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Abstract

Background: Percolating dissolved organic matter (DOM) from the topsoil is considered

the main source of subsoil organic carbon (OC) in temperate soils, but knowledge about

its influence onOC storage and structure-forming processes is limited.

Aims: We conducted a 30-day incubation experiment with artificial soils to study the

effects of percolating DOM and soil texture on OC turnover and initial structure

formation.

Methods:Artificial soils with contrasting texture, but identicalmineral composition, were

used to mimic subsoil conditions, where mineral surfaces free of OM come into contact

with percolatingDOM. After the incubation, we assessed the solution exchange, OMcov-

ers on minerals, microbial community and OC turnover, and aggregate formation and

stability.

Results: A higher sand content caused a lower porosity, accompanied by a lower mois-

ture content. In contrast, the OC retention (21% of the OC input), microbial activity, and

community size were unaffected by soil texture. TheOMcovered 10% of themineral sur-

faces within an otherwise OC-free mineral matrix. The formation of large, water-stable

aggregates occurred in all soils, but was pronounced in the clay-rich soils (58% mass

contribution), which also supported a higher mechanical stability of the aggregates.

Conclusions: The initial retention and microbial mineralization of DOM are decoupled

from pore sizes and soil solution exchange but are driven by the mineral composition and

OC input. The biochemical processing of the percolating DOM can induce large aggre-

gates.Here, the presenceof finemineral particles enhances the formation andmechanical

stability of the aggregates, irrespective of their surface charge or sorptive properties.
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1 INTRODUCTION

Soils harbor the majority of the terrestrial organic carbon (OC) (Job-

bágy&Jackson, 2000) and servehumanity inmanydifferentways since

thousands of years, for example, by providing the basis for agricultural

food production. The physical structure of a soil is considered a key fac-

tor defining its functionality and agricultural usability (Dexter, 1988).

The spatial arrangement and stability of the organic and mineral soil

components have significant effects on plant development, water bal-

ance, and soil workability (Dexter, 1988). Furthermore, soil erodibility

is closely related to its structural stability (Barthès & Roose, 2002).

Besides the abiotic aspects, the formation and stabilization of soil

structure is often investigated with respect to the role of organic mat-

ter (OM) (Bucka, Pihlap, et al., 2021; Christensen, 2000; Franzluebbers,

2002; Lehmann et al., 2008; Tisdall & Oades, 1982). Soil organic mat-

ter (SOM) can stabilize soil structure in many ways, for example, by

organic debris serving as nuclei for subsequent attachment of miner-

als or extracellular polymeric substances (EPS) gluing mineral particles

together (Totsche et al., 2018). Because agricultural practices and plant

growth are mostly limited to the upper soil horizons, most of the

research has focused on processes within topsoils (Amézketa, 1999;

Dexter, 1977; Tisdall, 2020). As a consequence, the effect of particu-

late OM on soil structure formation and OM storage has been studied

extensively, as this is considered to be the main source of OM in top-

soils (Kögel-Knabner, 2002; Mikutta et al., 2019; Sokol et al., 2019;

Witzgall et al., 2021). In contrast, the deeper parts of the soils have

only fairly recently gained interest with respect to OM storage and

turnover (Chabbi et al., 2009; McCarthy, 2005; Rumpel et al., 2012).

Although subsoils have usually a low OM content, they may still store

the majority of total soil organic carbon (SOC) because of their large

depth (Batjes, 1996; Jobbágy & Jackson, 2000; Lorenz & Lal, 2005).

Jobbágy and Jackson (2000) estimated that 60% of the global SOC

stocks of 2344 Pg are stored below 40 cm soil depth.

The OM input to subsoils is mainly delivered by plant roots and

percolating dissolved organic matter (DOM) (Angst et al., 2016; Angst

et al., 2018; Rumpel et al., 2012; Rumpel & Kögel-Knabner, 2011), with

the latter being considered to be themain source of subsoil OM in tem-

perate soils (Ahrens et al., 2015; Kaiser & Kalbitz, 2012; Kalbitz et al.,

2000).

DOM is an operationally defined collective term describing OM

<0.45 μm, which can originate from plant litter, microbial biomass, or

root exudates (Kalbitz et al., 2000). Depending on its origin, it contains

a varying amount of nutrients (Meyer et al., 2018) andOCboundwithin

complex molecules like organic acids, sugars, and amino acids, all of

which can be used as substrate by microorganisms (Kaiser et al., 2004;

Kaiser & Kalbitz, 2012; Liu et al., 2019; Qualls &Haines, 1992).

Although the depth of the direct influence by roots is limited to

the extension of the root system, percolating DOM from upper soil

horizons can transfer OC into much deeper soil regions. This depth

migration is dependent of the water flow in the vadose zone and OC

retention at mineral surfaces (Krettek & Rennert, 2021; McCarthy,

2005; Merdy et al., 2021), implying that soil texture can have a major

influence onOCmobility.

Because of the overall low OC concentration and pedogenic min-

eral formation at theweathering front, the subsoil mineral surfaces are

mostly free of OM and prone to adsorb OC (Kaiser & Guggenberger,

2003; Kaiser & Kalbitz, 2012). Percolating DOM through soil pores

can come into contact with the mineral surface and therefore a large

proportion of the SOM in deep subsoils is stored in organo-mineral

associations (Angst et al., 2018; Kögel-Knabner & Amelung, 2021).

Although DOM adsorption to mineral surfaces has been extensively

studied, it is necessary to think beyond those processes by including

the aspects of OM storage and turnover under flow conditions taking

into account the processes of soil structure formation. In soils, DOM

does not only undergo processes of adsorption and desorption, but the

formed organo-mineral associations can lead to soil aggregation and

structural development. Understanding these processes can lead to a

more holistic and process-related understanding of OC storage and

structure formation in subsoil systems.

