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Plant-derived compounds stimulate 
the decomposition of organic 
matter in arctic permafrost soils
Birgit Wild1,2,3, Norman Gentsch4, Petr Čapek5, Kateřina Diáková5, Ricardo J. Eloy Alves2,6, 
Jiři Bárta5, Antje Gittel7,8, Gustaf Hugelius9, Anna Knoltsch1,2, Peter Kuhry9, 
Nikolay Lashchinskiy10, Robert Mikutta4,11, Juri Palmtag9, Christa Schleper2,6, 
Jörg Schnecker1,2,12, Olga Shibistova4,13, Mounir Takriti1,2,14, Vigdis L. Torsvik7, Tim Urich2,6,15, 
Margarete Watzka1, Hana Šantrůčková5, Georg Guggenberger4,13 & Andreas Richter1,2

Arctic ecosystems are warming rapidly, which is expected to promote soil organic matter (SOM) 
decomposition. In addition to the direct warming effect, decomposition can also be indirectly 
stimulated via increased plant productivity and plant-soil C allocation, and this so called “priming 
effect” might significantly alter the ecosystem C balance. In this study, we provide first mechanistic 
insights into the susceptibility of SOM decomposition in arctic permafrost soils to priming. By 
comparing 119 soils from four locations across the Siberian Arctic that cover all horizons of active layer 
and upper permafrost, we found that an increased availability of plant-derived organic C particularly 
stimulated decomposition in subsoil horizons where most of the arctic soil carbon is located. 
Considering the 1,035 Pg of arctic soil carbon, such an additional stimulation of decomposition beyond 
the direct temperature effect can accelerate net ecosystem C losses, and amplify the positive feedback 
to global warming.

Plant productivity in the Arctic is stimulated by rising temperatures1,2, which implies not only an increased 
uptake of CO2 from the atmosphere by plants, but also an increased transfer of organic compounds from plants 
to the soil, e.g., as root exudates and root litter3. Such an increased input of plant-derived compounds can reduce 
the microbial decomposition of native SOM by providing soil microorganisms with additional, easily degradable 
C and N sources that thus decrease the microbial dependence on the more complex substrates of native SOM 
(“negative priming”)4. On the other hand, increased C and N availability can also stimulate SOM decomposition 
(“positive priming”), since additional N may promote the synthesis of extracellular enzymes that break down 
polymeric compounds of SOM5, whereas additional C may provide microorganisms with energy that facilitates 
the decomposition of energy-poor SOM compounds6,7. Additional C can also stimulate microbial growth in 
general, and thus lead to higher microbial N demand and higher microbial N mining, i.e., to a higher microbial 
decomposition of SOM to get access to N (refs. 8,9).

Studies on an ecosystem level suggest that an increased allocation of plant-derived organic compounds into 
the soil with warming can indeed stimulate the decomposition of native SOM. For instance in the European 
sub-Arctic, significantly smaller soil organic C (SOC) stocks have been observed in a forest than in an adjacent 
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tundra, indicating that the transition from tundra to forest with warming can lead to a net loss of C from the soil, 
which in this case even exceeded the higher plant C stocks in the forest10. In contrast, in an Alaskan tussock tun-
dra, ten years of warming stimulated plant primary production, but did not lead to a net change in SOC stocks11. 
This variability in the effect of plant-derived compounds on SOM decomposition might be related to differences 
in the distribution of SOM through the soil profile, and in the susceptibility of its decomposition to changes in 
organic C and N availability.

For instance, SOM in the top soil layer (further termed “organic topsoil”) mainly consists of poorly decom-
posed plant material with a high content of easily degradable C sources such as cellulose, but a comparatively 
low content of N. The decomposition of organic topsoil material is therefore expected to be rather insensitive 
to an increased input of organic C, but might be strongly affected by changes in the availability of organic or 
inorganic N. In line with a predominant N control on SOM decomposition in the organic topsoil, inorganic 
N addition has been found to stimulate the decomposition of organic topsoil material12,13, whereas organic C 
addition had hardly any effect14,15. In contrast to the organic topsoil, SOM in the subsoil is partly bound to soil 
minerals, has been repeatedly processed by soil microorganisms, and is characterized by low C/N ratios. The 
decomposition of mineral subsoil material has been found to strongly respond to the addition of organic C, with 
more than a doubling of SOC mineralization rates15. Consequently, particularly pronounced effects of increased 
plant C input on the decomposition of SOM in mineral subsoil horizons of arctic permafrost soils have been 
suggested15.

