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Microbial assimilation and stabilization of soil organic carbon (SOC) is an important process in global carbon cycling. For an improved understanding of climate-induced changes in ecosystem C dynamics, it is important to know the group-specific turnover of microbial C. Consequently, we wanted to answer the questions if fungi store newly assimilated C longer than bacteria and if climatic and edaphic properties of different regions affect microbial C assimilation and its subsequent release. This study presents results from a 112-day long field experiment where endogenous microorganisms from two agricultural soils were labeled with 13C labeled glucose to follow the dynamics of newly assimilated C. Both soils were representative for the respective study regions (Kraichgau and Swabian Alb). Whereas, microbial assimilation of newly added C was higher in Kraichgau than in Swabian Alb, the opposite result was obtained for the mean residence time (MRT) of microbial biomass C (76 days in Kraichgau and 93 days in Swabian Alb). The accelerated turnover rates of microbial C in the warmer soil of Kraichgau with lower clay content might be an important mechanism explaining the differences in SOC content between both regions. Gram-positive bacteria assimilated more 13C-glucose into their biomass than fungi and the MRT of C was higher in bacteria as compared to fungi in both regions. Beside these dynamic substrate utilization strategies, we observed possible cross feeding by gram-negative bacteria. Carbon MRT in fungi was region specific and was best represented by a two-pool model; the initial MRT ranged between 5 and 39 days and was, in the end, higher than 4 years. This hints toward a functional separation of the fungal community; fast growing fungi dominant in the early phase and internal redistribution of C in the second phase of decomposition. Our study identified microbial group and region specific MRT of freshly assimilated C as an important parameter, which might help to explain the commonly found variation in soil respiration and SOC stabilization.
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INTRODUCTION

Microbial assimilation of soil organic carbon and its subsequent turnover are important processes in global carbon cycling (Bardgett et al., 2008; Xu et al., 2014), since they determine the magnitude of microbial biomass in soils and control processes leading to soil carbon stabilization. Mechanisms and controls in microbial carbon assimilation and turnover play also a fundamental role in regulating land-atmosphere interactions (Bardgett et al., 2008; Trivedi et al., 2013). Although microbial-derived C may play an important role in SOC stabilization (Sokol et al., 2019), the factors regulating the release of C from the microbial biomass are still poorly understood (Throckmorton et al., 2012; Wieder et al., 2013).

Microbial biomass turnover represents a significant source of carbon in soils since a major amount of C input into soils is recycled through microbial metabolism with microbial biomass-derived C contributing significantly to formation of recalcitrant soil organic carbon (Kindler et al., 2006, 2009; Miltner et al., 2009). It is widely acknowledged that fungi are more important for SOC stabilization than soil bacteria, which is related to (1) a more efficient C utilization by fungi, and (2) a greater decay-resistance of fungal biomass than bacterial biomass (Jastrow et al., 2007; Throckmorton et al., 2012). Conceptual models that describe soil C turnover dynamics often consider only pool sizes and their average turnover rates (Schweigert et al., 2015); however, turnover times of individual microbial groups representing different pathways of in situ SOC decomposition and stabilization might improve our conceptual understanding of SOC dynamics.

Differential turnover rates of microbial groups in soil systems makes it possible to associate bacteria and fungi to fast and slow energy channels in soil food webs (Moore et al., 2005; Rousk and Bååth, 2007). Bacterial biomass turns over rapidly with turnover times reported between 2.3–33.7 and 2.1–13.1 days as compared to fungi with turnover times between 130 and 150 days (Bååth, 1998; Rousk and Bååth, 2007). Similar differentiation with respect to persistence of bacterial and fungal biomass C has been shown elsewhere; low bacterial biomass C half-lives (6.9 days & 1.3 years) compared to fungi (11.3 days & 3.8 years) (Kindler et al., 2009; Schweigert et al., 2015). However, contradictory group-specific biomass C turnover rates have also been found, which adds uncertainty to the fate of soil C processed by microbial decomposers and their role in C stabilization. For instance, equal or lower mean residence time of fungal biomass C than bacteria have been reported (Balasooriya et al., 2014; Chemidlin Prévost-Bouré et al., 2014; Müller et al., 2017). Nevertheless, studies investigating group-specific microbial turnover rates under in situ conditions are scarce while turnover times of microbial decomposers investigated under lab conditions may vary significantly from in situ conditions since growth rates of microbial decomposers under natural environments could be very slow (Chapman and Gray, 1986).