A previous incubation experiment with artificial soils (composed of

a mineral mixture mimicking a temperate Cambisol without preexist-

ing soil structure) could show that initial structure formation via the

interaction betweenOMandminerals is possible bymicrobial process-

ing of anOC-rich solutionwithout requiring thepresenceof particulate

OM nuclei (Bucka et al., 2019). However, understanding the processes

of the DOM-induced structure formation requires a systematic inves-

tigation of the soil texture effect onOCmobility and storage, microbial

life, and aggregate formation. It is especially necessary to differenti-

ate between the effect of the grain size and the sorptive properties of

minerals.

In this study, we conducted a short-term laboratory incubation

experiment to investigate the initial processes of DOM-induced soil

structure formation. We used artificial model soils, designed with con-

trasting textures, but identical mineral composition to disentangle the

effect of texture (i.e., grain size) from that of the mineral composi-

tion (i.e., clay mineral surface) of a soil. The mineral mixtures mimicked

the characteristics of subsoils had no preexisting soil structure and

initially OC-free mineral surfaces. The application of a constant suc-

tion head throughout the experiment enabled the DOM to percolate

freely through the soil matrix. After the incubation, we analyzed the

water balance, OC turnover, microbial activity, and community compo-

sition, and assessed the effect of DOM on soil structure formation and

stability.

2 MATERIAL AND METHODS

2.1 Artificial model soils and dissolved organic
matter

The artificial model soils were based on a mineral mixture with three

contrasting textures: (1) clay loam (31% clay, 48% silt, and 21% sand),

(2) loam (16% clay, 39% silt, and 45% sand), and (3) sandy loam (12%

clay, 15% silt, and 73% sand). The soils were mixed in a dry state

by adding the components step by step from coarser to finer parti-

cle size followed by 2 h shaking in an overhead shaker. The mineral
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mixtures consisted of 89 wt% quartz in clay, silt, and sand size (Euro-

quarz, Laußnitz, Germany), 7 wt% illite (Aspanger, Aspang, Austria),

3wt%montmorillonite (FranzMandt,Wunsiedel, Germany), and1wt%

goethite (Sigma-Aldrich, Steinheim, Germany). The cation exchange

capacity of the clay fraction was 37 ± 1 cmolc kg−1, with the main

exchangeable cations being Ca2+ (62%), K+ (22%), and Mg2+ (14%).

The percentage of montmorillonite, illite, and goethite was kept con-

stant, whereas the percentage of clay-, silt-, and sand-sized quartz was

varied to produce the different soil textures in order to disentangle the

effect of the grain size from that of the clayminerals.

The soils were inoculated with a microbial inoculum isolated from

an arable Cambisol by water-extraction according to Lehmann et al.

(2018), and Pronk et al. (2012), using the extract of 1.2 g soil per

microcosm as described in Bucka et al. (2019). The DOM solution

was prepared by water-extraction of milled hay litter (hay:water, 1:20,

w:w) produced from grass-clover hay (Trifolium spec., Lolium perenne

L., Lolium multiflorum L., organic farming, 41% OC, C:N ratio 29). The

hay-water suspensionwas shaken, incubated at 35◦C for 48 h (Phoenix

Instrument,Garbsen,Germany), and subsequently filtered to<0.45μm

by pressure filtration. The OC concentration was 4 mg OC mL−1 with

a molecular characterization of 66% O/N-alkyl-C, 13% alkyl-C, 12%

aryl-C, and 9% carboxyl-C (Supporting Information 1), and the macro-

molecular composition consisted of carbohydrates (50%), lignin (24%),

carbonyl (10%), proteins (8%), and lipids (8%) (molecularmixingmodel;

Supporting Information 1). The elements in the DOM solution were

mostlyK,Ca, P,Mg, andS, indicating ahighnutritive quality (Supporting

Information 2).

2.2 Microcosm incubation

The incubation was done in individual microcosms (unplasticized PVC,

diameter 8.1 cm, height 9.1 cm; fill level depending on bulk density,

4.2 cm for the sandy loam, 4.4 cm for the loam, 5.5 for clay loam), filled

with 300 g of dry artificial soil mixture (3 replicates of each texture),

according to the setup described in Bucka et al. (2019). For the incuba-

tion, the microcosms were placed onto a suction plate (plastic suction

plate with polyamide membrane, pore size 0.45 μm, ecoTech Umwelt-

Messsysteme, Bonn, Germany), which ensured a constant suction

pressure of −15 kPa (corresponding to pF 2.2) throughout the 30-day

incubation period. The microcosms either received DOM solution in

regular additions (treatment) or the same amount of solution without

OM (control) with three replicates each. The solutions were added in

portions of 10 mL every second day (15 mL during the first 4 days for

initial wetting), leading to 195 mL of solution in total. The solutions

where either a Hoagland’s solution (1:10 diluted, pH 5.5, Hoagland’s

No. 2 basal salt mixture, Sigma-Aldrich, Steinheim, Germany) for the

control group, or the DOM solution—including the equivalent amount

of Hoagland’s solution—for the treatment group. The solution was

added drop by drop onto the microcosm’s surface using a syringe (vol-

ume 5 mL, input precision 10 ± 0.03 mL) with cannula (20 gauge) to

avoid impact or sealing of the surface as much as possible. The mois-

ture content of the soils was determined by weighting the microcosms

24 h after each irrigation.

