biomarkers in grassland and forest soils from Western 
Canada. Biogeochemistry, 74, 377–409. https://doi.org/10.1007/s10533-004-5834-8

Otto, A., & Simpson, M. J. (2006). Evaluation of CuO oxidation parameters for determining the source and stage of lignin degradation in soil. 
Biogeochemistry, 80, 121–142. https://doi.org/10.1007/s10533-006-9014-x

Patzner, M. S., Mueller, C. W., Malusova, M., Baur, M., Nikeleit, V., Scholten, T., et al. (2020). Iron mineral dissolution releases iron and associ-
ated organic carbon during permafrost thaw. Nature Communications, 11, 6329. https://doi.org/10.1038/s41467-020-20102-6

Pierzynski, G. M., McDowell, R. W., & Sims, J. (2005). Chemistry, cycling, and potential movement of inorganic phosphorus in soils. In J. Sims, 
& A. Sharpley (Eds.), Phosphorus: Agriculture and the environment, agronomy monograph 46 (pp. 53–86). American Society of Agronomy. 
https://doi.org/10.2134/AGRONMONOGR46.C3

https://doi.org/10.1007/s10533-015-0180-6
https://doi.org/10.1038/s41467-017-01406-6
https://doi.org/10.1016/S0038-0717(02)00242-0
https://doi.org/10.1146/annurev.mi.41.100187.002341
https://doi.org/10.1016/bs.agron.2014.10.005
https://doi.org/10.1002/jpln.200700048
https://doi.org/10.1002/jpln.200700048
https://doi.org/10.1016/S0043-1354(97)00007-9
https://doi.org/10.1016/S0043-1354(97)00007-9
https://doi.org/10.1073/pnas.1415123112
https://doi.org/10.1016/j.orggeochem.2008.07.011
https://doi.org/10.1111/gcb.14859
https://doi.org/10.1088/1748-9326/10/9/094011
https://doi.org/10.2458/azu_rc.57.17964
https://doi.org/10.5194/bg-17-3099-2020
https://doi.org/10.1016/b978-0-12-409548-9.12520-5
https://doi.org/10.1890/0012-9658(2001)082%5B0290:fmmtcd%5D2.0.co;2
https://doi.org/10.4141/cjss66-003
https://doi.org/10.1016/J.GCA.2008.12.028
https://doi.org/10.1038/s41598-019-46501-4
https://doi.org/10.4319/lo.1989.34.6.1034
https://doi.org/10.1111/gcb.12876
https://doi.org/10.1080/00380768.1984.10434702
https://doi.org/10.1071/SR03134
https://doi.org/10.1111/j.1747-0765.2008.00244.x
https://doi.org/10.1038/35073746
https://doi.org/10.1038/35073746
https://doi.org/10.1007/BF02205590
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1055/s-2001-12012
https://doi.org/10.1016/0016-7037(95)00348-7
https://doi.org/10.1016/s0146-6380(98)00195-8
https://doi.org/10.1007/978-3-662-06429-0_17
https://doi.org/10.1007/978-3-662-06429-0_17
https://doi.org/10.1007/s10533-004-5834-8
https://doi.org/10.1007/s10533-006-9014-x
https://doi.org/10.1038/s41467-020-20102-6
https://doi.org/10.2134/AGRONMONOGR46.C3


Journal of Geophysical Research: Biogeosciences

DAO ET AL.

10.1029/2020JG006181

22 of 22

Ping, C. L., Jastrow, J. D., Jorgenson, M. T., Michaelson, G. J., & Shur, Y. L. (2015). Permafrost soils and carbon cycling. Soils, 1, 147–171. 
https://doi.org/10.5194/soil-1-147-2015

Prater, I., Zubrzycki, S., Buegger, F., Zoor-Fuellgraff, L. C., Angst, G., Dannenmann, M., & Müller, C. W. (2020). From fibrous plant residues 
to mineral-associated organic carbon - The fate of organic matter in Arctic permafrost soils. Biogeosciences, 17, 3367–3383. https://doi.
org/10.5194/bg-17-3367-2020

