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Abstract Precise assessment of soil organic carbon

(OC) storage requires understanding of soil type and

depth specific differences in organic matter (OM)

stabilization. Therefore, we aimed to analyze OC

dynamics down the soil profile and to clarify the effect

of depth on the importance of aggregate formation and

mineral adsorption for OC storage in mature beech

forest soils developed from different parent materials.

Aggregate size and density fractions were separated

from samples of top and subsoil horizons, which were

quantified and analyzed by infrared spectroscopy. We

also determined themicrobial biomassC (Cmic) and the

amount of C decomposed within incubation experi-

ments (CO2-C) for the bulk soil samples. OC stabilized

via aggregate formation and mineral association

significantly increased with soil depth. However, this

stabilized pool seemed to fuel the labileOM stronger in

the subsoil than in the topsoil because the CO2-C/SOC

and CO2-C/Cmic ratios increased with depth.Measured

differences in the magnitude of the detected stabiliza-

tion and destabilization patterns were attributed to

parent material and soil horizon, indicating pro-

nounced spatial and vertical heterogeneity in the

contribution of soils under temperate broadleaf forest

to terrestrial C sequestration. Considering such site and

depth specific differences will improve assessment and

modelling of soil OC storage for areas covered with the

same forest type but with high pedogenetic diversity.

Keywords Soil organic matter stabilization � Forest
soil � Soil parent material � Soil genetic horizons �
Aggregate size fraction � Density fraction

Introduction

Forest topsoils and subsoils account for approximately

70% of the global soil organic C (SOC) leading to their

large importance for terrestrial ecosystem services

such as the mitigation of climate change (Vancamp-

enhout et al. 2012). Topsoils (i.e., A horizons) usually

show distinctly higher SOC concentrations than

subsoils but 30 to 63% of the total SOC is stored at a

soil depth of 30–100 cm. Even in depths between 100

and 200 cm up to 40% of the total SOC can be found

Responsible Editor: Susan E. Crow.

S. Vormstein � B. Ludwig
Department of Environmental Chemistry, University of

Kassel, Nordbahnhofstr. 1a, 37213 Witzenhausen,

Germany

M. Kaiser (&)

Department of Agronomy and Horticulture, University of

Nebraska - Lincoln, 202 Keim Hall, Lincoln,

NE 68583, USA

e-mail: mkaiser6@unl.edu

H.-P. Piepho

Institute of Crop Science, University of Hohenheim,

Biostatistics Unit, Fruwirthstr. 23, 70599 Stuttgart,

Germany

123

Biogeochemistry (2020) 148:169–189

https://doi.org/10.1007/s10533-020-00652-z(0123456789().,-volV)(0123456789().,-volV)

http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-020-00652-z&amp;domain=pdf
https://doi.org/10.1007/s10533-020-00652-z


(Batjes 1996; Angst et al. 2016). However, Mobley

et al. (2015) pointed out that 90% of 360 studies,

analyzed in two review articles about the impact of

land use on SOC (Post and Kwon 2000; West and Post

2002), only sampled to a depth of 30 cm or less. For

two other reviews on the impact of land use on organic

carbon (OC) in tropical soil (Don et al. 2011; Powers

et al. 2011), the average sampling depth was 39 and

14.6 cm across 158 and 80 studies, respectively (Wade

et al. 2019). Consequently, uncertainties about subsoil

OC cycling are generally larger as compared with the

topsoil and subsoil OC dynamics cannot be deduced

from that in the topsoil because the environmental

conditions differ widely (e.g. Rasse et al. 2006;

Rumpel and Kögel-Knabner 2011).

For soils under forest, bioclimatic characteristics

such as boreal coniferous or temperate broadleaf (Post

et al. 1982) and soil mineral characteristics, deter-

mined by the parent material the soil has developed

from (Kaiser et al. 2012), were identified as major

driving factors for OC storage and cycling. However,

quantitative understanding of organic matter (OM)

decomposition and stabilization in topsoils and sub-

soils that have developed from different parent

materials under specific bioclimatic forest types is in

critical need to assess OC storage capacities and

predict changes more precisely (Rumpel and Kögel-

Knabner 2011; Vancampenhout et al. 2012; Gabriel

et al. 2018). For the long-term ([ 100 years) stabi-

lization of OM against microbial decomposition,

which is especially important for mitigating climate

change, the association of OM with mineral com-

pounds and the occlusion in aggregates were shown to

be crucial (Schmidt et al. 2011; Kleber et al. 2015).

The capability of soils to protect OM against biolog-

ical decomposition by the formation of aggregates and

organo-mineral associations depends on mineral char-

acteristics, such as the content of reactive Fe- and Al-

oxides, polyvalent cations, and layer silicates (Bal-

dock and Skjemstad 2000; Eusterhues et al. 2005;

Mikutta et al. 2006). These mineral characteristics are

in turn affected by the parent material the soil has

developed from and by pedogenetic processes respon-

sible for the formation of different soil horizons along

the soil profile. Consequently, it can be expected that

the rates and mechanisms of OM stabilization depend

on the soil parent material as well as on specific

characteristics of pedogenetic soil horizons (Kaiser

et al. 2011, 2012).

In general, it can be assumed that with increasing

soil depth the organic compounds are getting smaller

and more reactive towards charged mineral surface

sites because of the ongoing oxidative breakdown

(microbial processing) (Kramer et al. 2012; Kleber

et al. 2015). Consequently, it is postulated that with

increasing soil depth smaller aggregates (\ 53 lm)

and organo-mineral associations become increasingly

important for the OM stabilization at the cost of larger

aggregates ([ 53 lm) (Paul et al. 2001; Kaiser et al.

2002; Rasse et al. 2006). Because organo-mineral

associations and aggregates\ 53 lm have been

shown to protect OM more efficiently than aggre-

gates[ 53 lm (e.g., Feng et al. 2016), a stronger OM

stabilization can be expected in the subsoil compared

to the topsoil. However, it is critical to quantify this for

soils developed from different parent materials

because the specific horizons that have evolved differ

regarding their vertical transport rates of dissolved

OM and their support of root growth, which can affect

in turn the patterns of soil aggregation and organo-

mineral associations (Torres-Salan et al. 2018).

To analyse the contributions of larger aggregates,

smaller aggregates, and organo-mineral associations

for OM storage and stabilization along the soil profile,

different fractionation schemes can be applied. Den-

sity fractionation of soil offers a procedure to assess

the interaction between OM and the mineral phase by

separating the bulk soil OM into the free light fraction

(flF: not aggregate occluded organic particles, i.e.

plant residues), the aggregate occluded light fraction

(olF: aggregate occluded organic particles or plant

residues), and the mineral-associated OM (heavy

fraction: HF) (Cerli et al. 2012; Schrumpf et al.