Turnover times of microbial biomass carbon may also differ considerably between regions and variations in climatic and soil properties including soil temperature, soil water capacity, pH, soil texture, soil carbon content, and microbial community composition are important in this context (Cheng, 2009; Strickland and Rousk, 2010; Blagodatskaya et al., 2011; Rousk and Bengtson, 2014; Wang et al., 2018). Regions with distinct edaphic properties have been shown to differ in turnover rates of soil bacteria and fungi and even microbial necromass has shown different turnover times in regions varying in e.g., soil clay content (Throckmorton et al., 2012; Chemidlin Prévost-Bouré et al., 2014). Clay content controls microbial biomass C turnover with high clay content being associated with slow carbon turnover (Gregorich et al., 1991). In contrast to the regional effects on the turnover of microbial C, land-use did not change incorporation of added substrates into microbial biomass (Dungait et al., 2011), adding uncertainty to the fate of carbon assimilated by soil microorganisms.

The aim of the present study was, therefore, to understand the turnover of newly assimilated microbial C under in situ conditions in agricultural soils of two regions that differed in climatic and edaphic properties. We hypothesized that soil fungi would retain newly assimilated carbon longer than bacteria due to slower turnover rates. We expected also that region-specific soil properties and environmental factors will control mean residence times of fungal and bacterial carbon. We used in situ labeling of bacteria and fungi with 13C labeled glucose to follow the dynamic of newly assimilated C in a 112-day long field experiment. Microbial carbon assimilation and subsequent turnover rates were assessed by measuring 13C in microbial biomass and in bacterial and fungal phospholipid fatty acids.



MATERIALS AND METHODS

Experimental Sites and Soil Sampling

The present study was conducted in two geographically distinct regions in southwest Germany that also differed in climatic and edaphic conditions. The Swabian Alb is characterized by humid and cold climate, whereas the Kraichgau is characterized by a drier and warmer climate compared to the Swabian Alb. The selected agricultural soils are representative for each region, respectively, based on the soil development expected for the dominant substrates and mean climatic conditions. Characteristic soil physiochemical and biological properties of both soils are given in Table 1. Bulk soil samples (10–15 cm) from an agricultural field in each region were collected, visible roots were removed and soils were sieved to <2 mm mesh size.


Table 1. Basic soil properties (up to 30 cm soil depth) of Kraichgau and Swabian Alb region. MAT and MAP represent mean annual temperature and precipitation, respectively.
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Setup of the Field Experiment

Soils were pre-incubated at 15°C for 1 week for microbial acclimation and to avoid sieving disturbance effects. To label indigenous soil microorganisms, 13C-glucose (99 atom% 13C, Sigma-Aldrich, USA) and nitrogen (ammonium nitrate) were added in solution form corresponding to 10% of initial C and N in microbial biomass. This level of C and N addition was tested in pre-experiments for both soils individually to avoid excessive microbial growth. Later on, thirty PVC cores (Ø 10 cm, H 1 cm) were filled with 80 g (dry weight) soil per core from each region at specific bulk density (see Table 1). Since both soils differed in microbial biomass amount, we added 2.90 mg 13C-glucose per core for Kraichgau and 5.53 mg 13C-glucose for Swabian Alb. Soil-specific solution amounts were added dropwise to the cores using a pipet to bring cores up to 60% water holding capacity. Soil cores were covered from top and bottom with a micromesh PA-material (500 μm mesh size) to avoid macro fauna intrusion but allowing water and microbial exchange. Later on, soils were incubated at room temperature (22°C) for > 26 h. Both the relative amount of glucose addition and time of incubation were tested to avoid excessive microbial growth and to ensure complete microbial uptake of the added glucose, respectively. After initial incubation in the lab, undisturbed soil cores now containing labeled indigenous microorganisms were buried in the top 10–15 cm soil depth in the field. Six cores were sampled from each of the two agricultural fields (one per region) after 1, 7, 27, 55, and 112 days' exposure to in situ conditions, respectively. 1-day sampling corresponds to the soils frozen directly after >26 h initial incubation in the lab (see above). Soil samples from each core were stored at −24°C until further analysis. Soil water content was measured gravimetrically by drying soils at 60°C for 3 days.



