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Litter-derived dissolved organic carbon (DOC) is considered to be a major source of stabilised C in soil. Here we investigated the microbial utilisation of litter-derived DOC within an entire soil profile using a stable isotope labelling experiment in a temperate beech forest. The natural litter layer of a Dystric Cambisol was replaced by 13C enriched litter within three areas of each 6.57 m−2 for 22 months and then replaced again by natural litter (switching-off the 13C input). Samples were taken continuously from 0 to 180 cm depths directly after the replacement of the labelled litter, and 6 and 18 months thereafter. We followed the pulse of 13C derived from aboveground litter into soil microorganisms through depth and over time by analysing 13C incorporation into microbial biomass and phospholipid fatty acids. Throughout the sampling period, most of the litter-derived microbial C was found in the top cm of the profile and only minor quantities were translocated to deeper soil. The microbial 13C stocks below 30 cm soil depth at the different samplings accounted constantly for only 6–12% of the respective microbial 13C stocks of the entire profile. The peak in proportional enrichment of 13C in subsoil microorganisms moved from upper (≤ 80 cm soil depth) to lower subsoil (80–160 cm soil depth) within a period of 6 months after switch-off, and nearly disappeared in microbial biomass after 18 months (< 1%), indicating little long-term utilisation of litter-derived C by subsoil microorganisms. Among the different microbial groups, a higher maximum proportion of litter-derived C was found in fungi (up to 6%) than in bacteria (2%), indicating greater fungal than bacterial dependency on litter-derived C in subsoil. However, in contrast to topsoil, fungi in subsoil had only a temporarily restricted increase in litter C incorporation, while in the Gram-positive bacteria, the C incorporation in subsoil raised moderately over time increasingly contributing to the group-specific C stock of the entire profile (up to 9%). Overall, this study demonstrated that microorganisms in topsoil of a Dystric Cambisol process most of the recently deposited aboveground litter C, while microbial litter-derived C assimilation in subsoil is low.
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INTRODUCTION

Dissolved organic carbon (DOC) is the most bioavailable and mobile soil organic carbon (SOC) fraction within the entire soil profile and a major C source in subsoil (1). Dissolved OC in forest soils originates mainly from the organic layer, is relocated within the soil profile by percolating soil water, and becomes partially immobilised in mineral soil horizons. With passage through the soil profile, both the concentration of DOC decreases and its composition changes to lower proportions of labile C compounds (2). The highest concentrations of DOC are generally found directly below the O horizon, decreasing steeply with increasing depth in most soils. Michalzik et al. (3) reported net reductions of up to 90% in DOC concentration in the first metre of the soil profile. Major processes contributing to DOC dynamics within soil profiles are temporal and selective immobilisation (sorption, co-precipitation) as well as repeated microbial processing and re-mobilisation (desorption, dissolution) of the organic compounds (4–6). However, the contribution of microbial DOC retention to the SOC pool within the soil profile is as yet poorly understood (7).

The activity of soil microorganisms strongly affects DOC dynamics within the soil profile. During passage through the soil, large proportions of DOC are consumed by microorganisms for anabolic and catabolic processes, contributing to a continuous decrease in DOC concentration in the soil solution with increasing depth (8). The preferential microbial utilisation of easily assimilable OC compounds, as well as preferential sorptive retention of lignin-derived polymeric molecules, alters DOC composition and leads to an increase in proportions of more complex and microbially-derived OC compounds from topsoil to subsoil (5, 9, 10). However, not only does microbial activity change the quantity and composition of DOC as soil depth increases, but, in turn, changes in DOC concentration and properties also affect microbial community biomass, composition, and activity. The considerably lower microbial biomass in subsoil than in topsoil is largely related to the generally steep decline in available SOC with increasing soil depth (11). The typically heterogeneous distribution of microbial biomass in subsoil further reflects increasing spatial and seasonal heterogeneity in DOC fluxes with increasing soil depth (e.g., preferential flow paths vs. matric soil), with resulting greater variability in microbially available SOC (12).

Besides abiotic factors such as bulk density and water content, changes in microbial community composition with soil depth are mainly attributable to changes in the composition of SOC and associated microbial group-specific feeding strategies (13, 14). A large portion of the microbial communities inhabiting near-surface environments are adapted for rapid metabolism of labile OC compounds (e.g., root exudates and/or recent litter-derived C); these communities have proportionally high abundances of fungi and Gram-negative bacteria (11). Along with a decrease in the availability of more labile C sources with soil depth, the microbial communities shift towards an increasing proportion of microorganisms with low metabolic activity. These microorganisms are better adapted to resource-limited conditions, feed on previously processed C sources, and are predominantly found among Gram-positive bacteria (15, 16). The small proportion of labile SOC, facilitated by mineral-organic interactions, and the concomitant low metabolic activity of microbial communities in deeper soil depth is reflected in greatly reduced turnover rates and greater stability of subsoil C as indicated by radiocarbon ages of up to several thousand years (17, 18). The C sequestration potential of soils is further affected by the fungal:bacterial ratio, whereby enhanced C storage has been related to a greater abundance of fungi (19). Although still under debate, this relationship between prolonged and increased C storage and higher fungal abundance is thought to be attributable to higher carbon use efficiency (CUE), more recalcitrant necromass, and longer C residence time in the living biomass of fungi than of bacteria (20, 21). While the actual residence time of C in bacteria is estimated to range from days to weeks, in fungi it is on the scale of months (22, 23).