2013). The OM associated with the olF and HF is

generally more degraded, smaller in size, and more

stabilized than the OM associated with the flF (Wagai

et al. 2009; Schrumpf and Kaiser 2015). Complemen-

tary to density fractionation, the separation of water-

stable aggregate size fractions by a wet-sieving

procedure from soil reveals information about the

relevance of aggregate formation at different scales for

the OM storage and stabilization in different soil

depths (e.g., John et al. 2005).

Recent studies on OM stabilization in soils under

temperate broadleaf forest using aggregate (Sánchez-

de León et al. 2014) or density fractionation (McFar-

lane et al. 2013) schemes focused solely on topsoil,

which does not allow for conclusions on OM subsoil
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dynamics. Studies that expanded to the subsoil usually

fractionated samples from fixed depth increments to

analyze differences between forest topsoil and subsoil

(Schrumpf et al. 2013; Angst et al. 2016). This might

lead to the mixing of material from different horizons

that differ in OM and mineral characteristics, imped-

ing the elucidation of horizon specific OM stabiliza-

tion patterns. For temperate broadleaf forest, studies

quantifying the relative importance of OM stabiliza-

tion mechanisms in pedogenetic horizons of soils

developed from different parent material are missing

to the best of our knowledge. Such horizon and soil

parent material specific data would help to improve the

prediction and modelling of fluctuations in atmo-

spheric CO2 concentrations resulting from changes in

forest SOC due to changes in climate and land use

(e.g., Jain and Yang 2005; Gabriel et al. 2018).

Objectives of this study were (i) to determine how

well bulk SOC content and mineral characteristics

describe the OC contents associated with aggregate

size and density fractions and with microbial biomass

in topsoil versus subsoil horizons, (ii.1) to clarify

whether the relative OC proportions associated with

aggregate size classes and density fractions differ

significantly between different pedogenetic horizons

of soils under temperate broadleaf forest differing in

parent material, and (ii.2) how this affects depth

specific OMdecomposition dynamics. To achieve this,

we sampledmaterial from pedogenetic horizons, down

to the parent material, of five soils in central Germany

that have developed from different parent materials in

similar climate and that are covered with mature beech

forest. From these soil samples, we separated three

density and four aggregate size fractions indicative for

different degrees and mechanisms of OM stabilization

against microbial decay. These fractions were also

characterized by Fourier transform infrared (FTIR)

spectroscopic analyses providing information about

the amount of C=O groups shown to be crucial in the

formation of organo-mineral associations and aggre-

gates and being affected by microbial processing and

microbially derived OM (Kaiser et al. 2012, 2014).We

also determined for all bulk soil samples the microbial

biomass C (Cmic) and the amount of organic C respired

as CO2 within 7 and 14 days to quantify soil horizon

specific differences in microbial activity and the

amount of the most labile OM.

We hypothesize (i) that mineral characteristics and

bulk SOC content are useful to quantitatively describe

contents of OC in aggregate size and density fractions

but that mineral characteristics are better predictors for

the subsoil, (ii.1) a significant decrease of OC

associated with macro-aggregates ([ 250 lm) and

free, organic particles with depth and a significant

increase of OC associated with minerals, and (ii.2) that

this increase in more protected OM with depth will

lead to lower total and relative amounts of easily

decomposable OC.

Materials and methods

Study sites and soil sampling

We analyzed five soils in central Germany near the

city of Göttingen (Germany) that have developed from

different parent material namely Shell Lime Stone

(coordinates: 51� 320 43.6900 N, 10� 020 34.9500 E),
Basalt (coordinates: 51� 280 35.6000 N, 09� 450 32.4600
E), Red Sandstone (coordinates: 51� 340 45.8900 N, 10�
030 59.5200 E), Tertiary Sand (coordinates: 51� 260

25.6400 N, 09� 410 24.2500 E), and Loess (coordinates:

51� 340 51.5200 N, 10� 140 43.0300 E). The study sites

were located at a distance between 10 km (Lime

Stone) and 27 km (Loess) from Göttingen with an

elevation between 200 m (Loess) and 470 m (Basalt)

above sea level. All sites were covered with mature

beech forest showing a stand age between 95 years

(Loess) and 166 years (Lime Stone). The sites were

part of the research project SUBSOM, which was a

collaborative effort of ten universities and research

institutes from across Germany aimed at elucidating

the OM storage and turnover in subsoil (www.subsom.

de). Parameters such as stand age and parent material

were determined within a general characterization of

the study sites. First characteristics of the study sites

have been published by Angst et al. (2018). The cli-

matic data for the study sites were generated from

www.worldclim.org (Hijmans et al. 2005). The mean

annual precipitation and mean annual surface tem-

perature for the site with the Loess soil were 733 mm

and 8.5 �C, for the Tertiary Sand soil 799 mm and

8.4 �C, for the Lime Stone soil 906 mm and 8.4 �C,
for the Basalt soil 968 mm and 7.7 �C, and for the Red
Sandstone soil 794 mm and 8.3 �C.

To cover a wide range in soil mineral characteris-

tics shown to be relevant for OM stabilization, we

sampled soils developed on distinctly different parent
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materials. It has to be noted that replicate profiles at

different sites with the same parent materials could not

be included. Details about parent material, soil

classification, pedogenetic horizons and their depth

distribution can be found in Table 1. In May 2014,

three soil pits of each site were excavated and samples

were taken by horizons down to the parent material.

For each horizon and each pit, we took soil material

from each of the four walls and combined them into

one sample. Thus we had three field replications per

horizon and site.

Physico-chemical soil characterization

A subsample of each field moist sample was sieved\
2 mm to conduct the following analyses. The soil

texture was determined by wet sieving and the pipette

method according to DIN ISO 1277 (2002). The pH

values were measured in 0.01 M CaCl2 (25 ml CaCl2:

10 g soil) with a glass electrode (pH electrode

BlueLine 14 pH, Schott Instruments, Mainz, Ger-

many). For the determination of exchangeable Na?,

K?, Ca2?, Mg2? and Al3?, the soil (oven dry, 40 �C)

was slowly leached with 0.1 M barium chloride

(soil:solution ratio 1:10). Cations were measured in

the filtered extracts by the use of ion chromatography

(850 Professional IC, 237 Metrohm, Herisau, Switzer-

land). The cation exchange capacity (CEC) was

calculated by the sum of the exchangeable cations

and the data were normalized to 105 �C dry soil.