Prietzel, J., Dechamps, N., & Spielvogel, S. (2013). Analysis of non-cellulosic polysaccharides helps to reveal the history of thick organic surface 
layers on calcareous Alpine soils. Plant and Soil, 365, 93–114. https://doi.org/10.1007/s11104-012-1340-2

R Core Team. (2015). R: A language and environment for statistical computing. R Foundation for Statistical Computing.
Riedel, T., Zak, D., Biester, H., & Dittmar, T. (2013). Iron traps terrestrially derived dissolved organic matter at redox interfaces. Proceedings of 

the National Academy of Sciences, 110, 10101–10105. https://doi.org/10.1073/pnas.1221487110
Rumpel, C., Chabbi, A., & Marschner, B. (2012). Carbon storage and sequestration in subsoil horizons: Knowledge, gaps and potentials. In 

R. Lal, K. Lorenz, R. Hüttl, B. Schneider, & J. von Braun (Eds.), Recarbonization of the biosphere (pp. 445–464). Springer. https://doi.
org/10.1007/978-94-007-4159-1_20

Rumpel, C., & Dignac, M. F. (2006). Chromatographic analysis of monosaccharides in a forest soil profile: Analysis by gas chromatogra-
phy after trifluoroacetic acid hydrolysis and reduction-acetylation. Soil Biology and Biochemistry, 38, 1478–1481. https://doi.org/10.1016/j.
soilbio.2005.09.017

Rumpel, C., Eusterhues, K., & Kögel-Knabner, I. (2004). Location and chemical composition of stabilized organic carbon in topsoil and subsoil 
horizons of two acid forest soils. Soil Biology and Biochemistry, 36, 177–190. https://doi.org/10.1016/j.soilbio.2003.09.005

Rumpel, C., Eusterhues, K., & Kögel-Knabner, I. (2010). Non-cellulosic neutral sugar contribution to mineral associated organic matter in 
top- and subsoil horizons of two acid forest soils. Soil Biology and Biochemistry, 42, 379–382. https://doi.org/10.1016/j.soilbio.2009.11.004

Rumpel, C., Kögel-Knabner, I., & Bruhn, F. (2002). Vertical distribution, age, and chemical composition of organic carbon in two forest soils of 
different pedogenesis. Organic Geochemistry, 33, 1131–1142. https://doi.org/10.1016/S0146-6380(02)00088-8

Schuur, E. A. G., Bockheim, J., Canadell, J. G., Euskirchen, E., Field, C. B., Goryachkin, S. V., et al. (2008). Vulnerability of permafrost carbon 
to climate change: Implications for the global carbon cycle. BioScience, 58, 701–714. https://doi.org/10.1641/B580807

Schuur, E. A. G., & Mack, M. C. (2018). Ecological response to permafrost thaw and consequences for local and global ecosystem services. 
Annual Review of Ecology, Evolution and Systematics, 49, 279–301. https://doi.org/10.1146/annurev-ecolsys-121415-032349

Schuur, E. A. G., McGuire, A. D., Schädel, C., Grosse, G., Harden, J. W., Hayes, D. J., et al. (2015). Climate change and the permafrost carbon 
feedback. Nature, 520, 171–179. https://doi.org/10.1038/nature14338

Seelenfreund, D., Lapierre, C., & Vicuna, R. (1990). Production of soluble lignin-rich fragments (APPL) from wheat lignocellulose by 
Streptomyces-Viridosporus and their partial metabolism by natural bacterial isolates. Journal of Biotechnology, 13, 145–158. https://doi.
org/10.1016/0168-1656(90)90100-p

Soil Survey Staff. (2014). Keys to soil Taxonomy (11th ed.). USDA, United States Department of Agriculture-Natural Resources Conservation 
Service.

