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Answer to reviewers

We would like to thank the reviewers for their helpful comments and suggestions, which have greatly
improved our manuscript. We hope that our response answers all their concerns. We considered each
reviewer individually, with the reviewer’s comments in normal font, our answers in italics.

Anonymous Referee #1
Received and published: 8 July 2015

The paper by Basler et al. investigates on the relative prominence of recycling versus stabilization
processes of soil sugars, a relevant component soil organic matter (SOM). The authors have addressed
the problem by performing a three year incubation of a silty loam soil, under different types of land
use (i.e. respectively: arable land, grassland and forest) and by adding 13C-labelled glucose in order to
track the possible incorporation patterns. Their main observations are that two main tracer dynamics
take place for different sugars and these are all dominated by a pool which persists (i.e. high mean
residence time, MRT), independently of soil C content. Higher labelled C incorporation is measured in
the microbial biomass than in the CO2 produced. The authors consequently suggest that all together
these things point at the predominance of recycling over stabilization as main sugar dynamic occurring
into soils. Understanding the fate of carbon in soils is of great relevance for the consequences it
implies for soil management and more in general for the global carbon cycle. This study gives insights
on the possible degradation patterns of soil sugars, which are important contributors in these
dynamics. However, as a general comment | would have expected that the authors had put more
emphasis on the relevance and the contribution that this study may represent for the soil (and global)
carbon cycle understanding. A statement or even a paragraph in the Abstract and/or in the Introduction
sections which highlight these aspects would be beneficial for the paper.

—A sentence to highlight this aspect was included in the abstract.

I also have some specific request for revisions that may improve the paper. However, | recommend
publication in Biogeosciences after the authors consider them.

1. Introduction:
1) page 3, lines 2 to 3: Please add references to this sentence.
2) page 3, line 3: Please define the acronym SOM before you start using it in the text.

3) page 3, line 6: Although you introduce the concept of “mean residence times” already in the
Abstract, | would suggest you to re-define it here and add again its acronym, i.e. MRT, because you
are using it later in the text.

4) page 3, line 14: There is a typo after the colon, the sentence “their high degradability. . .” starts with
an uppercase instead than with a lowercase letter.

- Thank you for your comments, we have implemented all these recommendations.
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5) page 3, lines 23 to 24: Please add references to this sentence. Besides, | would develop a bit this
sentence by explaining which kind of effects you intend here.

- We rephrased this sentence because we did not intend to relate to the effects of recycling
and stabilization but their importance for C turnover

6) page 4, lines 2 to 4: Please refer to the Figure/Table which show the experimental set-up
reported here.

- We improved section 2.2 (Soil incubation) to clarify that soil samples were incubated
individually We therefore believe that a diagram of the experimental setup is now not
necessary.

2. Material/Methods:

2.1 Study Site: It might be helpful to clarify the set-up of the experiment if you could draw a diagram
showing the vertical section of the different soils and horizons employed in the experiment.

- We improved section 2.2 (Soil incubation) clarify that soil samples were incubated
individually We therefore believe that a diagram of the experimental setup is now not
necessary.

2.2 Soil incubation:

1) page 4, line 27: Please define “Corg”, before using this abbreviation in the text.

2.4 13C analysis of individual sugars:

1) page 5, line 19: Please correct the typo “13C” to “13C”.

2.4.1 Extraction procedure:
1) page 5, line 23: Please define TFA before using the acronym in the text.
- We have revised the text as suggested.

2.4.2 Analysis:

1) page 6, line 7: I believe the title of this section is too generic. Please rename it as “Isotopic
Analysis” for instance.

- We renamed this section to “sugar analysis” as this section now comprises both the
isotopic analysis and the determination of sugar amounts.

2.6 Calculation and statistics:

1) page 8, line 7: The number assigned to the equation should be (5), instead of (6) and consequently
the numbers assigned to the following formulas need to be corrected as well.



~N o o b w N

© oo

10
11
12

13
14
15
16

17
18
19
20
21

22
23
24

25
26
27

28
29
30

31
32
33

—>The section 2.6 was restructured. However, we took this point into consideration in the final
version.

3. Results:

3.1 Carbon concentrations and incorporation of the labelled C into soil organic matter fractions and the
respired CO2:

1) page 9, lines 4 to 5: Please add the corresponding acronym after “microbial biomass” and re-define
“ex-C” before using this abbreviation in the text.