Contents of oxalate-soluble iron and aluminum

were determined in slight modification according to

DIN 19684-6 (1997). Briefly, 2.5 g field moist soil

were extracted in 50 ml extraction solution (one part

0.1 M ammonium oxalate solution and 0.765 parts

0.1 M oxalic acid) by horizontal shaking for two hours

and afterwards filtered. The filtrates were measured

with an atomic absorption spectrometer (906 AA,

GBC, Melbourne, Australia) and the results were

calculated based on soil dry mass. The measurements

of dithionite-soluble iron and aluminum were done

according to Mehra and Jackson (1960). Briefly, 2 g

field moist soil were treated with a mixture composed

of 40 ml 0.3 M Na-citrate solution and 10 ml 1 M

sodium bicarbonate solution, heated to 70 �C before

1 g Na-dithionite was added. After the reaction time of

Table 1 Parent material (Soil), soil classification, soil horizon classification (Horizon) and horizon specific depth ranges for soil

sampling for the five investigated sites

Soil Soil classificationa Horizona Depth ranges for soil sampling (cm)

Upper Lower

Shell Lime Stone Eutric Cambisol Ah 0 10

BwAh 10 30–50

Basalt Eutric Cambisol Ah 0 10

BwAh 10 40–60

Bw 40–50 80

Red Sandstone Dystric Cambisol Ah 0 5–8

BwAh/Bw* 5–8 43–50

Bw 43–50 70–90

Tertiary Sand Dystric Brunic Arenosol AhE 0 7–10

BwAh 7–10 20–30

Bw 20–30 63–70

2C 63–70 140–150

Loess Haplic Luvisol/Eutric Cambisol* Ah 0 5–10

E/BwE* 5–10 45–50

Bt/E2/Bwt* 45–50 75–85

C 80–85 170–180

*The differences in the classification of soil type and soil horizons within same sites result from the heterogeneity in the field
aClassification according to IUSS 2006
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2 h with regular stirring, the samples were left to cool

and then centrifuged at 30009g (Multifuge 3 S-R,

Heraeus, Hanau, Germany). This procedure was

repeated up to three times until the soil was grey.

The remaining soil was treated with 40 ml 0.1 M

magnesium sulfate, stirred, centrifuged and added to

the extraction solution. This solution was filled upwith

deionized water to 250 ml. Dithionite-soluble iron and

aluminum were also measured using AAS (see above)

and the data were normalized to 105 �C dry soil.

The bulk soil, the aggregate size fractions, and the

heavy fraction were ball-milled, whereas the light

fractions (see below for further details) and fractions

with low yields were ground in an agate mortar by

hand. Total C and N concentrations of all samples

were analyzed by dry combustion (Elementar, Vario

El, Hanau, Germany) where the total C content

corresponds to the bulk SOC content and OC content

of the fractions because no carbonates were

detectable using a ‘‘Scheibler’’ apparatus (Loeppert

and Suarez 1996). For the separated aggregate size and

density fractions (explained below), the OC contents

(g OC kg-1 fraction) and the dry mass yield of each

fraction (g fraction kg-1 soil) were used to calculate

the OC content for each fraction in g OC kg-1 soil. The

contents of Cmic were determined by the chloroform-

fumigation-extraction method (Brookes et al. 1985;

Vance et al. 1987; Wu et al. 1990).

Soil respiration was determined as described by

Heinze et al. (2011). Briefly, 60 g of field moist soil

were adjusted to 50% of the water holding capacity

and incubated together with 5 ml of 0.5 M NaOH in a

separate vessel, which was replaced after 7 days, in 1 l

glass jars for two weeks at 22 �C (Kühlbrutschrank

ICP 750, Memmert, Schwabach, Germany). Each

horizon specific sample from each soil pit was

incubated in three laboratory replicates, which were

used to calculate mean values for the respective field

replicate. After the addition of 3 ml of 0.5 M BaCl2
and three drops of phenolphthalein to the NaOH-

solution the evolved CO2 was determined by titration

with 0.5 M HCl to pH 8.3 (Isermeyer 1952).

Separation of aggregate size and density fractions

Water stable aggregates of all soil samples were

fractionated using a wet-sieving method developed by

Cambardella and Elliot (1993) and slightly modified

by Jacobs et al. (2009). Briefly, 40 g of air-dried soil

(\ 10 mm) were placed on a 1000 lm sieve and

soaked in deionized water for 10 min to allow slaking.

Floating organic particles were skimmed off sepa-

rately and discarded. Afterwards the sieve was lifted

out of the water until the water had run off. The sieve

was re-submerged and lifted out again for 50 repeti-

tions. The soil/water suspension passing the sieve was

transferred onto the next smaller sieve and the

fractionation procedure was continued as described

above. The used mesh sizes were: 1000 lm for large

water-stable macro-aggregates, 250 lm for small

water-stable macro-aggregates and 53 lm for water-

stable micro-aggregates. For each fraction, the soil/

water suspension passing the 53 lm sieve (silt, clay

and very small micro-aggregates) was recollected,

vacuum-filtered (\ 0.45 lm), dried at 40 �C and

weighed. Due to operator variability (Jacobs et al.

2010), the whole fractionating procedure was carried

out by a single person after 25–30 test runs to ensure

individual reproducibility.

Density fractionation (Golchin et al. 1994; Jacobs

et al. 2009) was applied to all soil samples. We

conducted a series of pre-tests to define the most

suitable experimental setting with respect to the

density cut offs used to separate the flF and the olF

and the amount of ultrasonic energy applied to

disperse aggregates before the olF was separated

(Cerli et al. 2012). The tested densities of the sodium

polytungstate solution (SPT) ranged between 1.6 and

2.0 g cm-3 for both the flF and the olF and the tested

ultrasonic energies ranged between 200 and

800 J cm-3. The power output of the ultrasonic device

(Digital Sonifier 250, Converter model 102C, Branson

Utrasonics, Danburry, USA) and sonication settings

were determined according to North (1976). For all

samples, the most suitable density cut off was

1.8 g cm-3 to separate the flF and the olF.

Ultrasonic energies applied to the soil/water sus-

pensions varied between 200 J cm-3 for the Tertiary

Sand, 400 J cm-3 for the Loess and the Red Sand-

stone, 600 J cm-3 for the Basalt, and 800 J cm-3 for

the Shell Lime Stone. Briefly, 6 g field moist soil

sieved\ 2 mm were placed in a 70 ml centrifugation

tube and 30 ml of SPT were added. The tube was then

gently shaken manually five times upside down. The

suspension was then allowed to settle down for 30 min

before it was centrifuged for 30 min at 40009g. The

supernatant with the floating particles was decanted

and vacuum filtered (\ 0.45 lm) and, afterwards,
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washed with 2 l deionized water to obtain the flF. The

remaining soil pellet was transferred into a 50 ml glass

beaker, mixed with 30 ml SPT and subsequently

sonicated with the energies given above to disperse the

aggregates and release the occluded particulate OM.

During sonication, the samples were cooled (\ 45 �C)
with crushed ice surrounding the beaker. After disag-

gregation, the suspension was transferred back in the

70 ml centrifugation tube, allowed to settle down for

30 min, and centrifuged at 40009g. The supernatant

was decanted and the soil pellet was again mixed with

30 ml SPT, centrifuged and decanted, this process was

then repeated one more time. The decanted super-

natants were combined, filtered and washed as

described above to obtain the olF. The remaining soil

pellet represents the HF. To clean the HF from the

remaining SPT as completely as possible, the pellet

was suspended in 1.5 l deionized water. To precipitate

the HF, 0.5 M AlCl3 solution (2.5 ml to 1 l suspen-

sion) was added. The water was siphoned off and the

HF was also vacuum filtered (\ 0.45 lm: the filters

were changed in case of pore clogging, which was only

in few cases necessary) and washed with 0.5 L

deionized water. All fractions were dried at 40 �C and

weighed.