All these results have most often been obtained through separate studies of top- and subsoils, and have not considered the temporal dynamics of DOC downward migration within entire soil profiles (12). More specifically, we are not aware of studies comprehensively investigating the dynamics of microbial DOC utilisation during DOC transport through soil profiles. The aim of our experiment was thus to determine the allocation and incorporation of litter-derived DOC in different C pools throughout an entire soil profile. Whereas, Liebmann et al. (24) characterised the fate of the litter-derived C in chemical pools of OM (e.g., particulate and mineral-associated OM), in the present study we focused primarily on the extent and persistence of microbial utilisation of litter-derived C across depths and over time. More specifically, we investigated the respective roles of different microbial groups (bacteria and fungi) in this process. We tested the following hypotheses: (1) Litter-derived C is largely retained in the upper centimetres of the soil profile due to an active microbial community in near surface soil horizons; (2) A small quantity of litter-derived as well as microbially processed C migrates into deeper soil horizons and acts as an important C source for the local microbial community; (3) Bacteria and fungi in subsoil differ in their C utilisation patterns, with a longer C persistence in fungi than in bacteria. To address these hypotheses, we conducted a plot-scale stable isotope labelling experiment where the natural litter layer of a temperate beech forest was temporarily replaced by 13C-labelled litter for a period of 22 months. The labelled litter was then replaced by the natural litter, and soil samples were taken from 0 to 180 cm soil depths immediately after replacement of the labelled litter, and 6 and 18 months thereafter. By 13C analyses of microbial biomass (13Cmic) and phospholipid fatty acids (13C-PLFA) we followed the incorporation and persistence of the labelled litter-derived C into the different microbial C pools across depth and over time.



MATERIALS AND METHODS


Site Description

The experiment was conducted in a ~100-year old European beech (Fagus sylvatica L.) forest 40 km northwest of Hannover in Lower Saxony, Germany (Grinderwald; 52° 34' 22” N, 9° 18' 51” E; 100 m.a.s.l.). Besides the stand-forming European beech, the Grinderwald site has only few other vegetation and little understory. The climate is temperate and humid with mean annual temperature and precipitation for the period from 1981 to 2010 of 9.7°C and 762 mm, respectively (data obtained from the closest German Meteorological Service weather station in Nienburg/Weser). During the experimental period, precipitation was measured by a local weather station directly at the experimental site (Supplementary Figure 1). Soil parent materials are fluvial and aeolian deposits from the Saale glaciation (25). The soil has been classified as an acid and sandy Dystric Cambisol (26) and pH values increased from 3.3 in topsoil to 4.5 in subsoil. Podsolization characteristics within the soil profile are only weakly expressed or absent. The predominant humus form is moder, and mean proportions of sand, silt, and clay are 77.2, 18.4, and 4.4%, respectively. During the establishment of the soil observatories and the various soil samplings we did not observe any signs of bioturbation by earthworms in the acidic soil of the Grinderwald. Additional soil properties of the Grinderwald site are listed in Supplementary Table 1 [adopted from Preusser et al. (27)].



Soil Observatories

Three subsoil observatories were installed on the study site (12). The soil observatories are circular polyethylene shafts of diameter 150 cm, providing access to each undisturbed soil profile to a depth of 200 cm. Each soil observatory is equipped with soil moisture probes to continuously measure the volumetric water content at 10, 30, 50, 90, 150, and 180 cm soil depths within the undisturbed soil profiles (Supplementary Figure 1).



Experimental Design

In January 2015, the original litter layer, in circular areas surrounding the three soil observatories, each with a radius of 150 cm, was removed. Following removal of the natural litter, 13C-labelled beech leaf litter was applied to one half and non-labelled litter to the other half (each 6.57 m−2) of the surface area surrounding each soil observatory, in consideration of the initial litter amount (275 g per m−2) and thickness (Figure 1). The applied 13C-labelled beech leaf litter was prepared by mixing highly labelled litter (10 atom-%; provided by IsoLife B.V., Wageningen, The Netherlands) with unlabelled litter, achieving a final δ13C enrichment of 1,241‰ at observatory I and 1,880‰ at observatories II and III (δ13C differences were due to restrictions in litter production capacity). To avoid windblown dispersal, the applied litter was covered with coarse mesh nets. After 22 months of field exposure (November 2016), the enriched litter was replaced by non-labelled litter originating from the study site (switch-off). This exchange allowed us to follow the persistence of the temporally distinct 13C signal in the different C pools within the soil profile.


[image: Figure 1]
FIGURE 1. Top view on the experimental area with 13C-labelled beech leaf litter on one half (yellow) and non-labelled litter on the other half (green) of the area surrounding each of the three accessible soil observatories (Ø 150 cm). The experimental areas directly adjacent to the soil observatories have a radius of 150 cm.