Sokol, N. W., Sanderman, J., & Bradford, M. A. (2019). Pathways of mineral-associated soil organic matter forms: Integrating the role of plant 
carbon source, chemistry, and point of entry. Global Change Biology, 25, 12–24. https://doi.org/10.1111/gcb.14482

Spielvogel, S., Prietzel, J., & Kögel-Knabner, I. (2007). Changes of lignin phenols and neutralsugars in different soil types of a high-elevation 
forest ecosystem 25 years after forest dieback. Soil Biology and Biochemistry, 39, 655–668. https://doi.org/10.1016/j.soilbio.2006.09.018

Spielvogel, S., Prietzel, J., & Kögel-Knabner, I. (2008). Soil organic matter stabilization in acidic forest soils is preferential and soil type-specific. 
European Journal of Soil Science, 59, 674–692. https://doi.org/10.1111/j.1365-2389.2008.01030.x

St Jaques, J.-M., & Sauchyn, D. (2009). Increasing winter baseflow and mean annual streamflow from possible permafrost thawing in the North-
west Territories, Canada. Geophysical Research Letters, 36, L01401. https://doi.org/10.1029/2008GL035822

Thevenot, M., Dignac, M. F., & Rumpel, C. (2010). Fate of lignins in soils: A review. Soil Biology and Biochemistry, 42, 1200–1211. https://doi.
org/10.1016/j.soilbio.2010.03.017

van Bergen, P. F., Bull, I. D., Poulton, P. R., & Evershed, R. P. (1997). Organic geochemical studies of soils from the Rothamsted classical exper-
iments – I. Total lipids extracts, solvent insoluble residues and humic acids from Broadbalk Wilderness. Organic Geochemistry, 26, 117–135. 
https://doi.org/10.1016/S0146-6380(96)00134-9

Vancampenhout, K., De Vos, B., Wouters, K., Swennen, R., Buurman, P., & Deckers, J. (2012). Organic matter of subsoil horizons under 
broadleaved forest: Highly processed or labile and plant-derived? Soil Biology and Biochemistry, 50, 40–46. https://doi.org/10.1016/j.
soilbio.2012.03.005

von Lützow, M., Kögel-Knabner, I., Ekschmitt, K., Matzner, E., Guggenberger, G., Marschner, B., & Flessa, H. (2006). Stabilization of organic 
matter in temperate soils: Mechanisms and their relevance under different soil conditions: A review. European Journal of Soil Science, 57, 
426–445. https://doi.org/10.1111/j.1365-2389.2006.00809.x

Walz, J., Knoblauch, C., Böhme, L., & Pfeiffer, E.-M. (2017). Regulation of soil organic matter decomposition in permafrost-affected Siberian 
tundra soils - impact of oxygen availability, freezing and thawing, temperature, and labile organic matter. Soil Biology and Biochemistry, 110, 
34–43. https://doi.org/10.1016/j.soilbio.2017.03.001

Wang, Y., Amundson, R., & Trumbore, S. (1996). Radiocarbon dating of soil organic matter. Quaternary Research, 45, 282–288. https://doi.
org/10.1006/qres.1996.0029

Wiesmeier, M., Dick, D. P., Rumpel, C., Dalmolin, R. S. D., Hilscher, A., & Knicker, H. (2009). Depletion of soil organic carbon and nitro-
gen under Pinus taeda plantations in Southern Brazilian grasslands (Campos). European Journal of Soil Science, 60, 347e359. https://doi.
org/10.1111/j.1365-2389.2009.01119.x

Wild, B., Gentsch, N., Čapek, P., Diáková, K., Alves, R. J. E., Bárta, J., et al. (2016). Plant-derived compounds stimulate the decomposition of 
organic matter in arctic permafrost soils. Scientific Reports, 6, 25607. https://doi.org/10.1038/srep25607

Wild, B., Schnecker, J., Alves, R. J. E., Barsukov, P., Bárta, J., Čapek, P., et al. (2014). Input of easily available organic C and N stimulates mi-
crobial decomposition of soil organic matter in arctic permafrost soil. Soil Biology and Biochemistry, 75, 143–151. https://doi.org/10.1016/j.
soilbio.2014.04.014

Williams, C. J., Yavitt, J. B., Wieder, R. K., & Cleavitt, N. L. (1998). Cupric oxide oxidation products of northern peat and peat-forming plants. 
Canadian Journal of Botany, 76, 51–62. https://doi.org/10.1139/b97-150