The initial OC content of the mineral mixtures including the micro-

bial inoculumwas<0.35mgOC g−1 soil and theDOM input accounted

for 2.6 mg OC g−1 soil. The OC input simulated the amount of DOM

that can be leached from fresh POM litter in natural soils (Hagedorn

& Machwitz, 2007). The overall OC input was determined by the total

amount of solution and themaximumOC concentration therein, which

we assumed to reflect the input of natural soils.

The released CO2 during the incubation was monitored twice

a week according to the method by Isermeyer (1952) adapted by

Bimüller et al. (2014) and Bucka et al. (2019). For this purpose,

the microcosms were placed for 5 h into an airtight container,

in which the released CO2 was trapped with sodium hydroxide

solution and afterward determined by titration with hydrochloric

acid.

After the incubation, the soils were harvested and divided into

three different aliquots (approx. 80 g for each fraction): (1) freshmate-

rial, short-term stored at 4◦C for aggregate fractionation; (2) air-dried

material for OC and N analysis, OC coverage, and mechanical stability

tests of the aggregates; (3) freeze-driedmaterial for phospholipid fatty

acids (PLFA) extraction.

2.3 Porosity

The total porosity (n) was calculated using the data of the bulk density

(dB) and literature values for particle density (dP, 2.65 g cm−3 for the

quartz, 2.7 g cm−3 for the illite, 2.35 g cm−3 for the montmorillonite,

and 4.3 g cm−3 for the goethite) according to the following equation

(1):

n = 1 −
dB
dP
. (1)

The proportion of the water-filled pore space (WFPS, %) was calcu-

lated using the moisture content (Vw; cm3) and the total porosity (VV;

cm3) according to the following equation (2):

WFPS =
100
VV

× VW . (2)

The water-filled pores had an equivalent diameter of <20 μm at

the adjusted matric potential of −15 kPa. The pore diameter has been

calculated according to the Young–Laplace-equation for capillary rise

under the assumption that the pores function as a bundle of cylindri-

cal capillaries with distinct radii and circular water menisci (described

in Tuller et al., 2004) according to Equation (3), where r is the capillary

radius (m), γ is the surface tension (N m−1 at 20◦C), α is the contact

angle, h is the capillary rise (m), p is the water density (kg m−3), and g

is the gravitational acceleration (N kg−1).

r =
2 × 𝛾 × cos𝛼

h × p × g
. (3)

A higher proportion of WFPS implies a pore system dominated by

smaller pores, as there aremorewater-filled pores present at the same

matric potential.
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2.4 OC coverage

The specific surface area (SSA) was determined by multipoint

N2-Brunauer–Emmett–Teller (BET) according to the BET method

(Brunauer et al., 1938). The SSA of the air-dry soil was measured by

N2 adsorption at 77 K according to the description in Heister (2016).

Assuming that the mineral surfaces covered with OM are negligible in

theN2-BETmeasurement (Heister, 2014), theOCcovered surface area

was calculated by subtracting the SSA of the soils with DOM from the

SSA of the respective control mixtures without DOM.

The established mineral–mineral surface interactions through dry-

mixing and incubation of the pure mineral mixtures were assessed by

subtracting the SSA of the control soils (before and after incubation)

from the summed up SSA of the soil components.

2.5 OC content, allocation, and characterization

The OC and N content of the bulk soil and aggregate fractions were

determined by dry combustion with a CN analyzer (HEKAtech, Weg-

berg, Germany) using approximately 20 mg of air-dry sample material

(ground to a fine powder).

The amount of OC leached during the incubation was calculated

by subtracting the bulk soil OC content after the incubation and the

released CO2–C from the total OC input.

Themolecular characterizationof a freeze-driedaliquotof theDOM

solution was measured by solid-state 13C-NMR spectroscopy (Bruker,

Rheinstetten, Germany) using cross-polarization magic angle spinning

at 6.8 kHz with 1 ms contact time and 1 s pulse delay (Schaefer & Ste-

jskal, 1976). Four chemical shift regions were integrated within the

spectrum to calculate the relative abundance of alkyl C (0–45 ppm),

O/N-alkyl C (45–110 ppm), aryl C (110–160 ppm), and carboxyl C

(160–220 ppm) (Knicker et al., 2005; Wilson, 1987). The molecular

mixing model by Nelson and Baldock (2005) was applied to determine

the proportions of the abundant biomolecules (carbohydrate, protein,

lignin, lipid, carbonyl, and char).

2.6 Microbial community composition

The microbial community composition was analyzed by using PLFA as

described in Frostegård et al. (1991). The extracted lipids were deter-

mined as fatty acid methyl esters by gas chromatography with flame

ionization detection (Thermo Fisher Scientific, Waltham, USA) with

a silica capillary column (Phenomenex Ltd., Aschaffenburg, Germany)

according to Baumert et al. (2018) and Bucka, Felde et al. (2021). The

PLFAswere assigned tomicrobial groups according to Frostegård et al.

(1991, 1993): 15:0, 17:0, a15:0, i15:0, i16:0, i17:0, 16:1ω7, cy17:0, and
cy19:0 are of bacterial origin, including gram-positive bacteria (a15:0,

i15:0, i16:0, i17:0) and gram-negative bacteria (16:1ω7, cy17:0), and
18:2ω6 is of fungal origin. Some PLFAs (14:0, 16:0, 18:0, 20:0, and

18:1ω9t) were not assigned to one microbial group but were still con-

sidered to be of microbial origin, leading to a total of 15 PLFAs used

for the calculation of the total PLFAs. The ratios of fungal to bacte-

rial PLFAs and gram-positive to gram-negative PLFAs were used as an

indicator for differences in the composition of the developedmicrobial

community.

