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1. INTRODUCTION 
 

Climate change models predict that the mean global surface air temperatures will increase by 
between 1.4 and 5.8°C until the end of the twenty-first century (IPCC, 2001). As a result, 
decomposition of soil organic matter (SOM) is expected to be accelerated, thereby releasing 
carbon (C) from the soil to the atmosphere (Trumbore et al., 1996).  Much uncertainty remains, 
however, on the amount of C that may potentially be released from soils as a consequence of 
global warming. Although microbial activity and thus decomposition processes are known to 
be temperature-sensitive, the impact of warming on soil processes is currently under 
considerable debate.  

This study is aimed at determining (1) whether the substrates utilized by arctic microbes 
change with temperature, and particularly whether the recalcitrant C stocks may be utilized at 
higher temperatures; (2) whether such changes are caused by a change in microbial community 
composition; and (3) whether substrate limitation is controlling the resource utilization patterns.  
 
 

2. MATERIALS AND METHODS  
 

Soils were taken from Gdansky-Peninsula, Siberia (69° 43.0'N, 74° 38.8'E, 74 m a.s.l.). The 
site is located in the arctic bioclimate subzone D, (CAVM Team, 2003) also called typical 
tundra subzone (Chernov, Matveyeva, 1997). Mean annual temperature was -9.88°C and mean 
annual precipitation 336 mm. One of the most common landscape forms within this area is 
frost-boil tundra, which consists of patches of bare soil surrounded by rims (small mounds of 
earth) and troughs (depressions). At rims dwarf shrubs (Vaccinium vitisidea, V. minus, Dryas 
punctata), graminoids (Carex arctisibirica, Arctagrostis latifolia and Calamagrostis holmii) 
and lichens (e.g. Cetraria nivalis), in troughs deciduous shrubs (Betula nana, Salix lapponum, 
S. glauca) and mosses (e.g. Aulacomnium turgidum, Hylocomium splendens and Dicranum sp.) 
are dominant. 

The soils are classified as Gleyic Cryosols according to the World Reference Base for Soil 
Resources (WRB). Organic horizons (O and Ap) and mineral horizons (Ah) were on average 
5.1 and 5.5 cm deep in rims, and 6.6 and 13.6 cm deep in troughs. The mean bulk density of 
organic and mineral soil was 0.19 and 0.84 g m-3, respectively. Organic soils of troughs 
contained highest amounts of SOM (69.3% of dry matter), followed by organic soils of rims 
(44.1%). Mineral soils were considerably lower in SOM content (25.1% in troughs and 11.4% 
in rims). The C/N ratios ranged from 21.0 in organic soil to 15.2 in mineral soils, and pH was 
generally around 5. Mean soil temperature during July 2001 was 8.9 and 5.0°C (at the surface 
and in 5 cm depth, respectively), with minima of 1.1 and 2.8°C and maxima of 22.8 and 12.6°C, 
respectively. 
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Three intact soil cores (approx. 25×25×25 cm) were collected each from rims and troughs 
within 1 ha plot. The soil cores were frozen at -20°C and transported to the laboratory within 2 
days. The soil cores were kept frozen until the start of the experiment. After being allowed to 
thaw, the soil cores were subdivided into the two horizons (organic and mineral). Four cubes 
(approx. 10×10×10 cm) were cut for each horizon to incubate three of them at each temperature. 
One soil cube was used to determine SOM content and SOM fractions before incubation 
procedure. The soil cubes were incubated in the dark at 2, 12 and 24°C for 6 weeks. Moisture 
content was adjusted to 50% fresh weight for organic soils and 40% for mineral soils and kept 
constant by adding deionized water as necessary. After the termination of the incubation 
experiment, soils were analyzed as detailed below. 