FTIR spectroscopic analyses

The composition of the OM associated with the

aggregate size fractions and the HF was evaluated

using diffuse reflectance infrared spectroscopy

(DRIFT) (Tensor 27, BRUKER, Ettlingen, Germany).

The FTIR spectrum of each sample, which was ground

using a ball mill, was recorded in the range of wave

numbers from 850 to 4000 cm-1 at resolution of

4 cm-1 by performing 200 scans using the Easy Diff

unit (Pike Technologies, Madison, USA). Using the

subroutine fromOPUS 7.5 software (Bruker, Ettlingen

Germany), all spectra were smoothed once and then

baseline corrected. The heights of the absorption

maxima (wavenumbers 2904–2908 cm-1 and

2876–2836 cm-1) in the ‘‘aliphatic’’ region, repre-

senting hydrophobic C-H groups were added (band

‘‘A’’) and related to the maximum signal height at

1645–1605 cm-1 (band ‘‘B’’) representing hydrophi-

lic C=O functional groups in soil OM (Ellerbrock and

Gerke 2013; Kaiser et al. 2014). Several parameters

are related to the height of the absorption maxima of

band ‘‘B’’: (i) the abundance of ionizable carboxyl

groups and the resulting CEC of the OM in the sample,

(ii) the hydrophilicity and the polarity of the OM in the

sample, and (iii) the abundance of proteinaceous

material such as microbial debris. By relating the

‘‘C=O’’ region to the ‘‘aliphatic’’ region of the FTIR

spectrum, we thus obtain a numerical parameter ‘‘B/

A’’ that allows a semi-quantitative comparison of

samples.

Statistical analyses

A mixed effects model was fitted to each site to study

the effect of soil depth on the relative contributions of

aggregate size and the density fractions to SOC and on

the B/A ratios using the mixed model (MIXED)

procedure of the SAS University edition (SAS Insti-

tute Inc. 2014). The models included a fixed effect of

depth. The residual error was modelled to have a

compound symmetry structure for observations down

the same soil pit (Piepho et al. 2004) (implemented

using the REPEATED statement and specifying soil

pit as subject effect). In four cases (B/A ratios:

aggregate size fractions 1000–250 lm, 250–53 lm,

and\ 53 lm and HF of the Basalt site), an autore-

gressive model (AR(1)) had to be assumed to achieve

convergence. The estimation procedure was restricted

maximum likelihood and the denominator degrees of

freedom were estimated using the Kenward-Roger

method. Studentized residuals were inspected for

homoscedasticity and normality. In six cases (OC in

% of SOC of the aggregate size fraction\ 53 lm of

the Red Sandstone site, B/A ratio of the aggregate size

fraction\ 53 lm of the Basalt site, B/A ratio of the

aggregate size fraction\ 53 lm of the Tertiary Sand

site, and B/A ratios: aggregate size fractions

1000–250 lm and 250–53 lm and HF of the Loess

site), a log transformation of the response variable was

performed to achieve normality and homoscedasticity.

In cases of a significant depth effect, a Tukey test was

carried out to compare depth means.

Regression analyses were carried out to study how

well SOC content and mineral characteristics describe

the OC contents associated with aggregate size and

density fractions and with microbial biomass. Analy-

ses were conducted with the statistical software R

(Version 3.4.0; R Development Core Team 2017).

Multiple linear regression analyses with stepwise

variable selection were carried out using mixed effects

models for the response variables SOC, Cmic and the
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OC contents in different fractions. For each depth, the

entire data set consisting of all sites was used in the

regression analyses. Regressions were carried out

using the lme() command of the nlme package. Site

was included as random effect. The Akaike informa-

tion criterion was used to simplify models. Predictors

were only considered in the final models in case of

significant (p B 0.05) contributions. Residuals were

inspected for normality (graphically and using the

Shapiro–Wilk test) and homoscedasticity (graphi-

cally). The regression analyses were carried out

separately for the topsoil soil horizon (five sites,

n = 3 per site) and first subsoil horizon (five sites,

n = 3 per site) of the five soils. The second and the

third subsoil horizon were not considered, because the

second subsoil horizon was only present in four soils

and the third subsoil horizon were only present in two

soils, which lowers the predictive power and compa-

rability to the analyses including data from all soils.

For SOC, initial predictors were contents of Feox,

Alox, clay, and silt (Baldock and Skjemstad 2000;

Eusterhues et al. 2005; Mikutta et al. 2006) in the

subsoil horizon and model simplification resulted in

Feox as final significant predictor. This predictor was

also significant for the topsoil horizon.

The initial model for Cmic in the subsoil horizon

consisted of the predictors SOC and clay, since both

may affect Cmic (Ren et al. 2019). The final model,

after model simplification, had SOC as a significant

predictor. The optimal model for the topsoil horizon

had log-transformed (ln) Cmic as response variable and

also SOC as significant predictor.

The contents of SOC, silt, clay, Feox, and Alox were

tested as predictors for the OC contents associated

with the aggregate size and density fractions, since

these variables are related to SOC stabilization

(Baldock and Skjemstad 2000; Eusterhues et al.

2005; Mikutta et al. 2006). Model simplifications

resulted only for olF in final models with significant

predictors. These were SOC and Feox in the subsoil

and topsoil horizon.

The mixed effects models, with the fixed effects

and random intercept, were compared with the

respective null models, which included only the

random intercept by computing analysis of variance

tables for the fitted model objects using the anova()

command in R. The mixed effects models, with fixed

effects and random intercept, were significantly better

than the respective null models.

Results

Physico-chemical soil characteristics

The clay contents covered a total range from 3.8% to

39.9% and increased among parent materials in the

sequence Tertiary Sand\Red Sand-

stone\Loess B Basalt\Lime Stone for the topsoil

horizon and the first subsoil horizon, which were the

only horizons present in all soils. The silt contents

were lowest for the Tertiary Sand soil but, in contrast

to the clay contents, highest for the Basalt and the

Loess soil (Table 2). The generally acidic pH values

(\ 5) followed no clear pattern and varied between 3.2

for the topsoil horizon (0–7/10 cm) of the Tertiary

Sand soil and 4.9 for the second subsoil horizon (40/

50–80 cm) of the Basalt soil (Table 2).