2.7 Aggregate fractionation

The aggregate size distribution was determined by submerged siev-

ing of the soils before and after the incubation. Approximately 15 g

of moist soil was placed on a sieve stack (630, 200, and 63 μm sieve),

submerged in deionized water and sieved for 2 min at 0.5 Hz (1 cm

upstroke). The sieve fractions were oven-dried at 60◦C for approx.

24 h and weighed to calculate the mass contribution of the four size

fractions (large macroaggregates [>630 μm], small macroaggregates

[630–200μm], largemicroaggregates [200–63μm], and smallmicroag-

gregates [<63 μm]). There was no correction for the sand content in

the macroaggregate fraction, as the known texture of the mineral mix-

tures allowed to calculate the overall mass increase due to the storage

of finer particles in this fraction after the incubation.

2.8 Aggregate dry-crushing

The mechanical stability of the aggregates was tested by dry-crushing

with a mechanical loading frame (ZwickRoell, Ulm, Germany). Air-dry

aggregates (4–2 mm) were crushed by a piston moving continuously

(500 μmmin−1) from 4.1 mm toward 1.5 mm distance to the compres-

sion table as described in Bucka, Felde et al. (2021). The force applied

during crushing was recorded with a high-resolution load cell (“Xforce

HP” 100 N load cell, ZwickRoell, Ulm, Germany) as described in Felde

et al. (2021).

The applied work for a size deformation to 80% of the aggregates

original size was calculated (area of the force–displacement curves)

and normalized to the aggregate diameter (mJ m−1) as described in

Bucka, Felde et al. (2021). The number of force drops (local maxima

of the force–displacement curves) of various magnitudes (>5%,>10%,

>25%, >40%, >50%, >75%) was counted to record aggregate failures

of different magnitudes during the crushing process.

2.9 Statistical analyses

The effect of the soil texture and DOM input was tested for statistical

significance for the data of soil moisture content, pore space char-

acteristics (total porosity and WFPS), OM coverage of the mineral

surfaces, OC concentration of the bulk soils and aggregates, OC respi-

ration (CO2–C), the aggregates’ meanweight diameter andmechanical

stability (applied work and force drop counts), and the microbial

community structure (PLFA, fungal:bacteria ratio, gram positive:gram

negative bacteria ratio). For testing the statistical significance, a one-

way ANOVA was applied in combination with a post hoc Tukey HSD

test in R (RCore Team, 2017). Prior to testing, the datasetswere tested
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TABLE 1 Soil moisture content, porosity, andwater-filled pore space of the soils, OM coverage onmineral surface (percent values give
coverage as proportion of total mineral surface).

Soil moisture (vol%) Porosity (vol%) Water-filled pores (% pore volume) OM coverage (m2 g−1)

Control DOM Control DOM Control DOM

Clay loam 36± 1*a 35± 2a 60± 0*a 62± 2a 60± 1*a 56± 4a 1.0± 0.1a (11%)

Loam 28± 1*b 27± 1b 52± 0*a 55± 0b 54± 1*a 49± 1a 0.50± 0.2b (9%)

Sandy loam 17± 1*c 18± 1c 49± 1*c 49± 1c 34± 2*b 37± 1b 0.53± 0.2b (11%)

Note: Data are given asmean values± standard deviation, lowercase italic letters indicate significant effects of the soil texture (p< 0.05).

Abbreviation: DOM, dissolved organic matter.

Source: *Data fromBucka et al. 2021.

TABLE 2 Organic carbon (OC) allocation between the bulk soil OC, respiredOC, and leachedOC before and after the incubation.

OC initial OC input OC end CO2–C respired OC leached

DOM Control DOM Control DOM Control DOM

Clay loam 0.33± 0.01 2.6 0.15± 0.02 0.72± 0.10a 0.03± 0.02 0.42± 0.07a 0.15± 0.05 1.79± 0.18a

Loam 0.32± 0.11 2.6 0.19± 0.02 0.68± 0.13a 0.09± 0.05 0.44± 0.05a 0.03± 0.17 1.79± 0.29a

Sandy loam 0.22± 0.00 2.6 0.21± 0.00 0.71± 0.02a 0.09± 0.02 0.44± 0.04a -0.09± 0.03 1.67± 0.07a

Note: Data are given asmeanvalues in theunitmgg−1 soil± standarddeviation, lowercase italic letters indicate significant effects of the soil texture (p<0.05).

Abbreviation: DOM, dissolved organic matter.

for normality and homoscedasticity by applying the Shapiro–Wilk test

and a graphical inspection of the QQ-plots, and the Bartlett test or

Levene’s test for non-normal distributed data. If the requirements for

parametrical testing were not met, a Kruskal–Wallis test was applied.

A significance level of α = 0.05 was defined for all tests. The data

analysis was done with the statistical software R (R Core Team, 2017,

version 4.2.1, with the packages stats and agricolae), within the RStudio

environment.

3 RESULTS

3.1 Pore space and soil moisture content

The texture defined the bulk density and total pore space, causing

the highest bulk density and lowest porosity in the sand-rich mixtures

(Table 1). Accordingly, the moisture content in the microcosms was

lowest in the sandy loam (17 vol%) and highest in the clay loam

(36 vol%; p < 0.001). The WFPS accounted for 60% in the clay loam,

whereas it accounted for 34% in the sandy loam, indicating a pore

system with more coarse pores (>20 μm) in the sand-rich soils, as

expected. The DOM input had no significant effect on those prop-

erties (p = 0.3772), but slightly increased the moisture content and

WFPS in the sand-rich soil, especially at later stages of the incubation

(Supporting Information 3).