Furthermore, arctic permafrost soils are often characterized by a mixing of soil horizons due to freeze-thaw 
processes that lead to the burial of poorly decomposed organic material from the topsoil into the mineral subsoil 
(“cryoturbation”; for a recent review see ref. 16). Cryoturbated material shows particularly low decomposition 
rates15,17, and although it is located in the subsoil, decomposition rates might depend not on C, but rather on N 
availability, as indicated by a stimulation of decomposition after addition of organic N, but not of C alone15. Since 
arctic soils store about 1,035 Pg of organic C, with more than 80% of that in horizons deeper than 30 cm (ref. 18), 
understanding the controls over SOM decomposition and its response to changes in C and N availability across 
soil horizons is crucial for predicting C losses from arctic ecosystems in a future climate.

In this study, we provide first mechanistic insight into the susceptibility of SOM decomposition in arctic per-
mafrost soils to an increased input of plant-derived compounds, such as by enhanced root litter production in 
a warmer climate. For 119 individual soil samples derived from four locations across the Siberian Arctic (Fig. 1, 
Table 1) and from five soil horizon categories (organic topsoil, mineral topsoil, mineral subsoil and cryotur-
bated material from the active layer, and mineral subsoil material from the upper permafrost), we simulated 
such an increased input of plant-derived compounds in a laboratory experiment, by amending soil samples with 
13C-labelled plant polymers, either cellulose or protein. Expecting a transition from N to C limitation of the 
microbial community with progressing SOM decomposition, we hypothesized that (1) SOM mineralization in 
organic topsoils and cryoturbated material would be affected by organic N, but not organic C, and would hence 
be stimulated by protein, but not by cellulose, and that (2) SOM mineralization in mineral soil horizons would 
be affected by organic C irrespective of the N content of the substrate, and would hence be stimulated by both 
cellulose and protein. After the addition of the respective substrate, we incubated the soil samples for 25 weeks 
and monitored soil respiration, distinguishing between substrate-derived (i.e., 13C-enriched) and SOC-derived 
(i.e., non-enriched) CO2. At the end of the incubation, we finally determined microbial biomass and microbial 
substrate use efficiency.

Results
Characterization of Soil Organic Matter. From organic to mineral topsoils and further to mineral sub-
soils, organic C content, total N content, as well as C/N ratios decreased, and δ 13C values increased, reflecting the 
proceeding decomposition state of SOM with depth (Table 2). Cryoturbated material was sampled at a similar 
depth as the mineral subsoil, but was characterized by more abundant and less decomposed SOM, with organic 

Figure 1. Map of sampling sites across the Siberian Arctic. The dotted line indicates the polar circle. The map 
was created in R using the packages sp and rworldmap47,49,50.



www.nature.com/scientificreports/

3Scientific RepoRts | 6:25607 | DOI: 10.1038/srep25607

C and total N contents, C/N ratios and δ 13C values in the range of the mineral topsoil. Mineral subsoils from the 
permafrost were similar to mineral subsoils from the active layer in terms of organic C, total N and C/N ratios, 
but had significantly higher δ 13C values.

Soil Organic Carbon Mineralization. Based on cumulative SOC-derived respiration (Supplementary Fig. S1),  
we calculated the amount of SOC lost by mineralization during the 25 weeks of incubation. In the control samples, 

Coordinates
MAT 
( °C)

MAP 
(mm) Vegetation type Soil type

Active 
layer 
(cm)

Dominant plant 
species

Cherskiy 69°26’N, 161°44’E − 12.7 160 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

Ari-Mas 72°29’N, 101°40’E − 13.7 280 Shrubby moss tundra Typic Aquiturbel 60–85

Betula nana, Dryas 
punctata, Vaccinium 
uligonosum, Carex 

arctisibirica, 
Aulacomnium 

turgidum

Shrubby moss tundra Typic Aquiturbel 65–90
Cassiope tetragona, 
Carex arctisibirica, 

Aulacomnium 
turgidum

Logata 73°26’N, 98°25’E − 13.5 270 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°10’N, 78°55’E − _8.2 454 Shrubby lichen tundra Typic Aquiturbel 100–120

Empetrum 
nigrum, Ledum 
palustre, Betula 
nana, Cladonia 

rangiferina, 
Cladonia stellaris

Forest tundra Typic Aquiturbel 130–150

Larix sibirica, 
Ledum palustre, 

Betula nana, 
Vaccinium 

uligonosum, 
Cladonia 

rangiferina, 
Cladonia stellaris

Table 1. Characterization of sampling sites. Soil samples were taken from two representative vegetation types 
at each site. Mean annual temperature (MAT) and mean annual precipitation (MAP) were derived from the 
WorldClim database51; soil description follows the USDA Soil Taxonomy52. Active layer depth was determined 
at the time of sampling in the late growing season, the variation is due to small-scale differences in surface 
morphology.