Soil Sampling and Preparation

In total, three sampling campaigns were carried out, with the first sampling the day of the labelled litter replacement with non-labelled litter (November 2016), the second one 6 months (May 2017), and the third one 18 months (May 2018) later. At the first and third samplings, three replicate soil samples on each side of the circle (with 13C-labelled litter and non-labelled litter) were taken from 0 to 180 cm soil depths by percussion drilling at the three soil observatories. Each of the obtained soil cores was divided into 15 subsamples (0–5, 5–10, 10–20, 20–30, 30–40, 40–50, 50–60, 60–70, 70–80, 80–90, 90–100, 100–120, 120–140, 140–160, and 160–180 cm soil depth) and mixed with the respective subsamples of the two other soil cores taken from the same side of the soil observatory. Due to limitations in surface area around the observatories (avoidance of soil compaction and damage to the installed soil probes), the second soil sampling was only possible by vertical sampling of six depth increments, from the soil surface down to 50 cm soil depth and by horizontal sampling at discrete depths of 60–70, 80–90, and 140–160 cm from the inner wall of the soil observatories using a drill rod. Sample partitioning and number of replicates were analogous to the two other soil samplings. This resulted in a total number of 90 samples (15 depth levels × 3 observatories × 2 litter treatments) at the first and third sampling date each, and of 54 samples (9 depth levels × 3 observatories × 2 litter treatments) at the second sampling date. All samples were sieved <2 mm immediately after sampling to remove larger particles. On one aliquot the gravimetric water content of the samples was determined, while the other aliquot was frozen at −23°C until further analysis.



Soil Organic C

The labelled litter-derived SOC stocks (g labelled litter C m−2) were calculated for each sampling date based on the concentration of labelled litter-derived C (ng g−1 dry soil) and the depth-specific bulk density (data not shown) for each depth increment of the soil profile. The stocks for the missing depth increments at the second sampling were interpolated based on the respective stocks above and below.

SOC data for the first and third sampling dates was obtained from Liebmann et al. (24). To determine the SOC at the second sampling date, 0.3 g of each soil sample was dried at 60°C for 72 h and ground with a ball mill. Subsamples of 15–25 mg each were weighed into tin capsules and measured for total SOC and isotopic composition by dry combustion using an elemental analyzer (EA, Euro EA 3000, Euro Vector, Milan, Italy) coupled with an isotope ratio mass spectrometer (IRMS, Delta Plus XP, Thermo Finnigan MAT, Bremen, Germany) as described by Müller et al. (28).

The calculation of labelled litter-derived C (%) was done using the following equation:
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where δsample is the δ13C value of the respective sample, δreference is the δ13C mean value of the respective non-13C-addition samples, δlitter is the average δ13C value of the applied beech leaf litter and δsoil is the average δ13C value of the respective soil depth.

The concentration of labelled litter-derived C (ng g−1 dry soil) was calculated based on the proportion of labelled litter C to total SOC.



Microbial Biomass C and Extractable Organic C

Microbial biomass C (Cmic) was determined using the chloroform fumigation extraction (CFE) method of Vance et al. (29). In brief, 10 g of each soil sample was fumigated with ethanol-free chloroform for 24 h to release Cmic. After removing the chloroform, 40 ml of 0.025 M K2SO4 solution was added to each of the subsamples, which were then shaken for 30 min on a horizontal shaker at 250 rev min−1 and centrifuged for 30 min at 4,420 × g. A second 10 g subsample of each soil sample was treated similarly but without fumigation to determine extractable organic C (EOC). The measurement of organic C in the clear supernatants of both fumigated and non-fumigated subsamples was conducted on a TOC-TNb Analyzer Multi-N/C 2100S (Analytik Jena, Jena, Germany) as described by Marhan et al. (30). The Cmic content was calculated by subtraction of the C content of the non-fumigated sample from the C content of the corresponding fumigated sample using a kEC factor of 0.45 (31). The EOC content was calculated based on the non-fumigated samples only. For δ13C determination in Cmic, 10 ml of the fumigated and non-fumigated extracts were evaporated at 60°C in a rotatory evaporator (RVC 2-25, Martin Christ, Osterode am Harz, Germany). The residues were ground and weighed into tin capsules with minimum 10 mg C per sample and measured for isotopic composition as described above.

The calculation of δ13C of the microbial biomass was done as described by Marhan et al. (30) using the following equation:
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where Cf and Cnf are extracted organic C content (μg C g−1 dry soil) of the fumigated and non-fumigated samples and δf and δnf are the corresponding δ13C values.

Calculation of the percentage (%), content (ng g−1 dry soil), and stocks (g m−2) of labelled litter-derived C in Cmic and EOC was done as described for SOC.



Phospholipid Fatty Acid Analyses

For lipid extraction and fractionation according to the method of Frostegård et al. (32), four g field-moist topsoil (0–20 cm soil depth) and 2 × 12 g field-moist subsoil (20–180 cm soil depth) were used. The two replicates of each subsoil depth increment were combined before fractionation. In brief, the phospholipid fatty acids (PLFAs) were transformed into fatty acid methyl esters (FAMEs) using alkaline methanolysis as described by Kramer et al. (33). The resulting FAMEs were measured using an AutoSystem XL gas chromatograph (Perkin-Elmer, Norwalk, CT, USA) equipped with a capillary column HP-5 (crosslinked 5% phenyl methyl siloxane; 50 m × 0.2 mm, film thickness of 0.33 μm) and a flame ionisation detector. Identification of FAMEs was based on their retention time assessed with a fatty acid methyl ester- and a bacterial acid methyl ester-mix (Sigma-Aldrich, St. Louis, MO, USA). Quantification was calculated with an internal fatty acid methyl ester-standard (Sigma-Aldrich, St. Louis, MO, USA) which was added to the samples before methanolysis. The abundances of individual FAMEs were expressed in nmol g−1 dry soil. Following Kandeler et al. (34), Frostegård and Bååth (35), and Zelles (36), the fatty acids i15:0, a15:0, i16:0, 16:1ω7, i17:0, cy17:0, 18:1ω7, and cy19:0 were considered bacterial PLFAs (PLFAbac). Of these, i15:0, a15:0, i16:0, and i17:0 represented Gram-positive bacteria (PLFAGram+) and cy17:0 and cy19:0 represented Gram-negative bacteria (PLFAGram−) The PLFA 18:2ω6,9 was considered as fungal-derived (PLFAfun) (37).