The oxalate and dithionite soluble soil Fe contents

(Feox and Fedith) indicative for poorly and stronger

crystalline Fe-oxides followed a different pattern

compared to the clay and silt contents and generally

increased in the sequence Tertiary Sand\Red Sand-

stone\Loess\Lime Stone\Basalt soil for the

topsoil horizon and the first subsoil horizon. The data

varied in total between 0.1 and 8.3 g kg-1 for Feox and

between 2.9 and 24.5 g kg-1 for Fedith (Table 2). The

differences for the Alox (0.3 and 3.3 g kg-1) and Aldith
(0.7 and 5.0 g kg-1) contents were smaller than those

found for the respective Fe contents. Across soil

horizons, we found the lowest Alox and Aldith contents

in the Loess, Tertiary Sand or Red Sandstone soil and

the highest in the Basalt or Lime Stone soil (Table 2).

Similar to the texture data and the oxalate as well as

dithionite soluble Fe and Al contents, the CEC

followed no clear pattern related to the soil depth/

horizon. Especially the depth distribution for the Loess

soil is here noteworthy because of the distinct higher

CEC in the deepest subsoil horizon (69.4 mmol kg-1

in 80/85–170/180 cm) compared to the topsoil horizon

(52.7 mmol kg-1 in 0–5/10 cm). The CEC varied in

the topsoil between 44.4 mmol kg-1 (Tertiary Sand)

and 139.8 mmol kg-1 (Lime Stone) and in the subsoil

between 8.2 mmol kg-1 (second subsoil horizon,

20/30–63/70 cm, Tertiary Sand) and

122.5 mmol kg-1 (first subsoil horizon, 10–30/

50 cm, Lime Stone) (Table 2).

Independent of the soil parent material, the SOC

content of the pedogenetic horizons decreased with

increasing soil depth. For the topsoil horizon, the SOC
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covered a range from 23.4 to 104.3 g kg-1 and

increased in the sequence Loess\Red Sand-

stone\Lime Stone\Tertiary Sand\Basalt. A

similar sequence was detected for the first subsoil

horizon showing a total range from 6.5 to 23.2 g kg-1

with the difference that the Red Sandstone soil had

here the lowest and the Loess soil had the second

lowest SOC content. Remarkable appears the high

SOC content in the first three horizons in the Tertiary

Sand soil in comparison to the other soils, which

cannot be explained by the differences in soil mineral

characteristics (Table 2). The N contents for the

topsoil horizon ranged from 1.6 to 6.6 g kg-1 and

followed the same sequence as found for SOC. For the

first subsoil horizons, the N contents varied between

0.4 (Red Sandstone) and 1.8 g kg-1 (Basalt) and

were B 0.3 g kg-1 in the further subsoil horizons

(Table 2).

The Cmic contents as well as the basal respiration

after 7 days and after 14 days generally decreased

with increasing soil depth (Table 2). Similar to the

respective topsoil OC and N data, the Cmic contents

and the basal respiration after 7 and 14 days increased

in the sequence Loess\Red Sandstone\Lime

Stone\Tertiary Sand\Basalt. However, this

sequence in parent materials could not be found for

the CO2-C and Cmic data detected for soil samples

from the first subsoil horizon (Table 2).

In contrast to the CO2-C emissions and the Cmic

contents, the CO2-C/SOC (mg CO2-C kg-1 soil/mg

OC kg-1 bulk soil) and CO2-C/Cmic (mg CO2-C kg-1

bulk soil/mg Cmic kg
-1 soil) ratios generally showed

for the subsoil horizons of all study sites the reverse

trend resulting in distinct differences between the

topsoil horizon (depth range 0–10 cm) and the deepest

subsoil horizon of the Loess and the Tertiary Sand soil

(depth range 70–180 cm). For the topsoil horizon

(n = 5), the means and standard errors of the CO2-C/

SOC and CO2-C/Cmic ratios were 0.0041 (± 0.0004)

and 0.21 (± 0.03). The mean values and standard

errors for the first (n = 5), second (n = 4), and third

(n = 2) subsoil horizon for the CO2/SOC ratios were,

respectively, 0.0023 (± 0.0003), 0.0047 (± 0.0013),

and 0.0134 (± 0.0071) and these for the CO2/Cmic

ratios were 0.23 (± 0.05), 0.37 (± 0.08), and 0.85

(± 0.13).

T
a
b
le

2
co
n
ti
n
u
ed

S
o
il

C
E
C

S
O
C

N
C
N
—

ra
ti
o

C
m
ic

B
as
al

re
sp
ir
at
io
n

A
ft
er

7
d
ay
s

A
ft
er

1
4
d
ay
s

[m
m
o
l
k
g
-
1
]

[g
k
g
-
1
]

[m
g
k
g
-
1
]

[g
C
O
2
-C

k
g
-
1
]

T
er
ti
ar
y
S
an
d

4
4
.4

(3
.5
)

7
0
.0

(5
.8
1
)

3
.6

(0
.2
7
)

2
0

(0
.2
4
)

1
2
5
4
.1

(1
3
2
.5
)

1
5
6
.4

(3
2
.5
6
)

2
8
7
.1

(5
5
.0
)

2
8
.2

(4
.3
)

1
7
.7

(1
.8
5
)

0
.8

(0
.1
0
)

2
1

(0
.2
8
)

1
3
0
.8

(2
2
.4
)

1
8
.2

(2
.9
3
)

3
0
.7

(5
.0
)

8
.2

(0
.6
)

3
.6

(0
.8
0
)

0
.3

(0
.0
5
)

1
3

(0
.6
7
)

2
6
.9

(7
.2
)

4
.5

(0
.7
1
)

1
0
.4

(3
.8
)

8
.9

(1
.1
)

0
.4

(0
.0
1
)

0
.0

(0
.0
0
)

9
(0
.4
3
)

1
2
.0

(1
.4
)

2
.0

(0
.4
3
)

8
.5

(1
.5
)

L
o
es
s

5
2
.7

(9
.3
)

2
3
.4

(1
.6
1
)

1
.6

(0
.1
3
)

1
4

(0
.2
7
)

5
2
1
.8

(5
8
.9
)

5
5
.8

(5
.7
0
)

1
0
9
.2

(1
1
.7
)

3
5
.0

(4
.1
)

7
.7

(0
.1
8
)

0
.5

(0
.0
2
)

1
5

(0
.6
6
)

1
0
8
.8

(1
4
.9
)

8
.7

(3
.7
7
)

1
3
.5

(3
.9
)

5
0
.5

(1
5
.9
)

3
.2

(0
.1
0
)

0
.2

(0
.0
2
)

1
3

(1
.1
5
)

2
4
.6

(4
.9
)

5
.1

(0
.5
4
)

8
.0

(0
.5
)

6
9
.4

(4
.4
)

2
.3

(0
.9
0
)

0
.2

(0
.0
1
)

9
(2
.7
6
)

1
1
.9

(3
.3
)

8
.7

(0
.9
7
)

1
1
.8

(1
.5
)