Number of samples Depth (cm) Organic C (%) N (%) C/N δ13C (‰)

Organic topsoils 18 10.0 ±  1.4 21.39 ±  1.46 a 0.87 ±  0.05 a 25.58 ±  1.88 a − 27.45 ±  0.17 c

Mineral topsoils 23 12.7 ±  1.5 4.17 ±  0.56 b 0.26 ±  0.03 b 15.50 ±  0.62 b − 27.09 ±  0.21 c

Mineral subsoils 29 40.6 ±  4.0 1.27 ±  0.17 c 0.10 ±  0.01 c 11.89 ±  0.49 c − 26.08 ±  0.27 b

Cryoturbated 27 46.4 ±  3.6 6.48 ±  0.92 b 0.37 ±  0.04 b 16.53 ±  0.66 b − 27.12 ±  0.17 c

Permafrost 22 89.3 ±  6.2 1.43 ±  0.44 c 0.09 ±  0.02 c 12.02 ±  1.30 c − 24.75 ±  0.52 a

Table 2. Characterization of the sampled soil horizons. Different letters indicate significant differences 
between horizon classes at p <  0.05. For data on individual sampling sites see Supplementary Table S1.
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on average 6.1 ±  0.6% (mean ±  standard error) of SOC were lost from organic topsoils, 4.3 ±  0.5% from mineral 
topsoils, and 2.8 ±  0.5% from mineral subsoils (Fig. 2). Hence, SOC loss decreased with increasing decomposition 
state of SOM. Although cryoturbated material was similar to mineral topsoil material in terms of organic C and 
total N content, C/N ratio and δ 13C, it showed particularly low C mineralization rates, with only 1.6 ±  0.1% SOC 
lost during the incubation. Permafrost samples, in contrast, were characterized by SOC losses in the range of the 
organic topsoil (5.8 ±  1.2%).

Addition of cellulose or protein generally stimulated SOM decomposition, as indicated by an increase in the 
mineralization of native SOC (Fig. 3). Addition of cellulose had no significant effect in organic topsoils, whereas 
addition of protein led to a significant increase in SOC mineralization (response ratio (RR) =  1.51, corresponding 
to an average increase by 51%). A decrease in SOC mineralization was only observed in few of the organic topsoil 
samples, with response ratios of less than 0.80 in 18% (cellulose) and 11% (protein) of the incubated samples. 
This effect was likely due to a switch of microorganisms from SOM to cellulose or protein as substrate. Substrate 
replacement was negligible in the other horizons (Supplementary Table S2).

In mineral topsoils, mineral subsoils, and cryoturbated material, cellulose addition significantly increased 
SOC mineralization (RR =  1.22, 1.31, and 1.22, respectively), whereas the stimulation in permafrost material was 
not significant (RR =  1.23; Fig. 3). Effects of protein were stronger than of cellulose and significant in all horizons, 

Figure 2. Losses of native SOC from different horizons of arctic permafrost soils after 25 weeks of 
incubation (dark grey bars). Losses induced by the addition of cellulose or protein in comparison to control 
samples are indicated in light grey. Bars represent means with standard errors, different letters indicate 
significant differences between horizons at p <  0.05. See Supplementary Fig. S1 for the development of SOC- 
and substrate-derived respiration over time.

Figure 3. Response of cumulative SOC mineralization in different horizons of arctic permafrost soils to 
addition of cellulose or protein. Response ratios were calculated as ratios of samples amended with cellulose 
or protein over control samples. Bars represent means with standard errors, significant differences in SOC 
mineralization between amended and control samples are indicated (Welch’s paired t-tests; ***p <  0.001; 
**p <  0.01; *p <  0.05). For response ratios at individual sampling sites see Supplementary Table S5.
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with response ratios of 1.41 and 2.20 in mineral topsoils and mineral subsoils, 2.09 in cryoturbated material and 
1.63 in permafrost material. The amount of SOC additionally mineralized after addition of cellulose or protein 
exceeded the respective biomass C pools by average factors of 2.0 (cellulose; organic topsoil not included) and 
8.3 (protein), indicating that the additional SOC mineralization was not caused by an accelerated turnover of the 
microbial biomass (“apparent priming”), but by an enhanced decomposition of SOM (“real priming”)7.

In mineral subsoils from the active layer and the permafrost, we further found significant correlations between 
the responses of SOC mineralization to cellulose and protein addition (Table 3), i.e., samples that responded to 
cellulose also responded to protein. Similar correlations were not observed in the other horizons.

Over the 25 weeks of incubation at 15 °C, the stimulation of SOM decomposition by cellulose and pro-
tein resulted in additional losses of native SOC of up to 1.0% SOC (cellulose) and 1.3–2.8% SOC (protein), 
depending on soil horizon (Fig. 2). Based on this incubation, we estimated SOC mineralization across a whole 
growing-season. Assuming a four-month season where soils are thawed19 and plants are productive20, as well as 
soil temperatures as measured in the field during sampling, the results of our laboratory experiment correspond 
to SOC losses of 0.7–2.7% without additional input of substrates. An input of cellulose or protein as simulated 
in our experiment would thus induce additional losses of up to 0.6% (cellulose) and 0.5–1.1% (protein) of native 
SOC (Table 4).