The δ13CPLFA values were determined with an HP 6,890 gas chromatograph (Agilent Inc., Santa Clara, CA, USA) coupled with a combustion III Interface (Thermo Finnigan, Waltham, MA, USA) to a Delta Plus XP mass spectrometer (Thermo Finnigan MAT, Bremen, Germany) as described by Müller et al. (28). The δ13C values of all FAMEs were corrected for the addition of a methyl group by using a mass balance equation (38). The methanol used for methylation had a δ13C value of −40.23 ‰. Calculation of labelled litter-derived C (%) was done as described for SOC. Mean labelled litter-derived C (%) in the different microbial groups was calculated according to the relative proportions of the respective fatty acids to the total of the microbial group-associated fatty acids. The content of labelled litter-derived C (ng g−1 dry soil) incorporated into the different microbial groups was determined based on the relative proportion of labelled litter-derived C to the total C of the group-specific fatty acids and the molecular weight of C (12.011 g mol−1). Calculations of microbial group-specific labelled litter-derived C stocks (g m−2) were done as described for SOC.



Statistical Analyses

The effects of sampling date, soil depth, and their interactions on the variables SOC, EOC, Cmic, PLFA, and on the relative and absolute labelled leaf litter-derived C incorporation into SOC (SO13C), EOC (EO13C), Cmic (13Cmic), and PLFAs (13C-PLFA) were performed in SAS Version 9.4 (SAS Institute Inc., Cary, NC, 2016) using the GLIMMIX procedure for mixed linear models. Due to the experimental design, observatory was set as random factor. Significance was tested at p < 0.05 in all cases.




RESULTS


Soil Organic Carbon and Contribution of Litter-Derived 13C

SOC content was highest in 0–5 cm soil depth at all sampling dates (up to 95.3 mg g−1 dry soil) and steeply decreased with increasing soil depth to a lowest value of 0.2 mg g−1 dry soil in the 160–180 cm soil depth; SOC content differed slightly by sampling date (date × depth; F = 7.40, p < 0.001; Supplementary Figure 2A).

The depth gradient was more pronounced for the content of labelled litter-derived C, which decreased sharply from the topsoil to the subsoil (Supplementary Figure 2B). Litter-derived 13C concentration did not exceed 1.8 μg g−1 dry soil below 30 cm soil depth, but did slightly increase below 60 cm soil depth at the second compared to the first sampling (date × depth; F = 2.08, p < 0.05). The overall lowest content of litter-derived C in SOC was observed at the third sampling.

The total SO13C stock within the soil profile decreased from the first to the third sampling from a mean of 17.7 g to 3.25 g m−2, respectively (Figure 2A). Over time, most of the litter-derived 13C was retained in the top 5 cm (from 55.3 to 82.2% of total retained labelled litter C) followed by 5–30 cm soil depth (from 14.3 to 38.3%) and the subsoil below 30 cm (from 3.5 to 6.5%). At the third sampling, the highest proportion of the initially litter-derived SO13C stock measured at the first sampling was found in 5–30 cm (49.2%) followed by the subsoil below 30 cm (33.7%) and the top 5 cm (12.4%) (Figure 3A).
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FIGURE 2. (A) Mean litter-derived C stocks (g litter C m−2) in soil organic carbon (SOC) of the depth increments 0–5 cm, 5–30 cm, and below 30 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). (B) Mean litter-derived C stocks (g litter C m−2) in extractable organic carbon (EOC) of the depth increments 0–5 cm, 5–30 cm, and below 30 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). (C) Mean litter-derived C stocks (g litter C m−2) in microbial biomass (Cmic) of the depth increments 0–5 cm, 5–30 cm, and below 30 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling).
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FIGURE 3. Relative proportion (%) of the litter-derived C stocks in (A) SOC, (B) EOC, (C) Cmic, (D) Gram-positive bacteria, (E) Gram-negative bacteria, and (F) fungi of the depth increments 0–5 cm, 5–30 cm, and below 30 cm soil depth at the sampling date in May 2018 (third sampling) in relation to the respective litter-derived C stocks in November 2016 (first sampling). Error bars indicate standard error (n = 3).


The negligible importance of the litter-derived C for SOC stocks in the different depths was indicated by the proportion (%) of labelled litter-derived C, which was highest (up to 0.5%) in 0–5 cm soil depth at each sampling date (Supplementary Figure 2C). With increasing soil depth, the relative proportion of litter-derived C generally decreased, although to a lesser extent than for content of litter-derived C. Maximum values in the subsoil (below 30 cm soil depth) were slightly higher at the second than at the first sampling (date: F = 5.44, p < 0.01; depth: F = 3.34, p < 0.01). The third sampling had overall the smallest proportion of litter-derived C within the entire soil profile (max. 0.1%).



Extractable Organic Carbon and Contribution of Litter-Derived 13C

EOC decreased sharply from the topsoil (max. 244.6 μg g−1 dry soil in 0–5 cm soil depth) to the subsoil (min. 2.9 μg g−1 dry soil in 80–90 cm soil depth) and varied between the three sampling dates with the most pronounced seasonal variations at shallower soil depths (date × depth; F = 20.13, p < 0.001; Supplementary Figure 3A).