- exC stands for extractable carbon and was first mentioned and explained in the method
part/chloroform fumigation (2.5). Microbial biomass was removed and replaced by the
acronym Cmic, which was also introduced in the method section.

3.3 Dynamics of label-derived C of the individual sugars:

1) page 11, line 1: I am not sure I understand what the letter “a” stands for, when you report the MRT
for gal (5957a) and for rha (1-365a), calculated from the nonlinear regression analysis: it is not
reported either in the text or in Table 3. Is it referring to Figure 3, panel a? Also please correct the
extra space after 1-365.

> The “a” referred to years. To avoid misunderstanding we replaced a by yr.

4. Discussion: My main suggestion here is to add the references to Tables and Figures
in the text while you discuss them in this section; it would make easier to follow your
argumentation. Figure 1. and 2.

1) page 27, lines 6 to 7 and page 28, lines 5 to 6: | am not sure | understand the different letters
notation you use in this figures and how you explain it in the captions. Please rephrase this.
Figure 3.

1) page 29. Please correct the typo in panel c): the x axis label says [month] instead of [months]
as for the other panels.
- Thank you for these comments; we have changed the points as suggested.

Anonymous Referee #2
Received and published: 11 July 2015
General Comments.

In the present investigation, the authors address the fate of neutral sugars as an important part of SOM
in a three year incubation study. Hereby, the main aim is to disentangle the importance of stabilization
vs. recycling for the sugar dynamics in soil. This is done by means of application of 13C enriched
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glucose to three different soil and land use types followed by extraction and compound specific
isotope analysis of microbial sugars at various time steps together with CO2 fluxes and measurements
of microbial biomass. The authors found evidence, that after an initial phase of high metabolization
rates and thus sugar derived C losses in the form of CO2, recycling by the microbial community of
sugar-derived C becomes very effective. Though in general sugar dynamics in the long term were
dominated by a pool showing high mean residence times, there were differences between two groups
of microbial sugars in the incorporation dynamic of glucose derived 13C. These findings were not
affected by the C content of the investigated soils. The study gives valuable information about the
importance of recycling of SOM via the sugar pool in soil. My main points of criticism are that the
authors use the term MRT though the unknown rate of sugar synthesis is not known and thus the
criteria for MRT calculation are not met.

- We agree with this comment. However, we are referring to the MRT of the carbon
allocated to sugars, but not the sugars themselves, as this is the only information we can
derive from our measurements. This was clarified in the introduction (second paragraph).

Second, while there are really strong arguments that sugar dynamics are dominated by recycling, the
authors do not discuss that they cannot rule out that the differentiation into a fast and a slow reacting
sugar pool could also be caused by stabilization mechanisms.

- We agree with the reviewer that we cannot present a final proof to exclude stabilization as
underlying mechanism, although we believe that the basis for our argumentation is strong
enough.

To finally prove the recycling the application of position-specifically labelled substances followed by a
position-specific isotope detection would be necessary. However, the measurement techniques for this
kind of studies does not (yet) exist.Finally the authors fail to draw more implications of their finding
e.g. on the interpretation of data from foregoing investigations on the persistence of SOM compounds,
where high MRT was found, irrespective of the chemical structure.

->We fully agree here and added a respective comment in the conclusion.

Nevertheless, after these points and a number of more detailed suggestions have been implemented
into the recent manuscript, | suggest to resubmit and publish the manuscript.

Specific Comments:

p.3 1. 4: While in this paragraph it is stressed that recalzitrance is an inadequate model to explain
decomposition dynamics, you later on (p. 3 I. 15) define sugars as an easy to degrade compound. This
perfectly shows that neither recalcitrance, nor other stabilizing factors can completely explain or
predict the fate of certain compounds or compound classes in soil. | would suggest to reorganize these
first two paragraphs in a way that shows these contradicting views and thus makes clear the
importance of disentangling stabilization vs. recycling.

->We changed this section to more clearly focus on the main points here.

p.3 1.16: how is the term "apparent” defined? If you want to express, that the turnover times have been
determined by means of 14C dating and could thus by biased by the synthesis of sugars from old
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carbon sources, you should explicitly say so. However, in this case stabilization mechanisms like
sorption or inclusion (p.3 1.18) would include truly old sugars, thus not contributing to apparent high
mean residence times as you write.