Total SOM content was determined by dry combustion (at 450°C). A chemical fractionation 
procedure was applied to separate soil organic carbon pools and to determine their isotopic 
signatures. Sequential extraction with cold water to dissolve simple sugars and acid hydrolysis 
to solubilize pectins and cellulose (leaving lignin and humic substances behind) was performed 
(Sollins et al., 1999). All soil samples and fractions were dried at 60°C and homogenized 
before analysis by elemental analyzer-isotope ratio mass spectrometry (EA-IRMS). The δ13C 
value of the acid-soluble pool was calculated by the difference between soils before and after 
acid hydolysis according to the mass balance equation: Cs × δs = Cas × δas + Cr × δr, where s and 
as represent soil and acid-soluble fraction, and r the residue. C is the amount of carbon in each 
fraction and δ the corresponding δ13C value. 

Heterotrophic respiration was determined followed the alkali trap and titration method. 
Subsamples of approximately 5×5×5 cm (10-20 g soil fresh weight) were incubated with 
NaOH (10 mL, 0.5 M) for 8–10 days at various temperatures. The CO2 produced and trapped 
in NaOH was precipitated by addition of 15mL 2M SrCl2. Excess NaOH was titrated back with 
0.2M HCl. Precipitated SrCO3 was collected by centrifugation, after washing five times with 
deionized water and once with EtOH, and used for 13C analysis (Harris et al., 1997). Aliquots 
of SrCO3 (2.5 mg) were analyzed with vanadium pentoxide (5 mg) as a combustion reagent by 
EA-IRMS. Blanks without soil addition were included in all experiments.  

The natural abundance of 13C was expressed as parts per thousand relative to the 
international standard PDB using delta units (δ). The isotopic signature of CO2 of soils 
incubated at 24°C was further determined at 12°C (´temperature reversal experiment´). 
Therefore, soils incubated at 24°C were measured at 12°C for 8 days to collect CO2 as 
described above.  

Effects of temperature on heterotrophic respiration are described by Q10 values:  
Q10 = R1 / R2

10/(T2-T1), where T1 and T2 represent the lower and the higher temperature, 
respectively, and R is the respiration rate at the particular temperature. 

To rule out isotopic discrimination during absorption of CO2 in alkali or during precipitation 
with SrCl2, we incubated a known amount of CO2 with a known isotopic composition at 
various temperatures for 8 days, and collected SrCO3 as described above. Quantitative recovery 
of CO2 was achieved and no isotopic fractionation occurred for amounts >2 mg C. 

This corresponded to a minimum volume of all samples except for CO2 produced in mineral 
soils incubated at 2°C. These isotopic data were therefore excluded. No differences in isotopic 
signature of CO2 between the temperature treatments were observed. 

For determination of microbial biomass C and δ13C we made use of the chloroform-
fumigation method (Vance et al., 1987) and a persulfate digestion technique (Paul et al.,1999). 
The dissolved C was oxidized by heating at 120°C for 2 h, and the evolved CO2 was trapped in 
NaOH. The culture tubes were kept sealed for several hours to guarantee full absorption of CO2. 
Blanks and standards (glycine) were digested simultaneously with samples. Absorbed CO2 was 
precipitated as SrCO3. Microbial biomass C of initial soils as part of the soil C fractions was 
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calculated as the difference between C concentrations in fumigated and non-fumigated samples, 
corrected by the extraction coefficient for C (kEC=0.45) (Joergensen, 1996). 

Collection of SrCO3 for 13C analysis of microbial biomass at each incubation temperature 
was performed as described above. A large, but constant (with respect to C content and 
temperature) isotope fractionation of -5.2‰ was associated with the persulfate digestion. Thus, 
the measured δ13C values of microbial biomass were corrected to this value. 