Labelled litter-derived C in EOC substantially declined from the topsoil (max. 4.9 μg g−1 dry soil) to the subsoil (≤ 0.1 μg g−1 dry soil below 30 cm soil depth) at the first sampling date. At the second and third samplings, litter-derived C declined strongly (max. 0.25 μg g−1 dry soil) in the topsoil, but remained relatively unchanged in the subsoil (date × depth; F = 18.18, p < 0.001; Supplementary Figure 3B).

In contrast to the total SO13C stocks, total EO13C stocks were more evenly distributed within the top 30 cm (0–5 cm: 58.4%, 5–30 cm: 35.1%) and contributed most to the total EOC while the subsoil below 30 cm soil depth contributed only 6.5% at the first sampling (Figure 2B). Total EO13C stocks at the second and third sampling were similar to one another but considerably lower than at the first sampling, with a stronger reduction in the top 5 cm than in deeper soil depth. Comparing the EO13C stocks at the third with those at the first sampling indicated a proportional increase with soil depth from 3.3% in the top 5 cm to 52.7% below 30 cm soil depth (Figure 3B).

The proportion (%) of labelled litter-derived C in EOC was generally highest in the topsoil, although it decreased over time (date × depth; F = 14.53, p < 0.001; Supplementary Figure 3C). In contrast, in the subsoil the largest contribution of labelled litter-derived C to EOC was measured at the second sampling.



Microbial Biomass and Contribution of Litter-Derived 13C

Microbial biomass steeply decreased with increasing soil depth at all sampling dates and showed substantial seasonal variation in the three samplings, especially in the topsoil samples (date × depth; F = 4.31, p < 0.001; Supplementary Figure 4A).

Concentration of labelled litter-derived Cmic was highest in the topsoil (max. 6.4 μg g−1 dry soil in 0–5 cm soil depth) and steeply decreased with soil depth at the first sampling. Over time, it decreased steeply in top- and subsoil (date × depth; F = 4.96, p < 0.001; Supplementary Figure 4B), although the decrease in the topsoil was less pronounced than for EOC.

The labelled litter-derived Cmic stocks of the entire soil profile decreased from 0.42 g litter C m−2 at the first sampling to 0.06 g litter C m−2 at the third sampling, but again at a slower rate than for EOC (Figure 2C). In contrast to EOC, the build-up of microbial 13C stocks was more pronounced in the top 5 cm compared to 5–30 cm. This observed large contribution of the stocks in the top 5 cm to overall profile litter-derived Cmic stocks decreased over time (from 76.1 to 20.0%), while that of the stocks in 5–30 cm increased (from 17.6 to 74.2%). In the subsoil below 30 cm, the contribution of litter-derived 13C to total Cmic stocks remained mostly stable at 5.9–11.9%, with the highest proportion at the second sampling. Microbial 13C stocks strongly decreased from the first to the third sampling in the top 5 cm and below 30 cm soil depth, representing only 4.1 and 14.5% of the initial stocks, respectively, while Cmic in the 5–30 cm soil depth still harboured 65.3% of the initial 13C at the third sampling (Figure 3C).

In general, labelled litter-derived C contributed <3% to microbial biomass C, in most cases even <1% (Supplementary Figure 4C). The only exception was the 20–50 cm soil depth at the second sampling, with values of up to 6.4%, although this effect was not significant.



Phospholipid Fatty Acids and Contribution of Litter-Derived 13C

The abundances of PLFAGram+, PLFAGram−, and PLFAfun were highly variable between the samplings and steeply decreased from the topsoil to the subsoil (Supplementary Figure 5A) (date × depth; PLFAGram+: F = 6.47, p < 0.001; PLFAGram−: F = 2.75, p < 0.001; PLFAfun: F = 3.86, p < 0.001).

The quantity of labelled litter-derived C incorporated into PLFAs decreased even more sharply with depth and had already, in the 10–20 cm depth, reached levels similar to those in subsoil (Supplementary Figure 5B). Accordingly, the decrease with time was most pronounced in the topsoil (date × depth; PLFAGram+: F = 2.62, p < 0.01; PLFAGram−: F = 2.66, p < 0.01; PLFAfun: F = 2.32, p < 0.01). From the first to the second sampling, the maximum concentrations of 13C in PLFAs in the deeper subsoil (below 30 cm soil depth) shifted from 40 to 90 cm (e.g., up to 1.4 ng g−1 dry soil for PLFAGram+) to 80–90 and 140–160 cm (e.g., up to 1.6 ng g−1 dry soil for PLFAfun). At the third sampling, only very small quantities of litter-derived C were present in PLFAs in the subsoil.

The temporal patterns of 13C stocks in microbial groups differed among the three soil depths 0–5 cm, 5–30 cm, and below 30 cm (Supplementary Figure 6). Gram-negative bacteria incorporated most 13C in the top 5 cm throughout the experiment, while the relative share of 13C in PLFAGram+ and PLFAfun in 0–5 cm strongly decreased over time while increasing in the 5–30 cm soil depth. The incorporation of litter-derived C into PLFAs in the deeper subsoil below 30 cm soil depth decreased clearly for PLFAGram− and PLFAfun and increased slightly for PLFAGram+. Accordingly, at the third sampling the microbial groups had the smallest proportional 13C reduction compared to the first sampling at 5–30 cm soil depth, with fungi roughly doubling their 13C stocks at this depth over time (Figures 3D–F).