T
h
e
p
re
se
n
te
d
d
at
a
ar
e
m
ea
n
v
al
u
es

o
f
th
e
re
p
li
ca
te
d
fi
el
d
sa
m
p
le
s
an
d
th
e
st
an
d
ar
d
er
ro
s
ar
e
g
iv
en

in
p
ar
an
th
es
is
(n

=
3
,
ex
ce
p
t
B
as
al
t
4
0
/5
0
–
8
0
an
d
L
o
es
s
8
0
/8
5
–
1
7
0
/1
8
0
:
n
=
2
)

123

Biogeochemistry (2020) 148:169–189 177



Aggregate size and density fractions

We separated four aggregate size fractions

([ 1000 lm, 1000–250 lm, 250–53 lm,\ 53 lm)

from the topsoil and subsoil horizons of the five soils

by wet-sieving. The OC contents (unit for all OM

fractions if not otherwise stated: g OC kg-1 soil) of the

two macro-aggregate fractions ([ 1000 lm and

1000–250 lm) separated from the topsoil horizon

ranged from 9.1 (Loess) to 45.7 g kg-1 (Basalt). The

respective values for the micro-aggregate fractions

(250–53 lm and\ 53 lm) were distinctly lower and

ranged from 0.22 (Red Sandstone) to 15.4 g kg-1

(Basalt) (Table 3). For the first subsoil horizon, which

was also present in all five soils, the OC contents of the

macro-aggregate fractions varied between

0.19 g kg-1 (Loess) and 14.3 g kg-1 (Tertiary Sand)

and those of the micro-aggregate fractions between

0.22 g kg-1 (Tertiary Sand) and 6.5 g kg-1 (Basalt)

(Table 3). The OC content of all of the remaining

fractions of the second and third subsoil horizons

ranged from 0.00 to 2.3 g kg-1.

The density fractionation resulted in the flF, the olF

and the HF for each of the soil horizons of the five

soils. For the topsoil horizon, the OC content of the flF

ranged from 0.78 (Loess) to 36.7 g kg-1 (Basalt) and

from 6.5 (Loess) to 28.8 g kg-1 (Tertiary Sand) for

the olF. The HF varied between 5.7 g kg-1 (Tertiary

Sand) and 35.2 g kg-1 (Basalt). The respective dif-

ferences in the subsoil horizons were much smaller for

the flF and olF (0.00 to 4.1 g kg-1) but remained

relative high for the HF (0.28 to 18.6 g kg-1)

(Table 3). We detected in general the highest OC

contents for the HF compared to flF and olF in the

analyzed soil horizons with exception of the topsoil

horizon of the Basalt and Tertiary Sand soil. Here we

found OC contents of 36.7 g kg-1 (Basalt) and

33.3 g kg-1 (Tertiary Sand) for the flF and OC

contents of 26.4 g kg-1 (Basalt) and 28.8 g kg-1

(Tertiary Sand) for the olF (Table 3). For the topsoil of

the Tertiary Sand, it was remarkable that the flF and

the olF contained about six times more OC than the HF

(5.7 g kg-1). Similar to the aggregate size fraction, we

detected a general decrease in the OC contents of the

density fractions with increasing depth (Table 3).

FTIR spectroscopic analyses

The aggregate size fractions and the HF from density

fractionation were analyzed using FTIR spectroscopy

resulting in information about the functional compo-

sition of the OM expressed as the B/A ratio. The B/A

ratio allowed for a semi quantitative comparison of the

amount of reactive C=O groups of the OM associated

with aggregate size and density fractions separated

from the topsoil and subsoil horizons of the five soils

under study. The B/A ratios revealed for the aggregate

size fractions generally increased with decreasing soil

depth independent from the soil parent material and

the size of the fraction (Fig. 1).

The HF showed a similar pattern as the aggregate

size fractions with a general increase of the B/A ratio

with increasing depth at least to the third subsoil

horizon independent from the soil parent mate-

rial (Fig. 1). Similar to the aggregate size fractions,

the differences in the B/A ratio found for the HF (8.2

(Basalt) to 52.8 (Tertiary Sand)) of the topsoil horizon

were smaller than those detected for the subsoil

horizons (22.3 (10–50 cm, Basalt) and 162.6

(80–170 cm, Loess)).

Mixed effects models

For the topsoil and subsoil horizons, we aimed to

describe SOC contents using mixed effects models

with site as random intercept. The models for the

topsoil and subsoil had Feox as fixed effect and

described the variability of SOC well (the Pearson

correlation coefficient r between measured and mod-

elled SOC was 0.97 for the topsoil and 0.98 for the

subsoil) and the root mean squared errors (RMSE)

were 6.9 and 1.5 g kg-1, respectively. The modelling

performance of the mixed effects models for log-

transformed Cmic was markedly better in the topsoil

(SOC, r = 0.95, RMSE = 0.2) than in the subsoil

(SOC, r = 0.63, RMSE = 58.4). Agreements between

modelled and measured organic C separated with the

olF were good in the topsoil (r = 0.94,

RMSE = 3.2 g kg-1) and subsoil (r = 0.98,

RMSE = 0.2 g kg-1, Table 4, Fig. 2).

A mixed effects model was used for each site to

analyze the effect of soil depth (i) on the relative

proportions of SOC associated with the separated

aggregate size and density fractions and (ii) on the B/A

ratios revealed from the DRIFT spectra of the
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aggregate size fractions and the HF. The results in

Figs. 1 and 3 showed soil parent material specific

significant changes in these parameters with soil

depth, which is discussed in the following.

Discussion

Bulk SOC

Site and poorly crystalline Fe-oxides exerted a strong

positive effect on SOC storage in top and subsoil under

mature beech forests, which is in agreement with

findings from previous studies (e.g., Wiseman and

Püttmann 2006; Zhao et al. 2016). Models that

included site and poorly crystalline Fe-oxides were

significantly better than those, which included only

site. However, one has to keep inmind that significance

of a predictor in a studywith observational data is never

a proof of causality. The detected strong effect of

poorly crystalline Fe-oxides on the bulk SOC can be

Table 4 Linear regressions

for different response

variables by additionally

considering the sites. The

equations are the results of

stepwise model

simplifications. Only

regression terms with

significant contributions

were considered. Units for

the regression terms are kg

g–1 multiplied by the unit

given in the first column

Response variable Random intercept Regression terms

Topsoil

SOC [g OC kg-1] Basalt: 36.52 g kg-1

Loess: 7.51 g kg-1

Red Sandstone: 25.22 g kg-1

Shell Lime Stone: 31.69 g kg-1

Tertiary Sand: 59.00 g kg-1

? 8.09 * Feox

Ln(Cmic) [ln(mg kg-1)] Basalt: 5.81

Loess: 5.81

Red Sandstone: 5.81

Shell Lime Stone: 5.81

Tertiary Sand: 5.81

? 0.02 * SOC

olF [g OC kg-1] Basalt: 0.68 g kg-1

Loess: 0.68 g kg-1

Red Sandstone: 0.68 g kg-1

Shell Lime Stone: 0.68 g kg-1

Tertiary Sand: 0.68 g kg-1

? 0.45 * SOC

- 2.58 * Feox

Subsoil (first subsoil horizon)