Xu, C., Guo, L., Dou, F. G., & Ping, C.-L. (2009). Potential DOC production from size-fractionated Arctic tundra soils. Cold Regions Science and 

Technology, 55, 141–150. https://doi.org/10.1016/j.coldregions.2008.08.001
Zavarzina, A. G., Romankevich, E. A., Peresypkin, V. I., Ulyantzev, A. S., Belyaev, N. A., & Zavarzin, A. A. (2015). Lignin phenols derivatives 

in lichens. Doklady Biochemistry and Biophysics, 465, 394–397. https://doi.org/10.1134/S1607672915060150

https://doi.org/10.5194/soil-1-147-2015
https://doi.org/10.5194/bg-17-3367-2020
https://doi.org/10.5194/bg-17-3367-2020
https://doi.org/10.1007/s11104-012-1340-2
https://doi.org/10.1073/pnas.1221487110
https://doi.org/10.1007/978-94-007-4159-1_20
https://doi.org/10.1007/978-94-007-4159-1_20
https://doi.org/10.1016/j.soilbio.2005.09.017
https://doi.org/10.1016/j.soilbio.2005.09.017
https://doi.org/10.1016/j.soilbio.2003.09.005
https://doi.org/10.1016/j.soilbio.2009.11.004
https://doi.org/10.1016/S0146-6380(02)00088-8
https://doi.org/10.1641/B580807
https://doi.org/10.1146/annurev-ecolsys-121415-032349
https://doi.org/10.1038/nature14338
https://doi.org/10.1016/0168-1656(90)90100-p
https://doi.org/10.1016/0168-1656(90)90100-p
https://doi.org/10.1111/gcb.14482
https://doi.org/10.1016/j.soilbio.2006.09.018
https://doi.org/10.1111/j.1365-2389.2008.01030.x
https://doi.org/10.1029/2008GL035822
https://doi.org/10.1016/j.soilbio.2010.03.017
https://doi.org/10.1016/j.soilbio.2010.03.017
https://doi.org/10.1016/S0146-6380(96)00134-9
https://doi.org/10.1016/j.soilbio.2012.03.005
https://doi.org/10.1016/j.soilbio.2012.03.005
https://doi.org/10.1111/j.1365-2389.2006.00809.x
https://doi.org/10.1016/j.soilbio.2017.03.001
https://doi.org/10.1006/qres.1996.0029
https://doi.org/10.1006/qres.1996.0029
https://doi.org/10.1111/j.1365-2389.2009.01119.x
https://doi.org/10.1111/j.1365-2389.2009.01119.x
https://doi.org/10.1038/srep25607
https://doi.org/10.1016/j.soilbio.2014.04.014
https://doi.org/10.1016/j.soilbio.2014.04.014
https://doi.org/10.1139/b97-150
https://doi.org/10.1016/j.coldregions.2008.08.001
https://doi.org/10.1134/S1607672915060150

	Lignin Preservation and Microbial Carbohydrate Metabolism in Permafrost Soils
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Site Description, Plant, and Soil Sampling
	2.2. Density Fractionation, Organic Carbon, and Total Nitrogen, Soil Texture, and Soil Mineralogy
	2.3. Lignin Analysis
	2.4. Carbohydrate Analysis
	2.5. Statistics

	3. Results
	3.1. Lignin and Carbohydrate Compositions of Arctic Plants
	3.2. Lignin and Carbohydrate Contents and Stocks in Bulk Soils
	3.3. Lignin in Soil Density Fractions
	3.4. Carbohydrates in Soil Density Fractions
	3.5. Lignin and Carbohydrate Contents Related to Soil Properties

	4. Discussion
	4.1. Lignin and Carbohydrate Contents in Permafrost Environments Versus Other Ecosystems
	4.2. Decomposition Pathways in Functional Organic Matter Fractions
	4.2.1. Lignin and Neutral Sugars in Light Fraction Materials
	4.2.2. Lignin and Neutral Sugars in the Heavy Soil Fraction

	4.3. Controls on Lignin and Carbohydrate Transformation in Permafrost Soils

	5. Conclusions
	Data Availability Statement
	References