3.2 OC turnover and coverage of mineral surfaces

The bulk OC content after the incubation was similar for all textures

(0.7±0.02mgCg−1 soil, Table2).During the incubation, approximately

0.43 ± 0.01 mg CO2–C g−1 soil was released from all microcosms,

regardless of the texture (Table 2). According to the total OC input of

2.6mgOCg−1 soil, 27%of theOCwas retained in themicrocosms, 15%

was released as CO2, and 58%was leached.

After the incubation, 0.5–1 m2 surface area per g mineral mixture

was covered by OM (Table 1). The clay-rich mixture had largest total

OMcovers (1.0±0.1m2 g−1), but theproportionof the covered surface

corresponded to approximately 10% of the available surface area in all

textures.

The mineral–mineral interactions accounted for the majority of

the mineral surface coverage. The dry-mixing and incubation of

the control soils (without DOM) caused a mineral surface cover-

age of 3.4 m2 g−1 in the clay loam, 4.0 m2 g−1 in the loam, and

4.0m2 g−1 in the sandy loambymineral–mineral interactions (account-

ing for approximately 30%, 49%, and 55% of the total mineral

surface).

3.3 Development of the microbial community

The total amount of extracted PLFAwas unaffected by the texture and

yielded in 97 ± 6 nmol g−1 soil (Table 3). The contrasting textures did

not lead to significant differences in the microbial community compo-

sition (total PLFA: p = 0.958; fungal:bacterial PLFA: p = 0.514; gram

positive:gram negative bacterial PLFA: p = 0.811). The microbial com-

munity composition was dominated by bacteria, with a fungi:bacteria

PLFA ratio ≤0.05 in all microcosms (Table 3). A higher sand con-

tent induced a slightly higher fungi:bacteria PLFA ratio, indicating a

higher relative proportion of fungi. A higher sand content led also to

a slightly higher proportion of gram-positive bacteria, as the ratio of

gram positive:gram negative PLFA increased with higher sand-content
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56 BUCKA ET AL.

TABLE 3 Phospholipid fatty acids (PLFA) pattern of the soils after
incubation.

Total extracted

PLFA (nmol g−1)

fungal:bacterial

PLFA ratio

gram positive:gram

negative PLFA ratio

Clay loam 104.1± 8.2a 0.02± 0.01a 0.71± 0.09a

Loam 92.7± 15.7a 0.03± 0.02a 0.76± 0.17a

Sandy loam 93.4± 11.6a 0.05± 0.03a 1.14± 0.15a

Note: Data are given as mean values ± standard deviation, lowercase italic

letters indicate significant effects of the soil texture (p < 0.05); there were

no significant differences between the soil textures (total PLFA: p = 0.958;

fungal:bacterial PLFA: p = 0.514; gram positive:gram negative bacterial

PLFA: p= 0.811).

(0.71 ± 0.09 in the clay loam, 0.76 ± 0.17 in the loam, and 1.14 ± 0.15

in the sandy loam).

3.4 Aggregate formation and OC allocation

TheDOM input induced the formation ofwater-stable aggregates in all

microcosms,with strongest effects in the clay-rich textures (Figure1A).

The overall aggregate formation could be shown by the increase in

meanweight diameter of the aggregates (Figure 1B; p< 0.001).

There was the predominant formation of large macroaggregates,

with a mass contribution increase of up to 0.5 g g−1 in the clay

loam, leading to an increase in the mean weight diameter by almost

60% (Figure 1B). In the sandy loam, the increase was lower (23%)

but still caused 49% of the particle mass to be found in the large

macroaggregate fraction (compared to25% in thepreincubation state).

Themass of all other size fractionswas reduced after the incubation,

except for the large microaggregate size in the loam texture, in which

theDOMinput inducedaparticle transfer (mass increaseof0.05gg−1).

The macroaggregate fractions had overall the same OC concentra-

tion (mean value of all textures 0.7 ± 0.1 mg OC g−1 soil) as the bulk

soil (Figure 2), with the small macroaggregate fractions being even

slightly depleted in OC (mean value of all textures 0.4± 0.2mgOC g−1

soil). In contrast, the microaggregate fractions were enriched in OC.

There was a strong OC enrichment in the large microaggregate frac-

tion in all textures (mean value of all textures 1.9± 0.3mgOC g−1 soil).

In the small microaggregate fractions, a higher sand content led to a

stronger OC enrichment (0.6 ± 0.1 mg OC g−1 soil in the clay loam,

1.4 ± 0.2 mg OC g−1 in the loam, and 3.2 ± 0.3 mg OC g−1 soil in the

sandy loam).

3.5 Mechanical stability and crushing pattern of
the aggregates

The physical work necessary to crush the clay loam aggregates down

to 80% of their original size was 0.11 ± 0.01 mJ mm−1, whereas

0.09 ± 0.01 mJ mm−1 was necessary for the loam aggregates, and

0.06 ± 0.03 mJ mm−1 was already enough to crush the sandy loam

aggregates (Figure 3A). This suggests that higher clay content led

to an increased mechanical stability of the aggregates, although the

effect was not significant (p > 0.05). The breakdown patterns showed

more small force drops (>5%) with higher clay content, but more large

force drops (>40%) with higher sand content (Figure 3B), indicating a

higher number of large cracks during the breakdown of the sand-rich

aggregates.

4 DISCUSSIONS

4.1 The mineral matrix regulates interactions
between sorbent and adsorbate

Our experimental setup aimed at mimicking the unsaturated flow con-

ditions of natural subsoils, in which OC-free mineral surfaces come

into contact with percolating dissolved OM. The soil texture defined

the flow characteristics and water balance of the soils. A higher sand

content was accompanied by an overall lower porosity, but larger size

of the individual pores (Table 1), leading to lower moisture content

at the applied suction head of −15 kPa throughout the experiment.