Lab Analyses


Microbial Biomass Carbon (13Cmic)

The chloroform-fumigation-extraction method was used to determine microbial biomass carbon with 5 g (fresh weight) soil extracted with 20 ml of 0.025 M K2SO4 solution. See Marhan et al. (2010) for method-specific steps. For isotopic measurement of microbial biomass, the methodology as adapted by Müller et al. (2017) was followed. We used the following equation to calculate 13C in microbial biomass:
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where “Cnf” and “Cf” corresponds to the extracted organic C contents of the non-fumigated and the fumigated samples (μg C g−1) and “AT%nf” and “AT%f” are their respective atom% 13C values. Calculation of the substrate-derived C (%) was done using the following equation:
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where “AT% Sample” are the respective atom% values of the samples, “AT% glucose” the atom% value of the glucose (99 atom%), and “AT% FS” the atom% value of the SOC. Subsequently, the total amount of substrate-derived carbon in the microbial biomass was calculated (mg 13C g−1 added substrate).



Microbial 13C Phospholipid Fatty Acid (PLFA)

Microbial PLFAs were extracted from 2 × 6 g (fresh weight) soil samples and further transformed into fatty acid methyl esters (FAMEs) by alkaline methanolysis (Frostegård et al., 1991). For methodological details see Kramer et al. (2013). The two lab replicates of each sample were combined into one column before fractionation. For determination of atom% 13C, FAMEs were further fractionated with Ag+-SPE cartridges (6 ml, Supelco, Palo Alto, USA). The first and the fourth fractions, containing saturated and dienoic FAMEs, respectively, were retained in the cartridges and 13C values of the FAMEs were determined as described by Müller et al. (2016). A methyl correction was done for all the FAMEs using a mass balance equation (Denef et al., 2007). PLFAs including a15:0, i15:0, i16:0, and i17:0 represented gram-positive bacteria and cy17:0 and cy19:0 represented gram-negative bacteria. Fungal biomass was represented by PLFA 18:2ω6,9. Substrate-derived C (%) was calculated as described for microbial biomass C (Equation 2). Calculation of mean 13C incorporation into different bacterial groups was done considering the relative proportion of the respective fatty acids to the total amount of group-specific PLFAs as described by Preusser et al. (2017).



Mean Residence Time (MRT) and Statistical Analysis

Effects of region and sampling date (days after exposure in the field) on total microbial biomass and individual microbial groups were analyzed using analysis of variance (ANOVA). The same procedure was applied to the absolute 13C values in individual microbial groups. Homogeneity of variance was tested by Lavene's test and Tukey's HSD test was used for pairwise comparisons. In order to determine how microbial communities differed after substrate addition and over the whole exposure time between Kraichgau and Swabian Alb, principal component analysis was performed using data of substrate-derived 13C into microbial biomass as well as of 13C assimilated into fungal and bacterial PLFAs (R package stats).

A non-linear model using generalized least square (gnls function of the nlme package) was applied to the substrate-derived 13C values in microbial biomass and in individual microbial groups to derive mean residence times of microbial biomass C. A single exponential decay model was fitted to calculate the C turnover in microbial biomass C and in gram-positive bacteria in both Kraichgau and Swabian Alb. For improving model fit, samples after 7 days of incubation were removed from the model fit to the microbial biomass C data because soil processing during preparation of the field incubation most probably induced an increase in microbial biomass and a concomitant decrease in the 13C label. A double exponential decay model was superior to a single exponential decay model for fitting fungal PLFA data in Kraichgau and Swabian Alb (model superiority was tested with model AIC value). MRT of 13C in different microbial pools (in days) were estimated from the inverse of the decay constants whose significance was tested with ANOVA. All statistical analyses were performed in R program for statistical computing - version 3.5.1 (R Core Team, 2018).