Microbial Growth and Substrate Utilization. In the control samples, microbial biomass decreased with 
soil depth following the decrease in SOM content. Calculated per unit SOC, microbial biomass was significantly 
lower in cryoturbated material than in the other soil horizons (Supplementary Table S3). The addition of cellulose 
led to a significant increase in microbial biomass in mineral topsoils (RR =  1.64), and the addition of protein had 
a similar effect in mineral topsoils (RR =  1.57), as well as in cryoturbated material (RR =  1.48; Fig. 4). In the other 
cases, substrate additions did not induce significant changes in microbial biomass.

Similar to the responses in SOC mineralization, we found significant correlations between the effects of cellu-
lose addition and protein addition on microbial biomass in mineral subsoils of the active layer and the permafrost 
(Table 3). We further tested if responses of microbial biomass were connected to responses of SOC mineraliza-
tion, but did not find any significant correlation, neither for cellulose nor for protein, and neither for individual 
horizons nor across all samples.

Since microbial biomass was only measured at the end of the incubation, our data do not consider potential 
transient peaks in microbial biomass, e.g., shortly after substrate addition. However, even at the end of the incu-
bation after 25 weeks, we found ongoing mineralization of substrate-derived C (Supplementary Fig. S1) that could 
have stimulated microbial growth. Considering the lack of significant substrate effects on microbial biomass in 
mineral subsoils of active layer and permafrost, and the lack of correlation between responses of biomass and 
decomposition, we argue that the observed increase in SOM decomposition was likely not linked to an increase 
in microbial biomass.

RR (cellulose) vs. 
RR (protein): SOC 

mineralization

RR (cellulose) 
vs. RR (protein): 

Microbial biomass

Organic topsoils n.s. n.s.

Mineral topsoils n.s. n.s.

Mineral subsoils 0.524 0.577

Cryoturbated n.s. n.s.

Permafrost 0.462 0.724

All horizons 0.258 0.402

Table 3. Correlations between responses to addition of cellulose versus protein, for SOC mineralization 
and microbial biomass. Response ratios (RR) were calculated as ratios of amended over control samples. Given 
values are Spearman’s rho of correlations significant at p <  0.05 (n.s., not significant).

Temperature 
(°C)

Loss of native SOC (% of SOC)

No substrate 
amendment

Additional SOC 
loss induced by 

cellulose

Additional SOC 
loss induced by 

protein

Organic topsoils 8.0 2.23 ±  0.22 +  0.00 ±  0.08 +  0.89 ±  0.37

Mineral topsoils 7.5 1.65 ±  0.16 +  0.26 ±  0.07 +  0.55 ±  0.17

Mineral subsoils 4.5 1.33 ±  0.23 +  0.27 ±  0.09 +  1.13 ±  0.14

Cryoturbated 4.0 0.65 ±  0.09 +  0.08 ±  0.04 +  0.60 ±  0.09

Permafrost 1.0 2.67 ±  0.50 +  0.58 ±  0.38 +  1.09 ±  0.24

Table 4. Losses of native SOC without substrate amendment, and additional losses induced by cellulose or 
protein input, estimated for a growing-season of four months. Values derived from the incubation at 15 °C 
were adjusted for typical growing-season soil temperatures using Q10 values.
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Based on cellulose- or protein-derived C in cumulative respiration and microbial biomass, we calculated 
microbial substrate use efficiencies for cellulose and protein over the incubation time. Substrate use efficiencies 
were generally low, likely due to repeated turnover of the microbial biomass over the long incubation time, but 
still showed significant differences between substrates and horizons (Fig. 5). For all horizons except the organic 
topsoils, substrate use efficiencies were significantly higher for cellulose than for protein, and in both treatments, 
substrate use efficiencies were highest in mineral subsoils from the active layer and the permafrost, i.e., microor-
ganisms allocated more substrate-derived C to growth and less to respiration than in the other horizons. Substrate 
use efficiencies for cellulose and protein were significantly correlated with the C/N ratios of SOM when calculated 
across all horizons, with high substrate use efficiency at low C/N (cellulose: p <  0.001, rho =  − 0.481; protein: 
p <  0.001, rho =  − 0.343; Supplementary Table S4). In contrast, we found no significant correlation between SOM 
stoichiometry or microbial substrate use efficiency and the response of SOC mineralization to substrate addition 
(Supplementary Table S4).