Phospholipid fatty acids (PLFAs) were analyzed as fatty acid methyl esters (FAMEs) by 
using a modified procedure described by Frostegard et al. (1991) PLFAs were identified by 
chromatographic retention time using a standard (bacterial acid methyl ester mix, Supelco). 
Total PLFA content was used as a measure of viable microbial biomass at different 
temperatures. The specific PLFAs were organized into five compound groups: the 
monounsaturated, straight-chain (16:1ω7c, 18:1ω9c, 18:1ω9t) and the cyclopropane (17:0cy9-
10, 19:0cy9-10) PLFAs, which are typical for Gram-negative bacteria. Saturated, terminally 
branched PLFAs (i-15:0, a-15-:0, i-16:0, i-17:0) were used as markers for Gram-positive 
bacteria. For fungi, the polyunsaturated, straight-chain PLFA (18:2ω6) was used, while the 
long, saturated, straight-chain PLFA (20:00) was chosen to represent the plants and other 
eukaryotic cells. The straight chain, saturated PLFAs (14:0, 15:0, 16:0, 17:0, 18:0) are 
ubiquitous among bacteria and fungi. 
 
 

3. RESULTS  
 

3.1 Effects of temperature on the δ13C of CO2 
The δ13C values of CO2 respired were negatively correlated with temperature in organic 

horizons (p<0.05, for both rims and troughs). They linearly decreased from -23.9‰ to -26.6‰   
 

 
Fig. 1. δ13C of CO2 respired from arctic soils incubated for 6 weeks at 2°C, 12°C and 24°C. Black 

circles indicate δ13C of CO2 respired at incubation temperature, open triangles δ13C of CO2 
respired at 12°C after incubation at 24°C (‘temperature reversal experiment’). Values 
represent means ± SE (n=3). The horizontal lines indicate the isotopic signatures of the 
respective bulk soil. 
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in rims and from -20.6‰ to -29.8‰  in  troughs  between  2°C  and  24°C  (Fig. 1).  In mineral 
horizons, the δ13C of CO2 respired also decreased from 12°C to 24°C. 

When heterotrophic respiration of soils which had been incubated at 24°C was measured at 
12°C (´temperature reversal experiment´), the δ13C of CO2 shifted to values which were close 
to those previously found at 12°C incubation.  

Stable isotopic signatures of CO2 were generally less negative in mineral than in organic 
horizons. 
 
3.2 Effects of temperature on heterotrophic respiration 

In organic horizons, respiration rates increased across the entire temperature range (mean 
Q10 of 2.6). Temperature sensitivity, however, was greater between 2°C and 12°C (Q10 of 3.8) 
than between 12°C and 24°C (Q10 of 1.3). Heterotrophic CO2 production in mineral horizons of 
troughs at 2°C was below detection limits. Between 12°C and 24°C, however, respiration rates 
increased (Q10 of 2.6), while they slightly decreased in rims (Q10 of 0.8). Generally, CO2 
production rates were similar between the two microsites, and greater for organic than for 
mineral horizons (Fig. 2).  

 

 
     
Fig. 2. Respiration rates of soils of frost-boil tundra after 6 weeks of incubation at 2°C, 12°C and 

24°C. Values represent means ± SE (n=3). 
 
3.3 Effects of temperature on microbial biomass and community structure 

Total PLFAs as an indicator of microbial biomass ranged between 1.3 and 4.3 µmol PLFA  
g-1 SOM, and were greatest at 12°C (Table 1). The δ13C values of microbial biomass did not 
differ significantly between the temperature regimes (Table 1). However, δ13C values were 
generally less negative in mineral than in organic horizons. In both horizons, Gram-negative 
bacteria and fungi significantly decreased with warming, while Gram-positive bacteria and the 
saturated, straight-chain PLFAs (characteristic of both bacteria and fungi) significantly 
increased (Fig. 3). In general, PLFAs showed increasing saturation with increasing 
temperatures.  
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Table 1. Microbial biomass (MB) and δ13C of microbial biomass of arctic soils incubated at 2°C, 
12°C and 24°C for 6 weeks. Values represent means ± SE (italics) (n=3). 