RESULTS

Microbial Biomass and Community Composition

Microbial biomass C generally increased during exposure of soil cores in the field [F(1, 56) = 49.98, P < 0.001] and the two soils differed from each other with the soil from Swabian Alb having a significantly higher microbial biomass than the one from Kraichgau [F(1, 56) = 136.91, P < 0.001, Figure 1]. Like microbial biomass C, absolute amounts of fungal and bacterial (gram-positive and gram-negative bacteria) PLFAs were higher in Swabian Alb than Kraichgau over the whole exposure time (Table S1). The two soils differed from each other along both PC1 [F(1, 56) = 38.75, P < 0.001] and PC2 [F(1, 56) = 67.53, P < 0.001] and also differentiated from each other in substrate utilization (Figure 2). The first two principal components (PCs) together explained 80% of the observed variance in microbial community composition.


[image: Figure 1]
FIGURE 1. Dynamics of soil temperature, soil moisture (VWC), and microbial biomass C during exposure of soil cores in the field for Kraichgau (Kr.) and Swabian Alb (S. Alb). For the lower panel, bars represent standard deviation (n = 6) with different letter showing significant differences between sampling dates within each region (P < 0.05).
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FIGURE 2. PCA analysis for showing shifts in microbial community composition from Kraichgau and Swabian Alb over the exposure time of 112 days. Gram-positive and gram-negative represent the two bacterial groups, Cmic is the absolute amount of microbial biomass C, and 13C-Cmic is the substrate-derived 13C in microbial biomass.




Incorporation of 13C Into Microbial Biomass

After initial incubation in the lab (26 h after substrate addition), microbial biomass in the soil of Kraichgau assimilated 86% more of the added 13C-glucose than in the soil of Swabian Alb (Figure 3A). A sharp decrease in 13C was observed in both regions after 7 days, which continued at a slower rate until the end of the experiment. The total decrease in assimilated 13C was similar for both soils with 65 and 66% decrease in Kraichgau and Swabian Alb, respectively (Figure 3A). The single exponential decay model resulted in 76 days MRT for 13C in microbial biomass in Kraichgau, which was lower than the MRT of 93 days in Swabian Alb (Table 2).


[image: Figure 3]
FIGURE 3. Substrate-derived 13C assimilated into microbial biomass (A), and into the PLFAs of soil fungi (B), gram-positive bacteria (C), and gram-negative bacteria (D) from Kraichgau and Swabian Alb. Lines represent fitted exponential decay functions. Bars represent standard deviation (n = 6).



Table 2. Mean residence time (MRT) of microbially assimilated 13C, calculated by fitting single or double exponential decay functions to microbial biomass and PLFA data in Kraichgau and Swabian Alb.
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Incorporation of 13C in Microbial PLFAs

Even though the amount of fungal PLFA was lower in Kraichgau (Table S1), the proportion of assimilated 13C was larger than in Swabian Alb; substrate-derived 13C in fungal PLFAs in the soil of Kraichgau was initially ~130% higher than in Swabian Alb [F(1, 56) = 235.13, P < 0.001, Figure 3B]. In Kraichgau, a sharp decrease in assimilated 13C was observed after 7 days of exposure whereas only a minor loss was observed between days 27 and 112. In contrast, no such sudden changes in assimilated 13C in fungal PLFAs were observed in Swabian Alb (Figure 3B). Over the period of 112 days, a decrease of 32% was observed in assimilated 13C in fungal PLFA in Kraichgau as compared to a decrease of only 11% in Swabian Alb. These differences in the temporal patterns of the assimilated 13C resulted in much faster turnover times of the fungal biomass C in Kraichgau than in Swabian Alb (Table 2). The double exponential decay model provided MRT for the fast pool of 5 days for Kraichgau and of 39 days for Swabian Alb. For the slow pool MRT of 4.6 years for Kraichgau and of > 1,000 years for Swabian Alb were fitted (Table 2).