Figure 4. Response of the microbial biomass in different horizons of arctic permafrost soils to addition 
of cellulose or protein. Response ratios were calculated as ratios of samples amended with cellulose or protein 
over control samples. Bars represent means with standard errors, significant differences in microbial biomass 
between amended and control samples are indicated (Welch’s paired t-tests; **p <  0.01; *p <  0.05). For microbial 
biomass in control samples see Supplementary Table S3, and for response ratios at individual sampling sites see 
Supplementary Table S5.

Figure 5. Microbial substrate use efficiency of cellulose- or protein-derived C in different horizons of 
arctic permafrost soils. Substrate use efficiency was calculated as the ratio of substrate-derived C in microbial 
biomass over substrate-derived C in biomass and cumulative respiration after 25 weeks of incubation. Bars 
represent means with standard errors. Significant differences between cellulose and protein treatments are 
asterisked (***p <  0.001; **p <  0.01; *p <  0.05), significant differences between horizons for cellulose or protein 
are indicated by different letters (p <  0.05). For data on individual sampling sites see Supplementary Table S6.
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Discussion
Arctic soils contain about 1,035 Pg of organic C (ref. 18), more C than in today’s atmosphere. According to recent 
model estimates, about 15% of this SOC will be lost as CO2 or CH4 until 2100 as a consequence of rising tem-
peratures and permafrost thaw21. Our findings suggest that in addition to these direct temperature effects, SOC 
losses from arctic soils can be further promoted by changes in the availability of organic C or N, for example due 
to enhanced root litter production. Our findings further point to mechanistic differences between soil horizons: 
We found a high susceptibility (1) of organic topsoils to changes in organic N availability, (2) of mineral subsoils 
in active layer and permafrost to changes in organic C availability, and (3) of mineral topsoils and cryoturbated 
material to both.

In organic topsoils, the decomposition of native SOM was significantly altered by protein, but not by cellu-
lose (Fig. 3), and we suggest that this effect was linked to protein-derived N. Previous studies on organic topsoil 
horizons of arctic soils have shown high microbial N use efficiency22,23 and strong effects of inorganic N addi-
tions, including a stimulation of microbial growth13 and SOM decomposition12,13, as well as changes in micro-
bial enzyme production13,24. Taken together, these studies indicate predominant N limitation of the microbial 
decomposer community in organic topsoil horizons of arctic permafrost soils and suggest a high susceptibility to 
changes in the availability of both inorganic and organic N. Increased organic N availability in organic topsoils 
can result from an increased input of root and leaf litter-derived proteins with rising temperatures25, as simulated 
in our study. Warming additionally promotes a more active decomposer community26 and increases the efficiency 
of extracellular enzymes27, and might thus facilitate the depolymerization of proteins and other N-containing 
polymers into smaller units that can then be taken up by microorganisms and plants. Although plant N demand 
is also expected to increase with warming, several field studies show higher net N mineralization at higher tem-
peratures and thus point to an overall increase in topsoil N availability28,29. In our study, an increase in protein 
availability overall stimulated SOM decomposition in the organic topsoil (Fig. 3), but we also observed a signifi-
cant reduction at one of the four sites, suggesting that the direction of the response can differ between individual 
sites (Supplementary Table S5). A similar site-dependency in the response of SOM decomposition has also been 
observed for inorganic N additions12.

We hypothesized that in deeper, mineral soil horizons, the microbial decomposer community would be 
increasingly limited by low C availability, and our findings support this hypothesis. Below a threshold of about 
10% SOC and a C/N ratio of 20, not only protein, but also cellulose addition led to an overall stimulation of SOM 
decomposition (Supplementary Fig. S2). For mineral subsoils from active layer and permafrost, we further found 
significant correlations between priming effects by cellulose and protein (Table 3), as well as an efficient incorpo-
ration of cellulose- and protein-derived C into the microbial biomass (Fig. 5) that points at high microbial C use 
efficiency. These findings suggest that not only the effect of cellulose, but also of protein on SOM decomposition 
was at least partly induced by increased C availability. However, the effects of protein on SOM decomposition 
in general exceeded those of cellulose. This might have been due to a higher bio-availability of protein- than of 
cellulose-derived C, or due to the additional N contained in proteins that might have facilitated the synthesis of 
extracellular enzymes that break down SOM. Considering the low C/N ratio of proteins, such an additional N 
fertilization effect seems likely also in mineral subsoil horizons of active layer and permafrost.