SOC [g OC kg-1] Basalt: 0.93 g kg-1

Loess: 1.04 g kg-1

Red Sandstone: 2.28 g kg-1

Shell Lime Stone: 7.79 g kg-1

Tertiary Sand: 11.03 g kg-1

? 3.22 * Feox

Cmic [mg kg-1] Basalt: 64.74 mg kg-1

Loess: 64.74 mg kg-1

Red Sandstone: 64.74 mg kg-1

Shell Lime Stone: 64.74 mg kg-1

Tertiary Sand: 64.74 mg kg-1

? 6.72 * SOC

olF [g OC kg-1] Basalt: 1.10 g kg-1

Loess: 0.97 g kg-1

? 0.24 * SOC

- 0.55 * Feox

cFig. 1 Ratio of the maxima of absorption band B (hydrophilic

C=O groups) and A (hydrophobic C–H groups) (i.e. B/A ratio)

revealed from the infrared spectra of the aggregate size fractions

and the density fractions that were separated from the horizon

specific soil samples of the five study sites. Error bars are

standard errors from three field replicates (except Basalt

40/50–80 and Loess 80/85–170/180 with n = 2). Different

letters indicate significant differences between depths

123

180 Biogeochemistry (2020) 148:169–189



a

b

a

b b

a a

b

a

b

b b

b

a a

b

c b

a

a
a

b

b

a

b

c

a

b

b b

ab

a
a

a

b b

ab

a

b

b

a

a a

b

c

bc

ab

a

a

b

a

c

ab

bc

a

b

c

ab

ab

bc

a

c

a

a

a

b

> 1000 µm

> 1000 µm

> 1000 µm

> 1000 µm

> 1000 µm

123

Biogeochemistry (2020) 148:169–189 181



attributed to interactions between such oxides and

reactive organic moieties (Kleber et al. 2015) and the

functioning of Fe-oxides as cementing agent within the

formation of micro-aggregates (Totsche et al. 2018).

Both reaction pathways can lead to accumulation and

retention of OC in soil by decreasing its microbial

availability. As expected and previously observed

(e.g., Rumpel et al. 2002), we also detected for all sites

a decrease in the SOC content with soil depth. Relative proportions of topsoil organic C

in aggregate size and density fractions

Macro-aggregates are of major importance for the

SOC storage in topsoils under mature beech forest

Fig. 2 Measured (open symbols) and modelled (lines in a to

d and closed symbols in e and f) values using mixed effects

models for bulk soil organic C (SOC) against the content of

oxalate soluble Fe (Feox) in the topsoil (a) and subsoil (here and
following: first subsoil horizon) (b); for log-transformed

microbial biomass C (Cmic) against SOC in the topsoil (c) and
for Cmic against SOC in the subsoil (d); and for the organic C

separated with the occluded light fraction (olF) against SOC in

the topsoil (e) and subsoil (f). The open symbols refer to the sites

Basalt (red circles), Red Sandstone (green squares), Loess

(orange diamonds), Shell Lime Stone (blue triangles pointing

up) and Tertiary Sand (black triangles pointing down). (Color

figure online)

cFig. 3 Relative contribution (%) of the organic C (OC) content

separated with aggregate size fractions and the density fractions

(g C kg-1 soil) from the horizon specific soil samples of the five

study sites to the respective bulk soil C (SOC) content. Error

bars are standard errors from three field replicates (except Basalt

40/50–80 and Loess 80/85–170/180 with n = 2). Different

letters indicate significant differences between depths
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independent of the soil type and parent material. In the

analysed topsoil horizons covering a depth range from

0 to 10 cm, 81 to 94% of the SOC was stored within

both macro-aggregate fractions ([ 1000 lm frac-

tion ? 1000–250 lm fraction). We observed 4 to

17% of the SOC to be stored in micro-aggregates

(250–53 lm) and 0.6 to 4% of the SOC in the silt and

clay sized fraction (\ 53 lm) (Fig. 3). Based on the

inverse relationship between aggregate size and the

stability of the associated OM (Tisdall and Oades

1982; John et al. 2005; Liao et al. 2006), only the small

proportion of the OC that is associated with aggre-

gates\ 53 lm can be considered as effectively sta-

bilized against microbial decomposition by

aggregation processes and mineral association in the

forest topsoils under study. These results suggest that a

majority of topsoil SOC under mature beach forest is

prone to short-term decomposition losses in case of

disturbance, such as land use change.

Compared to the data of aggregate size fractiona-

tion, the results from density fractionation pointed

towards higher proportions of SOC protected from

microbial decomposition in the studied forest topsoils.

The flF, which mainly represents non-aggregated and

easily microbial available plant particles, accounted

for 4 to 50% of the SOC leaving a major part in the olF

and HF density fractions, which are indicative for OM

stronger protected against microbial decomposition

(John et al. 2005; Marin-Spiotta et al. 2008). The olF

(27–42% of SOC) represents aggregate occluded plant

particles (Wagai et al. 2009) and the HF (9–66% of

SOC) accounts for OM that is associated with the soil

mineral phase (Sollins et al. 2009; Hatton et al. 2012;

Pronk et al. 2012). Based on extraction principles, the

olF recovers organic particles released from aggre-

gates of different size being disrupted during density

fractionation and the HF recovers mineral associated

OM that is not aggregate occluded and, similar to the

olF, part of aggregates of different size. Consequently,

the proportion of SOC protected against microbial

decomposition by aggregate occlusion and mineral

association in mineral topsoil under mature beech

forest might be underestimated if only the frac-

tion\ 53 lm is taken into account. Our data also

imply that the proportions of SOC stronger protected

against microbial decay were higher in soils derived

from Loess and Lime Stone than in soils derived from

Tertiary Sand and Basalt (Fig. 3).

Relative proportions of subsoil organic C

in aggregate size and density fractions

Our data indicated a site independent increase in the

proportion of OC stabilized by aggregation processes

at the micro-scale, especially for non-sandy soils (i.e.

excluding Tertiary Sand soil) with depths larger than

50 cm (i.e. excluding Lime Stone soil) for which the

majority of significant differences was detected.

Macro-aggregates ([ 250 lm) accounted for the

majority of the SOC (61–91%) in the first subsoil

horizon (5–60 cm), which is in agreement with data

from Xiang et al. (2015) and Schwendemann and

Pendall (2006) for forest soils developed from Sand-

stone, Shell, and Andesit. However, for four out of five

soils, we detected a significant decrease in the relative

SOC proportion of macro-aggregate associated OC

and an increase of micro-aggregate (\ 250 lm)

associated OC with soil depth (Fig. 3).