As for fungal PLFAs, 13C assimilation by gram-positive bacteria differed between both soils (Figure 3C). At day 1, 13C incorporation into gram-positive bacterial PLFAs was 1.2 times higher in Kraichgau than in Swabian Alb [F(1, 56) = 24.79, P < 0.001]. With increasing exposure time, assimilated 13C generally decreased in gram-positive bacterial PLFAs in Kraichgau (Figure 3C). On the contrary, in Swabian Alb, amounts of assimilated 13C in gram-positive bacterial PLFAs increased after 7-days exposure and subsequently decreased constantly toward the end of field exposure. Over the whole exposure time, amounts of assimilated 13C decreased up to 22% in Kraichgau and up to 9% in Swabian Alb (Figure 3C). Regional trends in turnover times of gram-positive bacterial biomass C were similar to what was observed for fungal biomass C; MRT calculated from the single exponential decay model was lower in Kraichgau (453 days) than in Swabian Alb (769 days; Table 2).

In contrast to gram-positive bacteria and fungi, initial enrichment of 13C was lower in gram-negative bacterial PLFAs (Figure 3D and Figure S2) and 13C assimilation in gram-negative bacterial PLFAs increased continuously [F(1, 56) = 51.83, P < 0.001] with similar trends between Kraichgau and Swabian Alb (Figure 3D and Figure S2). Trends in loss / gain of assimilated 13C in individual bacterial PLFAs and their turnover times are shown in Figures S1, S2 and Table S2, respectively.




DISCUSSION

The role of microbial decomposers in SOC decomposition, especially bacteria and fungi, has received considerable attention in carbon sequestration as a large proportion of SOC is of microbial origin (Banerjee et al., 2016). We studied the C turnover within soil microorganisms, specifically key players of SOC decomposition i.e., bacteria and fungi, in order to better understand soil C dynamics under in situ conditions. Performing field incubations in two regions differing in climatic and edaphic conditions allowed investigating the role of soil biotic and abiotic properties in controlling the fate of carbon in microbial biomass.


13C Incorporation Into Key Players of Carbon Decomposition and Its Turnover

The first process defining the role of microbial groups for C sequestration is the uptake and assimilation of C from the soil. In our study, bacteria as compared to fungi incorporated higher amounts of added 13C-glucose into their biomass, observed as higher substrate-derived C after initial incubation, and this trend remained visible over the 112-day's exposure time (Figures 3B,C and Figure S2). Dungait et al. (2011) reported similar observation over highest 13C-glucose incorporation into gram-positive bacteria (30%) and lowest incorporation into fungi (<1%), even at a much shorter time-scale (10 days). Similarly, Brant et al. (2006) also reported higher glucose incorporation by bacteria (gram-positive and gram-negative) than fungi. However, care must be taken in not over interpreting these results as we investigated only one fungal PLFA in comparison to four PLFAs for gram-positive bacteria. Furthermore, even though incorporation of 13C-glucose into bacterial and microeukaryote populations has been shown earlier through rRNA stable isotope probing (Kramer et al., 2016), a non-uniform labeling of soil microbial biomass through the glucose must be kept in mind while interpreting our results (Papp et al., 2020). Nevertheless, our results support the established idea of bacteria as dominant consumers of highly labile C (Castro et al., 2010; Vries and de Caruso, 2016), although it was recently shown that specific fungi quickly utilize labile rhizodeposits (Hünninghaus et al., 2019). Moreover, in the context of bacterial association with fast C cycling pathways as compared to fungal association with slow C cycling pathways (Moore et al., 2005), such higher bacterial incorporation of available labile C may have important implications for soil C dynamics, for instance, their contribution to non-living soil organic matter (Kindler et al., 2006). Within bacterial community, gram-positive bacteria initially incorporated and retained higher substrate-derived 13C into their PLFAs than gram-negative bacteria (Figures 3C,D and Figure S2). Müller et al. (2017) found opposite results, i.e., higher 13C-substrate incorporation in gram-negative bacterial PLFAs in the early stages of litter decomposition. This discrepancy in observed response of the bacterial community in our study might just be due to higher abundance (biomass) of gram-positive bacteria in both regions leading to higher added-substrate uptake and incorporation, and absolute abundances of bacterial PFLAs supported this argument (Table S1).