For mineral topsoils and cryoturbated material, we did not find patterns that would suggest a distinct suscep-
tibility of SOM decomposition to changes in either organic C or N availability, given the independent stimulating 
effects of both cellulose and protein (Fig. 3, Table 3). Mineral topsoil and cryoturbated material are at an interme-
diate state of decomposition compared to organic topsoil and mineral subsoil material (Table 2; see also ref. 30), 
and microbial C versus N limitation might differ strongly between individual soil samples. This variability was 
not connected to differences in bulk SOM stoichiometry (Supplementary Table S4). For cryoturbated material in 
particular, previous studies have suggested low bio-availability of the N present22, and have shown a strong stim-
ulation of SOM decomposition after addition of organic N, but not organic C alone15. Also in this study, effects of 
protein were by far stronger than those of cellulose. However, our findings suggest that not only low N availability, 
but also low C availability can constrain the decomposition of cryoturbated material.

With rising temperatures in the Arctic, increases in belowground plant biomass11, in root production31, and 
in plant belowground C transfer32 have been observed. Our findings indicate that an increased transfer of organic 
compounds from plants to the soil (e.g., via root litter) can stimulate the decomposition of native SOM especially 
in deeper soil horizons, i.e., below the organic topsoil. Although the decomposition of SOM in these horizons 
is constrained by its low quality and by low temperatures, deeper soil horizons showed not only the highest rel-
ative increases in SOC mineralization after addition of cellulose or protein (Fig. 3), but also absolute increases 
in SOC mineralization within the range observed for organic topsoils (Fig. 2). This pattern prevailed even when 
we considered the decrease in soil temperature with depth under field conditions (Table 4). With the majority of 
arctic SOC in horizons below 30 cm (ref. 18), an enhanced mineralization of this SOC might strongly affect the 
C balance of arctic ecosystems, and amplify the positive feedback between permafrost CO2 emissions and global 
warming (e.g., ref. 33). Mineral and cryoturbated horizons of the active layer are estimated to store 360 Pg of 
organic C (ref. 34), and the projected thawing of the upper permafrost table (active layer deepening) is expected 
to increase the stocks available for SOM decomposition by another 109 Pg until 2100 (mineral permafrost soil 
expected to thaw under moderate radiative forcing34). Although results from laboratory incubation experiments 
cannot be directly translated to the field, it is still interesting to note that additional losses of native SOC induced 
by cellulose or protein input in our experiment would correspond to additional SOC losses in the order of 1.2 Pg 
(cellulose) or 3.8 Pg (protein) across a four-month growing-season, demonstrating the potential for changes in 
C cycling by priming in permafrost soils. By comparison, CO2 production from fossil fuels accounts for approx-
imately 7.8 Pg C per year35.

We emphasize that our extrapolated values likely represent the upper limit for potential additional SOC 
losses, given the favourable conditions for decomposition and the ample supply of plant-derived compounds 
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in our experiment. The extent to which these potential losses will be realized will depend on abiotic constraints 
on decomposition (e.g., anoxic conditions, protection by soil aggregates) as well as on quantity and quality of 
additional plant-derived organic compounds. For instance, deep active layer and current permafrost were most 
susceptible to an increased availability of plant-derived compounds in our experiment, but are hardly affected by 
plant roots under field conditions, given that more than 90% of plant roots are currently located in the top 30 cm 
of the soil36. However, as permafrost soils get warmer and the active layer deepens, plants might increasingly 
access deeper soil horizons to take up nutrients. Our findings suggest that the extent of such changes in plant 
rooting depth will strongly determine the magnitude of additional SOC losses induced by priming.

While our findings show that a higher availability of plant-derived organic compounds can considerably stim-
ulate SOC mineralization in deeper soil horizons, the consequences for the ecosystem C budget will depend on 
the balance between additional plant primary production and additional C mineralization, including the direct 
stimulation of SOM decomposition by soil warming, the stimulation induced by increased plant-soil C alloca-
tion, and the decomposition of the additionally produced plant litter itself. Recent studies on an ecosystem scale 
suggest that both net C sequestration and net C losses might be observed: (1) Net ecosystem C sequestration will 
then occur where the enhanced CO2 fixation by plants exceeds the additional losses by SOC mineralization. Such 
a case has been observed in a tussock tundra, where ten years of warming promoted belowground plant biomass 
and microbial activity in the mineral soil horizon, and overall increased organic C storage in this horizon, and 
in the entire ecosystem11. (2) Net C losses from the ecosystem will occur where the additional C mineralization 
exceeds the additional CO2 fixation. Such a case has been suggested for the tree line in the European sub-Arctic, 
where ecosystem C stocks were lower in a forest than in an adjacent tundra, and where this difference has been 
specifically attributed to a stimulation of SOC mineralization in the forest due to higher plant-soil C allocation10. 
Also a range of other studies have observed a decrease in arctic ecosystem C storage due to warming37,38, but 
contributions of direct stimulating effects on SOM decomposition, effects mediated by increased N availability 
and effects mediated by increased plant-soil C allocation have not been distinguished. Whether the stimulation 
of SOM decomposition will overall only reduce the ecosystem C sink strength, or even induce net ecosystem 
C losses, might thus depend on functional properties of the initially dominant plants and on changes in plant 
species composition with warming, for instance related to quantity and quality of root litter and root exudates, to 
rooting depths, or to mycorrhizal associations10,39.