The proportion of labelled litter-derived C in the PLFAs of bacteria and fungi provides an indicator of substrate preferences in microbial groups. At the first two samplings, the proportions steeply decreased from the topsoil to a depth of 40 cm (Figure 4). However, although neither sampling date nor soil depth significantly influenced the proportions of litter-derived C in the different microbial groups, a temporal pattern with specific maxima at depths below 40 cm, similar to that for litter-derived C content, was apparent. While at the first sampling the greatest proportion of labelled litter-derived C (e.g., up to 1.7% for PLFAfun) appeared within the upper 80 cm of the soil profiles, this maximum (e.g., up to 6.3% for PLFAfun) shifted to deeper soil depth (80 to 160 cm) by the second sampling, and almost disappeared at the third sampling with a maximum 13C retention of only 0.5% (PLFAGram−).
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FIGURE 4. Mean proportion (%) of 13C-litter-derived C in PLFAGram+, PLFAGram− and PLFAfun in soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n = 3).





DISCUSSION

Our study investigated the microbial utilisation of leaf litter-derived C within a soil profile to 180 cm depth over 18 months. Primarily, we found that most litter C was incorporated by microorganisms within the topsoil. Fungi in particular incorporated litter C for a prolonged time within the top cm of the profile. Our study provides an estimate for the upper limit of microbial assimilation of actively circulating (and accessible) litter C (that is, not long-term stabilised in other C pools) in subsoil on the months to years scale. The small C quantities migrating into deeper soil led to a temporally restricted increase in litter C incorporation but contributed less than one percent to the total microbial C pool 18 months after stopping the DO13C input from the added litter into the mineral soil. This indicates an overall slow rate of microbially mediated SOC formation from aboveground litter in the subsoil.


Litter-Derived Carbon Utilisation Across Depth and Over Time

Microbial utilisation of litter-derived C was, by far, greatest in the mineral soil near the soil surface (0–30 cm) throughout the entire 18-month period. Microorganisms in near-surface environments are expected to be in a state of high metabolic activity, thus enhancing C turnover compared to those in deeper soil depth (39). This suggests rapid and direct microbial assimilation of recently introduced DOC (40) as a main driver of the high initial incorporation rates of labelled litter C in microorganisms in the top cm of the soil profile. Over time, however, microbial 13C stocks (g litter C m−2) in topsoil (0–30 cm) remained much higher than those in deeper soil, although they generally decreased, and continuously accounted for ~90% of the microbial 13C stocks in the entire soil profile throughout the experimental period. As suggested by the observed more rapid reduction of 13C stocks in the labile EOC fraction than in SOC, direct 13C assimilation from DOC in topsoil likely decreased over time. However, two other pathways may be of importance for the long-term microbial labelled litter C acquisition: recycling of microbial necromass C, and assimilation of previously mineral-bound C. Microbial necromass has been shown to contribute greatly to the SOC pool and can be utilised by the microbial community either directly or after binding to reactive soil minerals (41–43). Reactive soil minerals are hotspots for C transformation and decomposition, playing a major role in sustaining the microbial C supply in both topsoil and subsoil (44). In line with this, Liebmann et al. (24) found, in the same experiment as that of the present study, that a substantial part of the newly formed mineral-associated OC was labile. Pronounced C retention in topsoil has been further explained by preferential sorption of newly introduced C to already present organo-mineral clusters in a DOC injection experiment (45). Nevertheless, soil mineralogy and related physico-chemical properties can control the extent and temporal pattern of microbial assimilation of formerly mineral-bound C, but this may vary substantially between different soil types (46–48).

Over the experimental period, peaks of proportional (%) and absolute (ng g−1 dry soil) microbial incorporation of labelled litter C occurred at different soil depths, suggesting a downward movement of some litter C over time in the form of DOC. Preliminary evaluation of the DOC fluxes for the period November 2016 to May 2018 amounted to litter-derived DOC fluxes of about 0.265 (± 0.129) g m−2 in 10 cm, 0.013 (± 0.002) g m−2 in 50 cm, and 0.008 (± 0.008) g m−2 in 150 cm soil depth (Liebmann, unpublished), which showed a similarly strong decrease with soil depth, and seasonal variability as observed at the Grinderwald site for the period August 2014 to November 2015 (12). Small-scale litter C translocation within the topsoil environment was evidenced by the fact that microorganisms in the top 5 cm initially contributed 76% and in the 5–30 cm 18% to the total litter-derived microbial C stock, while this pattern was almost reversed 18 months later. This increasing contribution of the 5–30 cm soil depth to the total microbial 13C stock over time could be explained either by persistence of microbially assimilated litter C or by a more balanced input/output ratio of litter C on the months to years scale. Both processes are also indicated by the distinctly high proportion of litter-derived microbial C stock in the 5–30 cm soil depth at the third sampling relative to the initial stock (65%).

We found no evidence for an increased proportion of litter-derived 13C in microbial biomass C in subsoil, contradicting our hypothesis proposing that the low concentration of litter-derived 13C measured in the subsoil SOC and EOC pools are of major importance for the microbial community. The only exception was the 20–50 cm soil depth at the second sampling, when up to 6% of the microbial C was labelled litter-derived. This was accompanied by a substantial decrease over time in the EO13C stocks in topsoil (by appr. 90%), which may indicate that some of this labile and mobile C fraction was translocated into deeper soil depth where it was assimilated by soil microorganisms. The time period between the first two samplings experienced higher soil water content than most of the experimental period, suggesting increased DOC fluxes (e.g., leaf litter leachate) to deeper soil depth. Microbial processing of litter C entering the 20–50 cm soil depth may thus have contributed to the moderate increase in the SO13C stock below 30 cm soil depth at that time.