After soil microorganisms have assimilated C, its turnover within the soil microorganisms further controls the fate of the C as being stabilized within the microbial C pool or being released either as CO2 or stabilized SOC. Turnover of microbial biomass C assessed by loss in assimilated 13C over time was 76 and 93 days in Kraichgau and Swabian Alb, respectively (Table 2). These turnover times agree to the reported MRT of microbial biomass C in previous studies, for instance, 110 day's microbial biomass C turnover time reported by Cheng (2009) and 3.3 to 125 day's MRT in early stages of litter decomposition reported by Müller et al. (2017). The loss of assimilated 13C in microbial biomass was much higher than carbon loss in individual bacterial and fungal PLFAs (Figures 3A–C), which was also reflected in a reduced MRT (Table 2). This observation was also previously found in the literature (Malik et al., 2015; Müller et al., 2017) and might be explained by the fact that PLFAs represent only a specific proportion of the microbial biomass. Even though microbial fatty acids are degenerated very fast after cell death (Willers et al., 2015), intensive recycling of fast turning over components, such as PLFAs, may lead to their longer turnover times (Gunina et al., 2017). Furthermore, chemical or physical protection / stabilization of fatty acids or their residues might be one mechanism explaining these results (Lützow et al., 2006; Miltner et al., 2009).

However, although PLFAs represent only a specific proportion of the microbial biomass, group-specific turnover of PLFAs can be used to clarify the role of microbial groups for SOC stabilization. We observed a rather continuous decrease in assimilated 13C in gram-positive PLFAs (Figure 3C). Contrary to this observation, the 13C label increased continuously in gram-negative bacterial PLFAs in both soils (Figure 3D). These results may be explained by the cross-feeding behavior of soil bacteria and may hint toward possible translocation of carbon between different microbial groups (Balasooriya et al., 2014). However, such cross-feeding may be uni- or bi-directional (D'Souza et al., 2018), as evident from a small increase in gram-positive bacterial 13C incorporation in Swabian Alb after 7 days and in Kraichgau after 112 days (Figure 3C). Müller et al. (2017) suggested that the cross-feeding aspect must be taken into account while interpreting C turnover times.

Two aspects mainly affect carbon storage in soil bacterial and fungal biomass. First aspect is the difference in their physiology or cell resistance to decomposition; fungal cell walls are more resistant to decomposition than bacterial cell walls, therefore, fungal contribution to C sequestration and stabilization itself is important (Jastrow et al., 2007). The second aspect deals with the difference in fungal and bacterial life spans with fungi turning over more slowly than bacteria (Moore et al., 2005). We fitted a double exponential decay model (decision based on model AIC value) to fungal PLFA representing turnover of rapid and slow carbon pools. The MRT of carbon in fungal PLFA representing the rapid pool (first exponent) was much lower than MRT of carbon in gram-positive bacterial PFLAs. In contrast, the MRT of the more stable C pool (second exponent) in fungal PLFA was larger than bacterial carbon MRT (Table 2). This only partly confirms our hypothesis that carbon stored in fungi has longer residence time than bacteria. Our results are in accordance to other studies performed at microbial hotspots in either agricultural or grassland soils (Balasooriya et al., 2014; Müller et al., 2017), reporting shorter PLFA 13C residence time in fungi than bacteria. It is important to mention here that we calculated residence time of carbon assimilated in gram-positive bacterial PLFAs from a single exponential decay model, which may not be suitable since gram-positive bacterial PLFAs may also consist of slow and fast carbon pools. However, assimilated 13C increased in most individual gram-positive PLFAs after 7 days in Swabian Alb and after 112 days in Kraichgau (Figure 3C and Figure S1). Intensive recycling (see also above) of assimilated 13C within gram-positive bacteria may have led, therefore, to a more even carbon distribution in PLFAs over time (Rinnan and Bååth, 2009), making a single decay model more suitable. The short MRT of the fast fungal C pool may also be explained by differences in the fungal community; for instance, some fast-growing fungi like yeasts may have exploited the added substrate and released the assimilated C as soon as the substrate pool was depleted (Müller et al., 2016). Such an effect of fungal community composition may explain the observed sharp decrease in fungal assimilated 13C within 20 days of exposure in Kraichgau (Figure 3B, see discussion below).