Because all microcosms were irrigated with the same amount of solu-

tion, it implies a lower liquid retention and a faster exchange of the soil

F IGURE 1 Aggregate formation as shown by themass contribution of the size fractions (A) in comparison to the control soils and the
preincubation state of themineral mixtures. Changes in themeanweight diameter due to thematuration (related to the preincubation state) (B).
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SOIL STRUCTURE FORMATIONTHROUGHOM 57

F IGURE 2 Organic carbon (OC) concentration in the aggregate fractions. The dotted line indicates theOC concentration in the bulk soil; OC
concentration in the aggregates above that line indicate a relative OC enrichment of the aggregate fraction compared to the bulk soil. Data are
given asmean values, the error bars display the standard deviation, and lowercase italic letters indicate a significant effect of the soil texture
(p< 0.05).

F IGURE 3 Mechanical stability parameters of the aggregates as obtained by dry crushing: (A) work for a deformation to 80%of the aggregates’
original size and (B) force drops during the crushing process. Lowercase italic letters indicate a significant effect of the soil texture (p< 0.05).

solution in the sand-rich soils. As a result, five portions of DOM solu-

tion would theoretically have been sufficed to replace the whole soil

solution in the sand-rich soil, whereas more than twice as many (11)

portions would have been needed in the clay-rich soil.

Although the soil texture defined the pore space and the soil solu-

tion, the OC retention (analyzed after the incubation) was unaffected

by the soil texture.Despite thedifferences in the solution exchange and

clay-sized particle content, the OC content after the incubation was

the same for all soils (0.7 ± 0.2 mg OC g−1; corresponding to 21% of

theOC input; Table 2). The similar OC retention in all soils at the end of

the experiment was an unexpected result, because a finer soil texture

used to be associated with more OC retention, which is attributed to

the larger surface area available for sorption (Nelson et al., 1992; Shen,

1999).

This leads to the conclusion that the effective OC retention from

dissolved OM is decoupled from the movement of the soil solution. A

possible explanation lies in the strength of the interactions between

the mineral surfaces and OM molecules. In soils, the mineral matrix,

namely, the edges of layered silicates and quartz grains, as well as

metal oxides and hydroxides, is considered to contribute to the DOM

sorption (Inagaki et al., 2020; Kaiser et al., 1997; Kalbitz et al., 2000;

Mikutta et al., 2007). Different soil minerals may sorb DOM to dif-

ferent degrees. A column experiment by Weigand and Totsche (1998)

showed a weak and reversible DOM retention by quartz grains alone,

whereas goethite coatings on quartz induced a stable OC retention.

In addition, a batch experiment by Kahle et al. (2003) highlighted the

importance of illite for DOC retention. In our experiment, the frac-

tion ofmontmorillonite, illite, and goethite was kept constant, whereas
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58 BUCKA ET AL.

the amount of clay-sized quartz was varied to produce the different

soil textures. The used mineral composition differed from that of nat-

ural soils but allowed us to distinguish between the effect of grain size

and that of clay mineral surfaces. In our soils, there was an identical

amount of potential absorbent for stable OC adsorption, which can

explain the texture-independent OC content in the soils after incuba-

tion. In the finer soil texture, there was a higher amount of clay-sized

quartz, which increased the total available surface area, but diluted

the “reactive” mineral surface area that is responsible for stable OC

adsorption.

Assuming that the effectively retained OC after the incubation

was predominantly adsorbed to the clay minerals and goethite, the

retained OC (0.7 mg C g−1 soil) corresponds to 0.16 mg C m−2.

This coverage is below any reported adsorption maxima, which are

between 0.2 and 4 mg Cm−2 for clay minerals and iron oxides (Kalbitz

et al., 2000; Wagai et al., 2009). We measured a coverage of approxi-

mately 10% of the mineral surface by OM in our experiment (Table 1).

This underlines the growing evidence that soil mineral surfaces are

rarely fully occupied by OC, which has been both proven for batch

experiments (Kahle et al., 2003), as well as for natural podzolic B-

horizons (Wagai et al., 2009).With our simulated subsoil environment,

we close the gap between batch experiments and natural soil sam-

ples.We show that under unsaturated flow conditions, the percolating

DOM creates patches of adsorbed OM, providing OC, nutrients, and

moisture, which predetermines the spaces for subsequent microbial

colonization.

Those OC patches are possibly located in the preferential flow

paths created by the initial wetting of the soil mixtures.When unstruc-

tured mineral soils are rapidly wetted, paths of preferential flow are

created by the percolating wetting front (Dekker & Ritsema, 2000;

Morales et al., 2010). Micro-CT scans of an artificial soil with loamy

texture in a previous experiment revealed a significant formation of

large macropores during maturation (Bucka et al., 2019). We assumed

those macropores to reflect initially formed regions of preferential

flow, which result in an inhomogeneous moisture and substrate dis-

tribution and subsequently define which particle surfaces come into

contact with DOM. The particle surfaces facing the pore lumen are

potential absorbents for the molecules of the DOM solution, whereas

the vast mineral matrix might not get into contact with the OC initially

introduced by the DOM.

Our experimental design allowed to disentangle the effects of

particle-size from the sorptive properties of the minerals. Although

the soil texture defined the size of the pore space and the amount

of retained soil solution, it did not affect the effective OC retention,

implying that the effective OC retention from dissolved OM is decou-

pled fromthemovementof the soil solution.A fine soil texture creates a

finer pore system, which enables more soil solution storage, whereas a

larger grain size allowsa faster soil solutionexchange.However, theOC

storage relies on the mineral composition and is therefore decoupled

from pore sizes and soil solution exchange. A higher amount of clay-

sized quartz hereby “dilutes” the mineral surface area of clay minerals

that is available for OM sorption.