Overall, during the entire sampling period, the concentrations of labelled litter C found in both the SOC as well as in the microbial fraction were very small in the deeper soil depth as compared to those found in the top cm of the soil profile. In accordance with other studies on C translocation within soil profiles, this indicates that only a minor portion of the C input from aboveground litter is transported into deeper soil depth (49–51). At the third sampling date (May 2018), incorporation rates of the labelled litter C in C pools within the entire soil profile were very low, with the litter C contribution in subsoil even lower than in topsoil. Here, the maximum relative contribution of the labelled litter C to the microbial C pool in subsoil was less than one percent, 18 months after switch-off of the DO13C input, providing an estimate for the upper limit of long-term microbial assimilation of actively cycling C derived from aboveground litter in sandy subsoils. This low long-term contribution of the labelled litter C may be explained by (interactions of) different mechanisms. The labelled litter C may have been largely, first, displaced with the soil solution into soil depths below the maximum sampling depth (translocation); second, replaced by new litter C introduced into the soil profile after removal of the labelled litter (dilution); and/or, third, used for catabolic (energy production) rather than for anabolic (growth) processes by the microbial community (consumption). The last could apply in particular to the microbial community in the subsoil, where new litter-derived C inputs were found to be used primarily to overcome microbial energy limitation in decomposition processes (17). High C loss by respiration due to lower microbial CUE in subsoil (39) also offers an explanation for the rather short and low litter C incorporation in the microbial C pool of the subsoil (e.g., 0.004 g litter C m−2 resp. 5.9% of the total microbial 13C stock at the third sampling). These microbial anabolic constraints are driven both by decreasing C content and greater proportions of more complex compounds following repeated processing of aboveground litter-derived DOC as it passes through the soil profile (5, 7). This, in turn, implies a rather slow rate of microbial SOC formation in subsoil from aboveground litter C, which, 18 months after the end of the labelled litter C input, accounted for only 0.2 g litter C m−2 or ~0.01% of the total SOC pool below 30 cm soil depth. However, we must keep in mind that we found no evidence of bioturbation in the acidic forest soil that limits the pathways by which litter-derived C can be translocated to the subsoil, and we assume that the rate and extent of litter-derived C transport to the subsoil may be much higher in soils with pronounced bioturbation by, for example, earthworms or other soil-dwelling fauna (52).



Microbial Group-Specific Carbon Utilisation

In previous studies, microbial community structure and activity were found to undergo major changes with increasing soil depth, explained primarily by changes in OM composition and accessibility (11). The microbial group-specific proportions in 13C incorporation in our study indicated that fungi respond more to recent aboveground litter-derived C than bacteria, and this was more evident in the subsoil than in the topsoil. In near-surface soil, neither Gram-positive and Gram-negative bacteria nor fungi had litter-derived 13C proportions in their biomass higher than 2% at any of the three sampling dates. In contrast, fungi in subsoil strongly increased their proportional uptake of up to 6%, while the two bacterial groups remained at similar or slightly increased levels compared to bacteria in topsoil. The similar proportions of labelled litter-derived C across the three different microbial groups in the topsoil may have been due to the broad availability of C sources other than the labelled litter-derived DOC, such as high belowground C inputs from root exudation and decomposition in this densely rooted environment (53, 54). However, the dynamics of the group-specific 13C stocks within the top 30 cm showed major differences between bacteria and fungi. Stocks of 13C incorporated into bacterial biomass generally decreased over time, while that of fungi decreased only in the top 5 cm but roughly doubled in the 5–30 cm soil depth from the first to the third sampling. The increased fungal litter-derived C storage suggests this soil depth as the primary location for fungal-driven C retention and underlines the importance of fungi for (microbial) C stabilisation in topsoil (21). Here, an important pathway for C translocation from upper to lower topsoil may be the hyphal network (55), which probably contributed to the more balanced input/output ratio of litter C at 5–30 cm depth. In addition, the higher persistence of fungal necromass than of bacterial necromass (56, 57) may have contributed to the comparatively slow decrease in the SO13C stock at this depth.