Material and Methods
Soil Sampling. Soils for the incubation experiment were sampled at four sites across the Siberian Arctic, in 
the areas of Cherskiy (Eastern Siberian Arctic), Ari-Mas, Logata (both Central Siberian Arctic), and Tazovskiy 
(Western Siberian Arctic; Fig. 1). All sampling sites were underlain by continuous permafrost, and samples were 
taken in the late growing-season at the maximum thaw depth. Sites are described briefly in Table 1, and in detail 
in ref. 30.

At each study site, we identified two zonal upland tundra vegetation types that were representative for the 
respective landscape. For each vegetation type, we excavated three soil profiles of 5 m length down to the perma-
frost table, and sampled soil horizons from these profiles. We additionally sampled the upper part of the perma-
frost using a steel corer, to a maximum depth of 30 cm from the permafrost table. Soil samples were grouped into 
five categories: Organic topsoils were O horizons (1), mineral topsoils comprised OA, A and AB horizons (2), 
and mineral subsoils BC and C horizons from the active layer (3). We further identified pockets of cryoturbated 
material (Ojj and Ajj) in the active layer that were characterized by a higher SOM content than the surrounding 
mineral soil; these samples formed a separate category (4). Finally, samples of mineral subsoil from the upper 
permafrost were classified separately (5). Unless specified otherwise, we refer to mineral subsoils from active 
layer as “mineral subsoils” and to mineral subsoils from the permafrost as “permafrost”. Directly after sampling, 
living roots were removed, samples were air-dried, and stored in a dark, cool, and dry place. Air-drying of the soil 
samples was a prerequisite for sample transport from the remote field sites to the lab, but might have introduced 
a certain bias by reducing the active microbial community. In order to re-activate the microbial community, we 
therefore allowed for a pre-incubation period. Two weeks before the start of the experiment, we weighed tripli-
cates of 2.5 g (O and OA horizons), 5 g (Ojj and Ajj horizons) or 10 g soil (A, AB, BC, and C horizons of the active 
layer, as well as permafrost samples) into glass bottles (headspace 100–130 ml), adjusted water contents to 60% 
water holding capacity, and loosely plugged the bottles with polyethylene wool. Samples were pre-incubated in the 
dark at 15 °C. Respiration rates measured after two weeks were similar to rates in fresh samples of organic topsoil, 
mineral subsoil and cryoturbated material from the Siberian Arctic measured in a previous experiment15, and we 
therefore consider the two week pre-incubation sufficient for the re-establishment of an active native microbial 
community. This is supported by previous studies showing minor long-term effects of a single drying-rewetting 
event on microbial community composition and decomposition processes40–43.

Carbon and N content were determined in dried and ground samples with EA-IRMS (Elementar vario 
MICRO cube EA, Elementar Analysensysteme GmbH, Germany, and Elementar IsoPrime 100 IRMS, IsoPrime 
Ltd., UK). Sample numbers, sampling depths, average contents of organic C and total N, C/N ratios, and C isotope 
values are given in Table 2 and Supplementary Table S1.

Setup of the Incubation Experiment. 13C-labelled cellulose (Isolife Cichorium intybus cellulose, U13C, 
> 97 at%) and 13C-labelled protein (Sigma-Aldrich algal crude protein extract, U13C, 98 at%) were diluted with 
unlabelled cellulose or protein, respectively, to reach 5 at% 13C. Triplicates of the pre-incubated samples were 
assigned to the three treatments (control, cellulose, protein), and samples assigned for cellulose or protein treat-
ments were amended with 5 at% 13C cellulose or 13C protein in amounts equivalent to 4% SOC by mixing the dry 
powder into the soil. Neither cellulose nor protein significantly affected the pH of the soil.
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In contrast to monomeric compounds such as glucose and amino acids that can be immediately taken up by 
soil microorganisms, cellulose and protein have to be broken down by extracellular enzymes before uptake. The 
addition of cellulose or protein, even of rather high amounts as in this study, therefore leads to only a slight, but 
persistent increase in organic C and N availability for soil microorganisms, as indicated by the ongoing respira-
tion of cellulose- and protein-derived C even after 25 weeks of incubation (Supplementary Fig. S1), and thus more 
closely mimics the long-term mobilization of organic C and N during root litter decomposition.

After substrate addition, samples were again plugged with polyethylene wool and incubated at 15 °C for 25 
weeks. During the course of the incubation, samples were weighed weekly and water lost by evaporation was 
replaced with ultrapure water.