Rims Troughs 
 

2°C 12°C 24°C 2°C 12°C 24°C 
Organic horizon 

1.40 2.93 2.38 1.93 4.27 2.13 MB (µmol PLFAs g_1 SOM)
 0.11 0.25 0.63 0.16 0.67 0.14 

-25.94 -26.47 -25.96 -25.00 -24.97 -25.18 δ13C of MB 
 0.11 0.58 0.39 0.47 0.54 0.40 

Mineral horizon 
1.90 3.49 2.31 1.26 2.09 1.70 MB (µmol PLFAs g_1 SOM)

 0.21 0.57 0.28 0.12 0.27 0.12 
-24.00 -22.81 -23.71 -26.57 -25.55 -25.80 δ13C of MB 

 0.48 0.72 0.29 0.11 0.11 0.22 
 

 

 

Fig. 3. PLFA composition (% of total; see Table 1 for details) of the microbial biomass of organic 
(A) and mineral (B) soils of a frost-boil tundra incubated at three different temperatures. 
‘Gram-negative bacteria’ include monounsa-turated, straight-chain PLFAs and 
cyclopropane, ‘Gram-positive bacteria’ saturated, terminally branched PLFAs, ‘Fungi’ 
polyunsaturated, straight-chain PLFAs, ‘Bacteria and Fungi’ saturated, straight-chain 
PLFAs and ‘Plants and Eukaryotes’ long, saturated, straight-chain PLFAs. Values 
represent means ± SE (n=3). Within each group, different letters denote statistically 
significant differences (ANOVA, LSD, p < 0.05).
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This change in PLFA composition was gradual across all temperature regimes in mineral 
horizons, but not in organic horizons, suggesting that thermoadaptation of specific PLFAs 
without a change in microbial community structure (Cooke, Whipps, 1993) was only of minor 
importance. No consistent temperature effect was found for the longer, saturated, straight-chain 
PLFAs which are representatives for plants and other eukaryotes. Since rims and troughs did 
not show any significant difference in specific PLFA composition, the data given (Fig. 3) are 
the average of both subsites. 

 
3.4 Soil fractionation 

The chemical soil fractionation revealed that distinct carbon pools exhibit distinct isotopic 
signatures. The pattern was generally similar for both rims and troughs, as well as for organic 
and mineral horizons (Table 2). The fraction with the most positive δ13C values was the water-
soluble fraction (-23.2 to -24.9‰) followed by microbial biomass (-24.9 to -26.6‰) and the 
acid-soluble fraction (-25.1 to -25.5‰).The acid-insoluble fraction had the most negative δ13C 
values (-27.1 to -28.0‰). The bulk soil was thus 13C-enriched relative to the acid-insoluble 
fraction and depleted relative to all other fractions.  

 
Table 2. Amount and isotopic signatures of carbon pools of arctic soils after chemical fractionation. 

Values represent means ± SE (italics) (n=3) 
Rims Troughs Carbon fractions 

 C (% of total) δ13C (%) C (% of total) δ13C (%) 
Organic horizon 

1.53 -25.89 1.62 -26.62 Microbial biomass 0.14 0.26 0.30 0.32 
1.80 -24.29 2.09 -24.94 Water soluble 0.15 0.10 0.46 0.12 

43.74 -25.19 34.31 -25.13 Acid soluble 2.72 0.45 3.43 0.45 
52.93 -27.62 61.97 -28.09 Acid insoluble 7.24 0.20 2.80 0.25 

Bulk soil 100.00 -26.50 100.00 -27.07 
Mineral horizon 

1.99 -24.89 2.04 -25.30 Microbial biomass 0.35 0.41 0.61 0.91 
3.36 -23.25 3.12 -24.06 Water soluble 1.23 0.27 0.25 0.16 

78.60 -25.54 38.71 -25.11 Acid soluble 40.06 0.21 10.58 1.41 
16.04 -27.23 56.12 -27.05 Acid insoluble 2.46 0.26 6.03 0.87 

Bulk soil 100.00 -25.77 100.00 -26.20 
 

Similarly to CO2 respired and microbial biomass C, the δ13C values of bulk soils and SOM 
fractions were less negative in mineral than in organic horizons. This is consistent with the 
frequently observed trend of 13C enrichment with soil depth, and most likely results from a 
progressive incorporation of microbial components in the residual SOM (Ehleringer et al., 
2000).  