In the subsoil, however, the relative and absolute incorporation patterns indicated differences between bacteria and fungi in their dependency on litter-derived DOC and/or in the ability of these microbial groups to exploit this heterogeneously distributed C source in the subsoil environment. In previous studies by Kramer and Gleixner (13, 15), Gram-positive bacteria were found to predominantly utilise “older,” more processed SOC and to maintain these C preferences with increasing soil depth, while Gram-negative bacteria and fungi preferentially use more recent plant-derived C fractions. In line with this, Gram-positive bacteria were the only microbial group to moderately increase their proportion (up to 9%) of the subsoil 13C stock to the 13C stock of the entire soil profile, while fungi exhibited only a temporarily restricted increase in relative 13C incorporation during the major stage of litter-derived C migration into deeper soil. This indicates that fungi in subsoil, in contrast to Gram-positive bacteria, depend more strongly on the low but periodically occurring litter-derived C inputs, but are not able to store it for long periods under subsoil conditions due to, e.g., low CUE. This contradicts the importance of fungi for C stabilisation at the 5–30 cm soil depth as suggested in our study, and as was previously proposed for C-rich near-surface environments (19). Despite similar substrate preferences, differences in the incorporation of litter-derived C between fungi and Gram-negative bacteria in subsoil may to some extent have been driven by the prevailing moisture conditions and DOC fluxes. Seasonal variability and total DOC fluxes are of major relevance, as they strongly affect diffusive as well as convective transport and thus DOC availability to soil microorganisms in the soil matrix (8). Throughout the entire experimental period, soil moisture in the subsoil was lower than in the topsoil, with major water fluxes in deeper soil depths most likely limited to intense precipitation periods (e.g., November 2017 to January 2018). This assumption is supported by results from Leinemann et al. (12), who observed occasional strongly reduced total water fluxes in subsoil compared to topsoil at the experimental site. Under such conditions, hyphal growth may have given fungi a competitive advantage over Gram-negative bacteria in exploiting the leaf litter-derived C, as was also shown in a previous study at the same experimental site for root litter-derived C (54). Whereas, fungi can grow towards sparsely distributed resources in the subsoil (58), bacteria depend, for the most part, on solute transport and thus respond more strongly to decreasing soil water content (59–61). Microbial utilisation of specific C substrates is consequently determined by microbial group-specific preferences as well as by accessibility to C substrates within the soil matrix. Microbial access is thus not only controlled by the availability of C sources in the soil volume but also strongly by the microbial group-specific adaptations to prevailing habitat conditions (e.g., soil moisture and texture).




CONCLUSION

In this study, we demonstrated the dynamics of microbial group-specific C utilisation as well as the downward movement of aboveground litter-derived C within an undisturbed sandy soil profile under beech forest. Most of the recently deposited litter-derived C was processed in the top cm of the soil profile. The decoupling of the temporal dynamics of litter-derived C in EOC and Cmic in this soil depth indicated internal recycling of microbial-bound C as well as microbial utilisation of previously mineral-bound C. Presumably, only a small proportion of the DOC input during the previous 2 years was further transported to the subsoil and served as a scarce but essential C source for microorganisms, especially for fungi. During the experimental period, the primary downward movement of the labelled litter C in the microbial fraction from topsoil to subsoil occurred over a period of 6 months. Our study provides an estimate for the upper limit of actively cycling litter-derived C (that is, not long-term stabilised in other C pools), which can be incorporated into microbial C pools of sandy forest subsoils; only 0.2 g m−2 or ~0.01% of total SOC below 30 cm soil depth were litter-derived 18 months after 13C-labelled litter was removed. Fungi seemed to be most important for this slow microbial C incorporation, although 13C stabilisation in fungal biomass in subsoil was ephemeral. Overall, our study thus suggests that on annual timescales, microbial C assimilation may be of minor relevance for the stabilisation of aboveground litter-C in subsoil of sandy soils.
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Supplementary Figure 1. Mean monthly precipitation (mm) at the field site and mean monthly soil water content (%) at six different soil depths (10, 30, 50, 90, 150, and 180 cm) from November 2016 to May 2018.

Supplementary Figure 2. (A) Mean soil organic carbon (SOC) contents (mg g−1 dry soil) of soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n =3). (B) Mean contents (μg g−1 dry soil) of 13C-litter-derived C in SOC of soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n = 3). (C) Mean proportion (%) of 13C-litter-derived C in SOC of soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n = 3).

Supplementary Figure 3. (A) Mean extractable organic carbon (μg EOC g−1 dry soil) in soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Mean values with standard error (n = 3). (B) Mean contents (μg g−1 dry soil) of 13C-litter-derived C in EOC of soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n = 3). (C) Mean proportion (%) of 13C-litter-derived C in EOC of soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling) May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n = 3).

Supplementary Figure 4. (A) Mean microbial biomass C (μg Cmic g−1 dry soil) of soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Mean values with standard error (n = 3). (B) Mean contents (μg g−1 dry soil) of 13C-litter-derived C in Cmic of soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n = 3). (C) Mean proportion (%) of 13C-litter-derived C in Cmic of soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n = 3).

Supplementary Figure 5. (A) Mean abundance (nmol g−1 dry soil) of Gram-positive bacteria (PLFAGram+), Gram-negative bacteria (PLFAGram−), and fungi (PLFAfun) in soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n = 3). (B) Mean contents (ng g−1 dry soil) of 13C-litter-derived C in PLFAGram+, PLFAGram− and PLFAfun in soil samples from 0 to 180 cm soil depth for the sampling dates November 2016 (first sampling), May 2017 (second sampling), and May 2018 (third sampling). Error bars indicate standard error (n = 3).

Supplementary Figure 6. (A) Mean litter-derived C stocks (g litter C m−2) in Gram-positive bacteria of the depth increments 0–5 cm, 5–30 cm, and below 30 cm soil depth for the sampling dates November 2016 (first sampling), and May 2018 (third sampling). (B) Mean litter-derived C stocks (g litter C m−2) in Gram-negative bacteria of the depth increments 0–5 cm, 5–30 cm, and below 30 cm soil depth for the sampling dates November 2016 (first sampling), and May 2018 (third sampling). (C) Mean litter-derived C stocks (g litter C m−2) in fungi of the depth increments 0–5 cm, 5–30 cm, and below 30 cm soil depth for the sampling dates November 2016 (first sampling), and May 2018 (third sampling). Due to the different numbers of fatty acids assigned, it is not possible to directly compare the absolute stock quantities (g litter C m−2) of the different microbial groups.

Supplementary Table 1. Soil properties of the field site.
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