Respiration Measurements. Respiration rates were measured immediately after substrate addition, and 
after 7, 14, 21, 28, 42, 56, 84, 112 and 175 days. For gas sampling, bottles were closed with rubber plugs and 
flushed with CO2-free air. Gas samples were taken after 24–48 h incubation at 15 °C with gas tight syringes and 
analysed with gas chromatography (Cherskiy and Tazovsky: Agilent 7820A GC, Agilent Technologies; Ari-Mas 
and Logata: Shimadzu GC 2014, Shimadzu). CO2 concentrations were corrected for the amount of CO2 dissoci-
ated in the soil solution44. To determine the C isotope composition of respired CO2, additional gas samples were 
taken on days 9, 44, 86, and 177 as described above and analysed with a GasBench II system coupled to a Delta 
V Advantage IRMS (Thermo Scientific). Based on the C isotope composition of respired CO2, we distinguished 
between CO2 derived from the added substrate and from SOC using the equations

= × − −C C (at% at% )/(at% at% ) and (1)SOC Total Total Substrate SOC Substrate

= − .C C C (2)Substrate Total SOC

CTotal, CSOC and CSubstrate are total, SOC-derived and substrate-derived CO2, and at%Total, at%SOC and at%Substrate 
are isotopic compositions (in at% 13C) of total, SOC-derived and substrate-derived CO2, respectively. The isotopic 
composition of SOC-derived CO2 was set to the respective value for unamended control samples. Based on the 
contributions of substrate-derived and SOC-derived CO2 to total respiration at these timepoints, we interpolated 
these values for the other timepoints where 13CO2 data were not available, and calculated the cumulative amounts 
of CO2 released from the added substrate and from SOC over the course of the incubation. Throughout the text, 
we use the term “SOC mineralization” exclusively for CO2 production from native, unlabelled SOC, excluding C 
mineralized from added, 13C-labelled cellulose or protein.

Since mineral, cryoturbated and permafrost horizons are not likely to experience temperatures of 15 °C 
under field conditions, we additionally estimated SOC mineralization for soil temperatures typical for the 
growing-season. Based on field measurements during sampling, we estimated growing-season soil temperatures 
as 8 °C (organic topsoil), 7.5 °C (mineral topsoil), 4.5 °C (mineral subsoil), and 4.1 °C (cryoturbated material). 
Permafrost material was frozen at the time of sampling, but since our experiment simulated the exposure of 
recently thawed permafrost to increased cellulose or protein input, we assumed a temperature of 1.0 °C. We 
finally estimated SOC mineralization rates and additional SOC losses induced by cellulose and protein for typical 
growing-season temperatures using Q10 values determined for the same set of soil samples in a second incubation 
experiment (Gentsch et al., unpublished).

Microbial Biomass and Substrate Use Efficiency. Content and isotopic composition of microbial C 
were estimated with chloroform-fumigation-extraction15,45. Soil samples fumigated with chloroform, as well 
as non-fumigated samples, were extracted with 0.5 M K2SO4 and dissolved organic C was measured using an 
HPLC-IRMS system in direct injection mode against sucrose standards46. Microbial C content was calculated as 
the difference in dissolved organic C between fumigated and non-fumigated samples, and isotopic composition 
of microbial C was calculated using the equation

= × − ×− −at% (C at% C at% )/C , (3)Mic Fum Fum Non Fum Non Fum Mic

with CFum and at%Fum representing content and isotopic composition of dissolved organic C in fumigated 
samples, and CNon-Fum and at%Non-Fum in non-fumigated samples. CMic and at%Mic represent content and isotopic 
composition of microbial C. Substrate- and SOC-derived microbial C were distinguished using equations (1) and 
(2), replacing respired C by microbial C. The microbial efficiency to incorporate substrate-derived C was calcu-
lated by comparing substrate-derived C in the microbial biomass (MCSubstrate) and in cumulative CO2 respired 
during the course of the incubation (RCSubstrate) as

= + .Substrate use efficiency MC /(MC RC ) (4)Substrate Substrate Substrate

Statistical Analyses. Statistical analyses were performed in R 2.15.0 (ref. 47), with the additional pack-
age GenABEL48. We applied Mann-Whitney-U tests to test for differences between horizons and Welch’s paired 
t-tests to test for differences between control and cellulose, control and protein, as well as cellulose and protein 
treatments, respectively. For paired t-tests, data were log- or rank-transformed if necessary to achieve normal 
distribution. We further performed Spearman’s rank sum correlations that test for a monotonous relationship 
between two parameters, and describe the closeness of this relationship using Spearman’s correlation coefficient 
rho. Differences and correlations were considered significant at p <  0.05.
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Changes in SOC mineralization and microbial biomass are presented as response ratios (RR), calculated as 
ratios between samples amended with cellulose or protein and the respective control samples.
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