Regional Differences in Soil Properties Control Turnover Times of Microbial Communities

Both soils in our study differed significantly in 13C-glucose incorporation into microbial biomass; incorporation in Kraichgau was twice as high as in Swabian Alb despite of higher microbial biomass in Swabian Alb (Figures 1, 3A), which was also reflected in substrate-derived carbon in bacterial and fungal PLFAs (Figures 3B,C). Low amounts of labile SOC in Kraichgau under equilibrium conditions (Ali et al., 2018) may explain the observed trends. We argue that microbial biomass in Kraichgau reacted fast upon labile substrate availability, possibly creating microbial hotspots (Kuzyakov and Blagodatskaya, 2015), and assimilated more substrate-derived carbon into their biomass. However, in Swabian Alb where SOC is higher than in Kraichgau, native labile carbon may have also been utilized for growth leading to lower observed 13C incorporation. Although soil types and soil properties were not replicated in our experimental design, both study sites were representative for the respective region. Our results, therefore, provided insights into mechanisms explaining regional differences in turnover of microbial biomass C.

The enhanced C incorporation into microbial biomass in the Kraichgau was also reflected in lower MRT of C in microbial biomass as well as in fungal and bacterial PLFAs in Kraichgau compared to Swabian Alb (Table 2). In addition to the above-mentioned differences in SOC contents and its implications for substrate preferences and internal C turnover, these differences in 13C MRT may also be explained by climatic differences between both regions. During exposure in the field, soil temperature in Kraichgau was on average 2°C higher than in Swabian Alb and the differences in temperature were highest, up to 7°C, during the first week of field exposure (Figure 1), leading to a faster decline in incorporated 13C due to temperature-sensitive microbial cell production and death (Castro et al., 2010; Hagerty et al., 2014). Furthermore, warmer soils of Kraichgau might have supported increased abundance of microbial predators and an accelerated shift in microbial community composition (Hagerty et al., 2014) than for the microbial community in the Swabian Alb (Figure 2). Long MRT of microbial biomass C as well as of the C incorporated into specific bacterial and fungal PLFAs in Swabian Alb might also be controlled by soil texture (Gregorich et al., 1991); soil clay content was about 2.5 times higher in Swabian Alb than in Kraichgau (see Table 1). Association of microbial biomass and microbial compounds (e.g., peptides and proteins) with negatively charged sites in soils, for instance clay (Six et al., 2006; Miltner et al., 2009), might, therefore, explain the relative stability of assimilated 13C in the Swabian Alb.




CONCLUSIONS

Our study provides important information on the turnover times of individual microbial groups representing different pathways of in situ SOC decomposition and stabilization, which might improve our conceptual understanding of SOC dynamics. We focused on answering the questions if fungi store newly assimilated C longer than bacteria and if regional differences in climatic and edaphic properties affect microbial C assimilation and its subsequent release. We observed dynamic substrate utilization strategies/strong cross-feeding behavior adapted by microbial groups reflected through depletion of assimilated 13C in gram-positive bacteria and fungi but its further use by gram-negative bacteria. Longer turnover times of fungal assimilated 13C for the second phase of C turnover emphasizes greater fungal role in carbon stabilization. The accelerated turnover rates of microbial C in the warmer soil of Kraichgau with lower clay content might be an important mechanism explaining the differences in SOC content between both regions. Our results also imply that regions with short MRT of freshly assimilated C in microbial biomass might produce high respiration from relatively higher SOC decomposition resulting in less SOC stabilization. However, if the observed differences in MRT of microbial C are related to differences in SOC, stabilization depends also on the fate of microbial C after its release from the microbial biomass (i.e., after becoming necromass).
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