>“apparent MRT” here means that these are the MRT that one would get if recycling would
be excluded. The term has been used before (e.g. Flessa et al., 2008) exactly due the necessary
distinction between “true” MRT of sugars (which to our knowledge have not been measured
yet in soils) and MRT of carbon in sugars. We also added an explanation in the introduction.

p.4 1.3: Beside the differing concentrations, the more important thing would be differences in the
chemical quality or overall usability of C in these systems. This is discussed later on, but actually it
should already be stated here.

-We have taken this into account by mentioning the different C qualities of the investigated
soils in the introduction.

p.4 1.26: clarify, if the glucose was equally labeled or if the 99 at% are only valid for a certain C-
position.

- This was clarified by stating U-13C.

p.5 .4: How do the 4 g fit to the time steps when CFE has been performed or how was the whole
incubation system treated after sampling for CFE? In the same way as for 4 g?

2> A sentence was introduced in the “soil incubation” section to clarify that soil for Cmic
analysis was sampled together with the soil for sugar analysis

p.5 1.17-18: 13C signature of soil derived CO2 is not measured by the simple difference between the
two samplings, but rather by plotting the isotopic composition vs. the reciprocal of the sampling time
an then prolonging the linear equation to the cutting point with the y-axis (Keeling Plot).

- Although a Keeling plot of our data would lead to the same results, we applied a mass and
isotopic balance calculation. This was clarified in the text “from the difference in
concentration and isotopic composition of the two samplings”

p.6 1.16: The equation uses data from an unlabeled treatment. It was not specified how this treatment
was set up; please specify.

> A sentence to clarify this was added in the “Soil incubation” section: “Controls under
natural abundance conditions were treated identically.”

p.6 1.17: It is rather unclear what you want to state by saying the analysis pattern differed - do you
mean a difference in the sampling frequency?

= This sentence was rephrased: “The analysis frequency differed among the different soils:
To check if short sampling intervals will reveal additional sugar dynamics...”
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p.8 1.2: In the equation S(t) is defined as the level of isotopic enrichment. However, in figure 3, where
this formula is used, it is not fitted to S(t) but to RSA. Please clarify.

- The section 2.6 was modified. The parameter S of the decay functions was changed to y,
were y represents the RSA values of the individual sugar.

p.8 1.19: How can you identify newly synthesized sugars? While it is clear that the amount of label
incorporated into microbial sugars represents newly synthesized sugars, it does on the other hand not
mean that these are the only freshly synthesized sugars; i.e. you would underestimate the amount of
freshly synthesized sugars because whenever old unlabeled carbon is used to synthesize sugars, you
would not see, or you would even interpret the following drop of enrichment as a drop in synthesized
sugar amount. Though | am aware of the fact, that all tracer studies and especially those that are ran
over a longer time period, face this problem and that solutions to overcome this problem are scarce |
would suggest to comment on this problem in the text: First of all it should be considered by clearly
stating, that newly synthesized sugars are defined as the part of the sugar pool showing incorporation
of the label. Second, at some point in your discussion section you should discuss the implications of
this problem for your data interpretation.

2> We absolutely agree here and consequently rephrased this to “labelled sugar” instead of
“newly synthesized sugar”

p.9 1.6: what about RSA in bulk soil?
- We rephrased this, the RSA value of bulk soil is ranked in the arrangement.

p.9 1.8: In the method section it was stated, that the incubation was done for 30 months. Here you say
that it was 34 months; please clarify

->We clarified this. The incubation was done for 34months, but sugar analysis was only made
for the first 30 months.