4.2 Microbial OM turnover is independent of the
soil texture

Approximately 15% of the OC input was respired as CO2 in all soils

during the incubation (Table 2), suggesting that the microbial OC min-

eralizationwas independent of the soil texture. Thismeans that theOC

availability for the microorganisms was neither affected by the grain

size of themineral particles nor by the different pore sizes.

The texture-independent mineralization rates, as observed in our

experiment, are in contrast to the reducedmineralization rates usually

observed in soils with higher clay contents (Amato & Ladd, 1992; Has-

sink, 1997; Ladd et al., 1985; Sørensen, 1972; Thomsen et al., 1999).

In those experiments, the limited accessibility of the OM due to the

finer pore system, and entrapment of OC within the aggregates of

clay-rich soils has been used as an explanation. However, all those

experiments focused on the decomposition of particulate OM in agri-

cultural topsoils. In our experimental set up though, subsoil conditions

were mimicked with no preexisting aggregates, and microorganisms

that have been introduced by a liquid inoculum. This means that the

microorganisms probably come into contactwith the percolatingDOM

delivering OC and nutrients to the pores established by the preferen-

tial flow. Therefore, the OC availability for the microorganisms may

not be hampered by limited access through fine pores, as it may be

the case for particulate OM within a clay-rich topsoil. Thus, it seems

likely that the OM decomposition in subsoils is controlled by different

factors than in topsoils. In topsoils, the decomposition is regulated by

the physical substrate accessibility (Ladd et al., 1985), whereas for sub-

soils the limiting factor is not the accessibility, but the amount of OC

and nutrients introduced by the percolating DOM. Consequently, the

clay content and the available mineral surface area are not restrict-

ing microbial OC degradation in subsoils at early stages of the soil

development.

Although there were no significant differences in the microbial

community composition for the different mixtures, there was a trend

toward a higher proportion of fungi and gram-positive bacteria in the

sand-rich soils (Table 3). Gram-positive bacteria have a thick peptido-

glycan cell wall layer, providing a higher drought-resistance (Schimel

et al., 2007). This drought resistance might be a competitive advan-

tage in sand-rich soils, in which the coarse pores and low moisture

content probably reduced the overall water-availability for microor-

ganisms. Fungi are also known to be able to explore larger air-filled

pores (Otten et al., 1999; Soufan et al., 2018). Although the experiment

was conducted under well-watered conditions, there was a faster soil

solution exchange in the sand-rich soils. Hence, the microorganisms

needed to invest into the release of EPS, to modulate their environ-

ment with respect to trap nutrients and OC of the percolating DOM

(Costa et al., 2018; Flemming & Wingender, 2010). The higher con-

tent of WFPS in the sand-rich soils after DOM addition (Table 1) hints

toward the presence of those EPS increasing water retention in the

soil by reducing the connectivity of the pore space and thereby cause

an increased water-holding capacity (Benard et al., 2019; Costa et al.,

2018; Roberson & Firestone, 1992).
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SOIL STRUCTURE FORMATIONTHROUGHOM 59

Our experiment showed that in subsoils, where the main OM input

is in form of percolating DOM, soil texture and the corresponding pore

system have no effect on the microbial OC turnover. On the contrary,

the initial OC turnover seems to be controlled by the OC amount

introduced by the percolating DOM solution and not by the spatial

accessibility through soil pores. A coarse texture caused slight shifts

in the microbial community toward drought tolerant species, without

influencing the overall OC turnover under regular irrigation.

4.3 Structure formation and stabilization by
percolating dissolved OM

The percolating DOM was able to induce water-stable aggregates

in all soils with a predominant formation of large macroaggregates

(Figure 1A). Although mineral–mineral interactions accounted for the

majority of the mineral surface coverage, this did not lead to signifi-

cant changes in the size distribution of water-stable aggregates in the

absence of DOM (Figure 1B). This implies that the biochemical pro-

cessing of the available OM may induce the water-stable cohesion of

mineral particles without requiring the presence of particulate OM

nuclei. This is in line with previous experiments with artificial soils,

where aggregate formation induced by DOMaddition was observed in

a clay-rich soil (Bucka et al., 2019).Moreover, the present experimental

approach enabled the systematic assessment of the soil texture-effect

separated from the effect of the mineral composition within the

process of aggregate formation induced by a liquid OM source.

The mass transfer between the size fractions after the incubation

highlights the overall importance of small particles for the aggrega-

tion process. The aggregation effect was strongest in the clay-rich soils

(Figure 1B), with 58% of the particle mass being bound in the large

macroaggregate fraction after the incubation (Figure 1A). If we com-

pare the original particle size distribution of themineral mixture, it can

be shown that the newly formedmacroaggregate fraction consisted of

90% newly added (finer) particles. This corresponds to a particle trans-

fer of approx. 0.53 g to the largest aggregates per g soil. With higher

sand contents in the soils (and correspondingly lower clay contents),

this particle transferwas reduced, which led to a largemacroaggregate

fraction consisting of 66% newly added particles in the loam, and 47%

newly added particles in the sandy loam. Translated to particle mass,

this means that approx. 0.23 g moved to the largest aggregates per g

soil, which is approx. half of the mass transferred in the clay-rich tex-

ture. This implies that the aggregation process requires the presence

of small particles that can be connected by OM to larger aggregates

independent of their surface charge.