In all soils except the mineral soil of rims the acid-insoluble fraction made up the largest 
proportion of total organic C followed by the acid-soluble fraction (Table 2). In mineral soils of 
rims the acid-soluble fraction comprised the largest fraction followed by the acid-insoluble 
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fraction. The lowest C contents, however, were found in microbial biomass and in the water-
soluble fraction.  

 
 

4. DISCUSSION  
 

The incubation temperature strongly affected the δ13C values of CO2 respired from arctic 
soils. At higher temperatures, the CO2 was more depleted in 13C, whereas, at lower 
temperatures,  the  CO2 was more enriched in 13C.  Thus, the  temperature  regime  affected  the 
utilization of C sources with different δ13C signatures by soil microbes or by microbial 
metabolisms leading to isotopic fractionation. Although the temperature itself is thought to 
cause no isotope effect on individual steps of enzymatic reactions (O´Leary et al., 1992), large 
isotope effects might be possible if metabolic pathways of microorganisms change 
(Santruckova et al., 2000). However, a possible shift in  δ13C values of CO2  respired  should be  
balanced by an opposite shift in δ13C values of microbial biomass.  

In our study, the isotopic signature of microbial biomass did not correlate negatively with the 
isotopic signature of CO2 respired, making such metabolic changes unlikely. Our data therefore 
suggest that the observed decrease in δ13C values of CO2 respired with temperature is due to 
utilization of different C compounds by soil heterotrophs, i.e., that arctic microbes 
preferentially consume 13C depleted compounds at higher temperatures. 

These results are similar to forest ecosystems, where lower δ13C values of CO2 produced at 
40°C and 22°C than at 4°C were found (Andrews et al. 2000). It was suggested that at higher 
temperatures more recalcitrant sources were decomposed by microbes, since literature data 
indicated that recalcitrant C sources are depleted in 13C (Benner et al. 1987). In our study of 
arctic soils similar C isotopic signatures were found. The non-extractable and thus chemically 
most resistant fraction of the SOM, which mainly comprises lignin and humic substances, was 
most 13C depleted, while the acid- and water-extractable fractions were relatively more 
enriched in 13C. Since the δ13C values of CO2 respired at 24°C were most similar to the δ13C 
values of the resistant fraction, we conclude that the recalcitrant C fractions are preferentially 
respired at 24°C. The δ13C values of CO2 respired at 12°C and 2°C were relatively more 
enriched in 13C, indicating the utilization of the chemically less resistant compounds at lower 
temperatures. In soils of troughs, however, the δ13C signal of CO2 respired at 2°C was 
significantly more positive than the water-soluble fraction.  

This may be explained by the fact that each SOM fraction itself consists of various 
chemically different substances, e.g., of soluble humic compounds and sugars (Gregorich et al., 
2000), which may have very different isotopic signatures. It has been questioned, however, 
whether the utilization of recalcitrant compounds of the soil is induced by temperature increase 
or by depletion of more labile substrates (Leifeld 2003). In our study, a decrease of temperature 
to 12°C after incubation at 24°C resulted in an increase of δ13C values of CO2 respired, 
indicating that the more easily available substrates were not exhausted at 24°C.  

Therefore, temperature rather than substrate limitation was responsible for selective substrate 
utilization. Temperature may increase the solubility of the recalcitrant substrates, or may 
destabilize these compounds (Waldrop, Firestone 2004). Temperature further may affect 
exoenzyme activity in soils thereby potentially increasing the availability of recalcitrant 
substrates at higher temperatures. Weintraub and Schimel (2003) demonstrated recently that 
tundra soils do not show a chemical limitation to decomposition. Instead they suggested that 
limitation may result from unfavorable environmental conditions like cold temperatures or high 
soil moisture, leading to accumulation of soil organic matter at high latitudes. 