The effect of soil depth on SOC proportions of

density fractions seems to be more site specific as

compared with the aggregate size fractions. For the

Basalt and Tertiary Sand soil, the relative SOC

proportions of flF significantly decreased with increas-

ing soil depth (Fig. 3) confirming results from Angst

et al. (2016). For the Loess soil, however, we found a

significant increase from 4% in the topsoil to 17–18%

in the first and second subsoil horizon (depth range

5–85 cm). This increase might be derived from higher

bioturbation and better conditions for root growth in

the Loess subsoil compared to the other subsoils under

study. This is corroborated by the lower relative

decline in root biomass for the Loess soil compared to

the Basalt and Tertiary Sand soil as determined by

Angst et al. (2018).

The relative SOC proportions of the olF signifi-

cantly decreased with soil depth for all but the Loess

soil (Fig. 3) confirming for the latter the larger and

highly site specific importance of plant derived

organic particles (i.e. flF and olF) for the SOC storage

across the soil profile. In general, aggregate occluded

organic particles as separated with the olF accounted

for 8 to 31% of the SOC in the first two subsoil

horizons (5–90 cm) of the study sites. Slightly lower

values (4–17%) were found by Schrumpf et al. (2013)

for subsoil samples (10–60 cm) from three different

soils under broadleaf forest, which might be derived

from the lower density cut off the authors used for the

olF separation (1.6 g cm-3 vs. 1.8 g cm-3).
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We found a generally site independent increase in

the proportion of SOC that is present in mineral

associated form under mature beech forest down the

profile because for four out of five soils (i.e., except the

Loess soil) a significant increase in HF-SOC propor-

tions with soil depth was detected (Fig. 3). Similar to

the topsoils, a considerable higher proportion of OC

might be considered as stabilized if the HF (52–88% in

the first two subsoil horizons (5–90 cm) and 68–99%

in the third subsoil horizon (60–180 cm)) is consid-

ered rather than the\ 53 lm fraction.

Stabilization and destabilization of organic matter

with increasing soil depths: reconciling

fractionation data with FTIR, CO2 and microbial

biomass C measurements

Our data suggest that the increase of the relative

proportion of stabilized OM as well as the decrease of

the relative proportion of easily available OMwith soil

depth seem to be largely independent of soil type or

parent material under mature beech forest. Based on

the current understanding, OM associated with macro-

aggregates ([ 250 lm) and with the flF can be

considered to be less protected against microbial

decomposition leading to its importance as substrate

and nutrient source for fungi and bacteria. In contrast,

OM associated with aggregates\ 53 lm and with the

HF was shown to be stronger protected against

microbial decomposition by occlusion in mechani-

cally more stable aggregates and interactions with soil

mineral surfaces causing its larger relevance for long-

term SOC storage. For the analysed five soil profiles,

we observed in general a decrease in the relative SOC

proportions of macro-aggregates or the flF with soil

depth (Fig. 3). In contrast, we detected a general

increase in the relative SOC proportions of the\ 53

lm fraction or the HF with increasing soil depth

(Fig. 3).

Data from incubation experiments and from micro-

bial biomass measurements suggest an increase in the

relative proportion of labile OMwith soil depth raising

questions about the long-term stabilization of OM

against microbial decomposition in the subsoil. As

expected, we observed a decrease in the cumulative

CO2-C emissions after 14 days and in the Cmic

contents with increasing soil depth. However, the

CO2-C/SOC and CO2-C/Cmic ratios are generally

increasing with soil depth, which is in line with results

from other studies (Joergensen et al. 2002; Agnelli

et al. 2004; Salomé et al. 2010; Wordell-Dietrich et al.

2016). This resulted in distinctly lower CO2-C/SOC

and CO2-C/Cmic ratios especially in the topsoil

horizons (depth range 0–10 cm) of the Loess and the

Tertiary Sand soil as compared with those of the

respective deepest subsoil horizons (depth range

70–180 cm).

The detected simultaneous trends of a relative

increase in more stabilized OM and a relative increase

in easily decomposable OM is exemplified by the third

subsoil horizon of the Tertiary Sand soil with 99% of

the SOC associated with the HF and about 2% of the

SOC to be respired within 14 days. In contrast, the

respective topsoil showed about 9% of the SOC to be

associated with the HF and 0.4% to be respired in the

same time. An explanation might be that the\ 53 lm
fraction and the HF fueling the easily available OM in

the subsoil, which is corroborated by data from Tan

et al. (2013) and Fang et al. (2015). There is increasing

evidence that mineral-associated OM is not stable per

se but contains a certain proportion of fast cycling,

microbial accessible OC (e.g., Mikutta and Kaiser

2011; Torn et al. 2013; Gabriel et al. 2018). In absence

of otherwise more easily available OM in form of flF,

for example, OM associated with HF or the\ 53 lm
fraction might become even more relevant as substrate

for microorganisms in the nutrient scarce subsoil.

However, differences in the micro-biome between

topsoil and subsoil and microbial adaption mecha-

nisms to the oligotrophic subsoil environment that

might also affect OM decomposition patterns are still

largely unknown (Brewer et al. 2019).

Further support for microbially processed OM

associated with stabilized fractions down the profile

is provided by the FTIR data. In general, the B/A ratios

of the OM associated with the aggregate size fractions

and the HF are increasing with an increase in soil depth

(Fig. 1). The magnitude of the B/A ratio as a measure

for the relative C=O group content of the OM tends to

vary as a function of the degree of microbial oxidative

decomposition (adding oxygen containing functional

groups to the processed substrate) and as a function of

the concentration of amides (containing carbonyl

groups) as derived from proteinaceous microbial

debris (e.g., Kaiser et al. 2014). Therefore, the increase

in the B/A ratio with soil depth suggests an increasing

proportion of microbially derived and increasingly
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microbially processed OM across different OM

fractions.

Conclusions

Analyzing genetic topsoil and subsoil horizons of five

different soils under mature broadleaf forest revealed

with increasing depth a significant increase in the

proportions of the SOC that is occluded within micro-

aggregates\ 53 lm for three soils (except Tertiary

Sand and Lime Stone soil) or associated with the

mineral phase (HF) for four soils (except Loess). In

conclusion, the soil depth specific relative importance

of OM stabilization mechanisms seems to be influ-

enced by the soil parent material, which needs to be

considered in the assessment of the soil C sequestra-

tion potential of a specific forest type covering an area

with heterogenic soil forming substrate. If imple-

mented, such parent material specific data will

improve the accuracy of predictions made within

terrestrial C models. Parallel to larger relative propor-

tions of OC in fractions assumed to recover stabilized

OM with increasing soil depth we found indications

for an increase in relative proportions of labile OM.

Here, OM associated with the\ 53 lm fraction and

HF seems to become more important as a substrate for

microorganisms with increasing soil depth, which

might reduce the mean residence time of OC in the

subsoil.
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