p.11 I.1: It is not stated that MRT could frequently not be calculated for a number of sugars, due to
positive k values. Please also note, that for these sugars it is not even correct to define the function as a
decay function. Though this fact is already part of the discussion it should also be clearly stated at this
point. At this point | would like to stress that the setup of the experiment does not really justify the
term MRT. Though the equations are used in the right way, you also have to check if the processes
defining e.g. the form of your kinetic functions, are really pure decay processes. Only for this situation
it makes sense to speak of MRT. If there is resynthesis of the substance of interest, you would need to
correct for the rate of synthesis. However, in your case | see no possibility to get these data. The fact
that the recycling of label, i.e. the reincorporation of 13C into newly synthesized sugars impeded the
differentiation of several pools (based on the calculated MRT?) is discussed in section 4.3. However, it
needs to be stressed, that the calculation of MRT is not just impeded, but that the use of MRT is
simply not possibly at this point as the settings simply do not meet the definition of MRT. The actual
data set only allows to calculate something that might be defined as a MRT for the label being
recycled / circulated through the specific sugars. | feel that this does not really hamper the
interpretation of the data - it still enables you to show the importance of recycling of freshly
incorporated C into the SOM pool vial sugars and differentiate between different sugars. At this point
it might also be usefulto skip the calculation of any residence times and only differentiate by means of

6
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the calculated k-values (the smaller the value, the more recycling takes place) - this would enable you
to also discuss the role of those sugars having a negative k-value.

>We agree here. However, we wanted to show MRT (where possible) as this is the most
commonly used value in soil carbon dynamics. For clarification, we added sentences in the
Results and the Discussion sections that decay was not always observed (the implications here
of are part of the discussion anyway).

p.12 1.6: It would probably give a more complete picture, if the partitioning of label between the
different soil pools would be shown and discussed. Please note that the RSA only gives the proportion
of a pool that is made up from incorporated label. However, it does not show, were most of your label
was incorporated.

->We added this information in a new Figure to draw a more complete picture of the
dynamics during the incubation.

p.13 1.18: If glucose (i.e. also labeled glucose) is bound to SOM and is accessible for microorganisms,
one should expect significant enrichments in the exC pool. Please discuss this a bit more into depth.

- The first time we measured the exC is after 6 month, at this time the proportion of e glucose
derived C is negligible (a high contribution would only be expected immediately after
addition. We included this data now in a new figure

p.14 1.13-15: Please also discuss the sinus like fluctuations for instance in the case of manose - this
could be an interesting point in showing that there are also short time dynamics present. Probably this
could also be the starting point to investigate the short term dynamics of the microbial community in a
long term experiment - i.e. the switching between times of degradation of old SOM and the recycling
of C from dead and rel.young microbial biomass. | would encourage you to at least discuss this aspect,
as these fluctuations are really striking.

- Some sentence about this aspect was included in the section 4.3.

p.14 1.15-18: You note, that due to a de novo synthesis of plant derived sugars by microbes, it was not
possible to differentiate between a sugar pool that is only affected by stabilization (plant derived
sugars) and another one that is also affected by recycling.While this is true, | do not understand, how it
could have helped you, if there was no de novo synthesis of Ara and Xyl. In that case both would have
not been labeled and thus it would not have been possible to calculated degradation kinetics. To be
able to do so, you would have needed to add labeled Ara and Xyl to the same or a parallel experiment.
Thus, this part is confusing and you should clarify this, because | do not really understand, how you
were going to disentangle stabilization vs. recycling based on this approach even if you would not
have synthesis of plant derived sugars — please clarify.

—Although the original idea of the study was to find different dynamics for sugars of
microbial origin vs. sugars of plant origin we had to acknowledge that all sugar dynamics
were dominated by microbial production (and not only influenced in case of the “plant
derived sugars”, as we hypothesised). This is why the original idea did not work out.
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p.16 1.5-8: It is stated that the high MRT indicate that recycling dominates sugar dynamics. However,
from a mechanistic point of view this straightforward interpretation is not justified as it is not
considering, that the stabilization of microbial sugars would also lead to high MRT and would also
end in a steady state in the end of the experiment. Though | agree that due to a bundle of reasons it is
much more likely that recycling plays the dominant role, this is not discussed enough in detail in the
discussion section. Clearly speaking, the pros and cons for recycling or stabilization are not always
clearly named and are not weighed up against each other. However, this is very important, as the
experiment itself does not investigate stabilization, e.g. there are no data on the desorption of sugars or
other stabilizing mechanisms that are named in the introduction; even if there are few / no studies on
stabilization of sugars in soil, the possibility of e.g. sorption to different surfaces in soil should be
considered and discussed, based on the chemical characteristics of sugars.