Assuming a constant Q10 value over the entire temperature range, respiration rates would 
increase exponentially with warming (Reichstein et al., 2000; Kirschbaum, Paul, 2002; Mertens 
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et al., 2001). In contrast to older studies (Nadelhoffer et al., 1991), our study, as well as many 
newer laboratory and field studies (Dalias et al., 2001; Kirschbaum 1995; Lloyd, Taylor 1994; 
Lenton, Huntingford 2003), demonstrated that Q10 values were not constant, but decreased with 
increasing temperature. This decrease was only slight, however, with the exception of mineral 
soils of rims. This is surprising for two reasons: first, arctic ecosystems are dominated by 
microorganisms adapted to low temperatures (Dalias et al., 2001). Second, our analysis of 
respired CO2 suggests that more recalcitrant C compounds are utilized at higher temperatures. 
The recalcitrant compounds are often considered as ‘passive’, i.e., not contributing to 
heterotrophic respiration (Parton et al., 1987). Our data suggest, however, that the recalcitrant 
C pools may be efficiently respired. Thus, the substrate quality may only have a small 
influence on CO2 production rates and the extent by which the respiration rates may slow down 
as a result of a shift in resource quality due to warming may be overestimated. 

The utilization of labile vs. recalcitrant C compounds may be mediated by different 
microbial communities (Schimel, Gulledge, 1998; Waldrop, Firestone, 2004). We found indeed 
significant shifts in microbial community composition within the soils as temperature increased. 
While fungi and Gram-negative bacteria decreased, Gram-positive bacteria were relatively 
more abundant at higher temperatures. 

There was also a significant increase among microorganisms with straight-chain, saturated 
PLFAs. The observed pattern is generally consistent with other studies on the development of 
below-ground communities as a result of warming (Waldrop, Firestone, 2004; Bardgett et al., 
1999; Zogg et al., 1997). It seems that the slow-growing fungi are less competitive at higher 
temperatures, whereas the fast-growing Gram-positive bacteria are better adapted to such 
conditions. Accordingly, in arctic soils, the Gram-positive bacteria may be responsible for the 
decomposition of low quality substrates. These organisms might increase their ability to utilize 
the recalcitrant compounds by increasing their investment in exoenzymes (Schimel, Weintraub, 
2003). Indeed, although microbial biomass peaked at 12°C, the highest exoenzyme activities 
(e.g., urease) were found in soils incubated at 24°C (data not shown). However, organic soils 
incubated at 2°C and 12°C did not exhibit different PLFA compositions, despite differences 
found in substrate utilization. This implies that microbial community structure may not have 
changed, but that microorganisms may have adapted their physiology, i.e., changed their 
resource use with temperature (Santruckova et al., 2000). The finding that the recalcitrant SOM 
is preferentially respired at higher temperatures may be important in predicting climate-change 
effects on C cycling in northern ecosystems. First, even the most resistant SOM fractions can 
be potentially mineralized by arctic microbes, and second, they may be mineralized at 
relatively high rates. The utilization of recalcitrant C compounds may be explained by a shift in 
microbial communities to organisms with higher temperature optima and preference for more 
recalcitrant substrates. However, it is the temperature and not depletion of readily available C 
compounds that induces the preferential decomposition of recalcitrant SOM fractions. Thus, 
the recalcitrant C stocks in the arctic biome may not be permanent and the expression ‘resistant 
carbon compounds’ may not be valid in a future warmer world. 

 
 

5. CONCLUSION 
 
Our results suggest that, at higher temperatures, recalcitrant compounds are preferentially 

respired by arctic microbes. When the isotopic signatures of respired CO2 of soils which had 
been incubated at 24°C were measured at 12°C, the δ13C values shifted to values found in soils 
incubated at 12°C, indicating the reversible use of more easily available substrates. Analysis of 
phospholipid fatty acid profiles showed significant differences in microbial community 
structure at various incubation temperatures indicating that microorganisms with preference for 



Decomposition of labile and recalcitrant soil organic matter  

 

101 

more recalcitrant compounds establish as temperatures increase. In summary our results 
demonstrate that a large portion of tundra SOM is potentially mineralizable.  
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