Although the aggregation effect was strongest in the clay-rich soils,

there was a significant macroaggregate formation even in the sand-

rich soils (Figure 1B). This reveals that the biochemical processing of

the DOMhas the capacity to embed even sand-sized quartz grains into

the aggregates, although the OC retention suggests the predominant

adsorptionofDOCto the surfacesof the clayminerals and thegoethite,

instead to the quartz. However, a close inspection of themineralmatrix

revealed goethite-coated quartz in our artificial soils (Bucka, Felde,

et al., 2021). Thus, the goethite may serve as bridge between quartz

and OM, with the goethite coatings being attached to the quartz by

covalent bounds (Scheidegger et al., 1993), and to the OM molecules

via electrostatic forces (Dultz et al., 2018). A similar mechanism has

already been suggested for goethite bridges between quartz and illite

(Guhra et al., 2019). Considering the fact that goethite-masked sand

grains can form large aggregates, this leads to the conclusion that the

mineral composition of a soil adds to the effect of the soil texture with

respect to aggregate formation. This expands our knowledge regard-

ing soil structure formation, which is mostly based on the addition

of particulate OM to natural topsoils (Denef et al., 2002), toward the

effects of a liquid OM source within a subsoil context. In addition,

our experiment underlines the relevance of sand-sized particles within

the process of aggregate formation, which was only recently put into

research focus (Bucka, Felde, et al., 2021; Felde et al., 2021; Paradiś

et al., 2017).

The large macroaggregate fraction had the same OC content as the

bulk soil in all textures, meaning no OC enrichment took place in this

fraction (Figure 2). This suggests that the OC transfer to the largest

aggregate fraction tookplace to the sameextent as themass transfer of

finer particles. This underlines the importance of the fine particles for

the formation of large aggregates, as they are connected by OM and

thereby form larger aggregates. In addition, it proves that a relatively

lowamountofOC (0.7±0.1mgOCg−1) is already sufficient toproduce

those large water-stable aggregates (Figure 2).

When the aggregates were crushed by mechanical force, the work

required to break the aggregates down to 80% of their original size

was highest in the clay-rich (0.11 ± 0.03 mJ mm−1) and lowest in

the sand-rich aggregates (0.06 ± 0.01 mJ mm−1, Figure 3A), mean-

ing that the aggregates formed in the clay-rich texture have a higher

mechanical stability. This can be ascribed to the higher number of clay-

sized particles, which enablemore particle–particle contact points due

to their greater surface area-to-mass ratio. However, the mechanical

destruction by dry crushing revealed an overall lower mechanical sta-

bility for the artificially formed aggregates by DOM, than it has been

observed in aggregates of natural, arable soils of comparable texture

andmineral composition (Felde et al., 2021). This implies that the over-

all mechanical stability of a matured soil aggregate relies on additional

stabilization factors,which the interactionofdissolvedOMandmineral

surfaces does not provide.

The breakdown pattern during the crushing revealed a smaller

number of small force drops (<10%), and a larger number of large

force drops (>40%) for the aggregates formed in sand-rich texture

(Figure 3B). This suggestsmany large cracks that can be explainedwith

the sand grains being split off at very low mechanical stress. In con-

trast, the clay-rich aggregates seem to be breaking down into a series

of small microfractures, which is indicative of a relatively homogenous

aggregate structure. These aggregates are possibly comprised of many

small, interconnected particles with fine pores in between, causing a

force resistant, but brittle structure.

The biochemical processing of the percolating DOM solution

induced the formation of large aggregates in all textures without

requiring the presence of particulate organic nuclei. However, the
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60 BUCKA ET AL.

presence of fine mineral particles fosters the formation of large aggre-

gates, irrespective of their surface charge or sorptive properties. The

aggregates’ water-stability can be established by very lowOCcontents

in various soil textures, whereas a higher clay-content was connected

to a higher mechanical stability. The presence of goethite-coated sand

grains within larger aggregates shows that the mineral composition of

a soil adds to the effect of the soil texture with respect to aggregate

formation.

5 CONCLUSIONS

With our simulated subsoil environment, we closed the gap between

batch experiments and natural soil studies by studying the biochemical

processing of percolating dissolved OM under unsaturated flow con-

ditions. This allowed disentangling the role of soil texture (i.e., grain

size) and mineral composition for sorption and biochemical processing

of DOMand initial structure formation.

Although the soil texture defined the pore space and the amount of

retained soil solution, the effective OC retention from dissolved OM

was decoupled from the movement of the soil solution. This suggests

that the OC storage relies on the clay mineral composition enabling

adsorption instead on relying on the amount of clay. A higher amount

of clay-sizedquartzmayeven “dilute” theavailablemineral surfacearea

for OM sorption.

The microbial OC turnover was independent of the soil texture

and its corresponding pore system. This suggests that the initial OC

turnover in subsoils, where themainOM input comes from percolating

DOMwithin anOC-free and unstructuredmineralmatrix, is controlled

by theOC input and not by its spatial accessibility through soil pores.

A coarser soil texture induced slight shifts in the microbial commu-

nity toward drought tolerant species, without influencing the overall

OC turnover under regular irrigation.

The biochemical processing of the percolating DOM solution

induced the formation of large aggregates in all soil textures without

requiring the presence of particulate organic nuclei. However, the for-

mation and mechanical stability of large aggregates was higher in the

clay-richmixtures, which implies that the emerging soil structure relies

on the amount of fine mineral particles, irrespective of their surface

charge or sorptive properties. The presence of goethite-coated sand

grains within larger aggregates indicates that the mineral composition

of a soil may add to the soil texture effect with respect to aggregate

formation.

The results of our experiment highlight the need to separate the

effects of soil texture (i.e., particle size) and clay mineral composition

with respect to relevant subsoil processes regarding OC retention,

microbial turnover, and soil structure formation at early development

stages.
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