—>We do agree here, this why we added further arguments considering recent literature in (on
sorption). However, we do not conclude that recycling dominates the dynamics solely on the
long calculated MRT. More important is the microbial biomass, especially the high labelling
after the long time and the pronounced difference to the produced CO2

Technical Comments:
p.3 1.25: missing space between Derrien et al. and following brackets
p.5 1.19: Superscribe 13 in the word 13C
p.51.25: Use a small "a" in hPa
p.6 1.12: space between author and year
p.6 1.16: leave space before and after the mathematical operators
p.7 1.7: space between mL and 0.05
p.7 1.11: use "filtrates" rather than "salts"
- We apologize for these errors, and we have corrected the text as suggested.

p.7 1.11: please at least give the brand of your instrument and the temperature/reactor filling at which
the analysis in the EA has been done

—>The reactor is filled with tungsten oxide and silvered cobaltous oxide. This information was
added in the Materials/Methods section.

p.7 1.15-16: use the presence instead of the past as you define the variable of a mathematical function
-We changed this as suggested.

p.7 1.18: kec factor is not defined - it is under discussion, whether this factor is really applicable for all
ecosystems, i.e. if it stays constant. As it would anyway not alter the rel. differences between your
different soils, | would rather suggest to leave away the factor and define the value as the "extractable
microbial biomass".
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- We are aware of this discussion concerning the kec factor. However, we decided to provide
these data due to the comparableness with other studies.

p.8 I.7: enumeration of this equation and the following ones is incorrect.
>The section 2.6 was modified. We kept this point in mind during the new structuring.

p.9 1.12: missing space between pg and C p.10 1.24: kinetics describe reactions but not a soil
pool; thus you should rather say kinetics for soil sugar turnover. Please rephrase. p.13 1.31-32:
use "incorporation” instead of "input" and "especially for easily" instead of "especially in
easily" Table 3: move "wheat Ap to the top of the first section so that the structure is the same
for all sections. Also you should increase the distance between the section to get the separation
more clear.

Tablel: The spacing between the different rows in "Distribution of sugars [%]" is too small
and makes the table difficult to read.

->Thank you, we have followed these recommendations.

Figure 1: it is not clear, whether the significant differences were found between the different systems
but within one time step or throughout the three time steps — please clarify. Also there is an error in the
block setting of the figure capture (last line).

- For clarification we rephrased the capture.

Figure 2: Please explain why there is no data for CO2 fluxes for grassland and forest at time step 0.
- We cannot provide data for the CO, for forest and grassland as we still had some trouble at
the beginning with the experiment. Leaky microcosms and high inaccuracies in the
measurements due to required dilution of the samples forced us to neglected these values
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Microbial carbon recycling - an underestimated process

controlling soil carbon dynamics. Part I: A long-term
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Abstract

Independent of its chemical structure carbon (C) persists in soil for several decades,
controlled by stabilisation and recycling. To disentangle the importance of the two factors on
the turnover dynamics of soil sugars, an important compound of soil organic matter (SOM), a
three year incubation experiment was conducted on a silty loam soil under different types of
land use (arable land, grassland and forest) by adding **C-labeled glucose. The compound
specific isotope analysis of soil sugars was used to examine the dynamics of different sugars

during incubation.

Sugar dynamics were dominated by a pool of high mean residence times (MRT) indicating
that recycling plays an important role for sugars. However, this was not substantially affected
by soil C content. Six months after label addition the contribution of the label was much
higher for microbial biomass than for CO, production for all examined seisland use types,
corroborating that substrate recycling was very effective within the microbial biomass. Two
different patterns of tracer dynamics could be identified for different sugars: while fucose

10
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{fue)}-and mannose {man)-showed highest label contribution at the beginning of the incubation
with a subsequent slow decline, galactose {gab-and rhamnose {rha)-were characterised by
slow label incorporation with subsequently constant levels, which indicates that recycling is
dominating the dynamics of these sugars. This may correspond to a) different microbial
growing strategies (r and K-strategist) or b) location within or outside the cell membrane
(lipopolysaccharides vs. exopolysaccharides) and thus be subject of different re-use within the
microbial food web. Our results show how the microbial community recycles substrate very
effectively and that high losses of substrate only occur during initial stages after substrate

addition. This study indicates that recycling is one of the major processes explaining the high

MRT observed for many SOM fractions and thus is crucial for understanding the global soil C

cycle.

11
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1 Introduction

Organic matter that enters the soil is immediately subject to microbial degradation (Fontaine

et al.,, 2003). It has long been assumed that the chemical structure of soil organic matter

(SOM) compounds is a key factor controlling decomposition dynamics_(Stevenson, 1994).
However, in recent years, several studies have shown that carbon (C) compounds are
persistent in soil independent of their chemical structure and_that mean residence times
(MRT) of many compound classes are in the same range (Derrien et al., 2006; Amelung et al.,
2008; Gleixner et al., 2002; Kiem and Kdgel-Knabner, 2003; Derrien et al., 2007; Schmidt et
al., 2011). Two main mechanisms have been discussed to control the C dynamics in soil: on
the one hand preservation of sei-erganic—matterSOM due to stabilisation and on the other

hand recycling, i.e. the synthesis of C compounds from old C sources (Gleixner et al., 2002;

Sauheitl et al.,, 2005}, The main stabilisation mechanisms are organo-mineral association to

minerals-and-protection-within-soi-structures-like-aggregates—{; Six et al., 2002; von Luetzow
et al., 2006;{Sollins et al., 1996)).

The question of stabilisation vs. recycling is particularly imminent for sugars: Fheirtheir high

degradability and usability suggest a rapid turnover in soils. In contrast, sugars are
characterized by high apparent-turnover times, similar to bulk soil C (Gleixner et al., 2002;
Derrien et al., 2007). While chemical recalcitrance can be ruled out, it is unknown whether
spatial inaccessibility and interactions with surfaces and metal ions on the one hand or
recycling on the other hand are predominant for the observed high apparent mean-residence
timesMRT (where “apparent MRT” refers to the MRT of the compound as opposed to the

MRT of the underlying C). Vascular plant-derived carbohydrates are mainly characterised by

the pentose sugars arabinose (ara) and xylose (xyl), whereas hexoses (galactose (gal) and

manose (man)) and desoxyhexoses (fucose (fuc), rharhamnose(rha)- are primarily produced

by microorganisms (Moers et al., 1990). _
Studies that aim to disentangle the-effectscontribution of recycling and stabilisation to the fate

of carbohydrates are rare. Based on exponential decay functions, several studies suggest the
existence of different sugar pools in soils (Cheshire et al., 1988; Derrien et al., 2007;
‘ Muramaya, 1984). Derrien et al._(2007) and Muramaya (1988) performed glucose incubation
experiments with incubation periods up to 1 year, but conclusion about factors controlling the

‘ long-—term decay kinetics of soil sugars were not possible, presumably due to the short

12
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duration of the experiment and a low number of sampling times. The aim of the present study
was to investigate the long-term decay of different (plant and microbial derived) sugars in
soil. Therefore, a three year incubation experiment combined with short sampling intervals
was set up to evaluate whether sugar pools with different turnover dynamics can be identified
in soil during long-term incubation. The incubation was performed on seis-a silty loam with
under different land use types (and hence soil C concentrations and chemical qualities) en-the
same—soi—type—to assess the influence of soil C content on microbial recycling. We

hypothesize (i) that the high MRT of soil sugars that have often been observed results mainly

from microbial recycling and not from stabilisation processes and (ii) that the importance of

microbial recycling increases with decreasing soil C content.

2 Material/Methods

2.1 Study Site

Soil samples were collected from the long-term field experiment at “Hohere Landbauschule”
Rotthalmiinster, Bavaria, Germany (N 48° 21’ 47, E 13° 11 46’). The mean annual
temperature is 9.2 °C and the mean annual precipitation is 757 mm. Soil samples were taken
in April 2011 from the following sites and soil depths: (i) the Ap horizon (0-30 cm) and (ii)
the E horizon (30-45 cm) of a continuous wheat plot (Triticum aestivum L.) established in
1969. Previous vegetation on the wheat plot was grassland. (iii) The Ah horizon (0-10 cm) of
a grassland established in 1961 and (iv) the Ah horizon (0-10 cm) of a nearby spruce stand.
The soil was classified as a stagnic Luvisol derived from loess (IUSS Working Group WRB,
2014). The soil texture is silty loam. Field moist soil was carefully sieved to 2 mm and stored
at 10 °C until use. The soils are described in detail by John et al._(2005) and Helfrich et
al.(2006).

2.2