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Abstract

Background: Knowledge of soil aggregate formation and stability is essential, as this is

important for maintaining soil functions.

Aims: This study aimed to investigate the influence of organic matter (OM), the content

of pedogenic iron (Fe) (oxyhydr)oxides, and aggregate size on the stability of aggregates in

arable soil.

Methods: To this end, the Ap and Bt horizons of a Luvisol were sampled after 14 years of

bare fallow, and the resultswere comparedwith a control field that hadbeenpermanently

cropped.

Results: In the Ap horizon, bare fallow decreased themedian diameter of the 53–250 µm

size fraction by 26%. Simultaneously, the mass of the 20–53 µm size fraction increased

by 65%, indicating reduced stability—particularly of larger soil microaggregates—due to

the lack of input of fresh OM. The range of 14carbon (14C) fraction of modern C (F14C)

under bare fallowwas between 0.50 and 0.90, and thus lower than the cropped site (F14C

between 0.75 and 1.01), which is particularly pronounced in the smallest size fraction,

indicating the presence of older C. This higher stability and the reduced C turnover in

<20 µm aggregates is probably also due to having the highest content of poorly crys-

talline Fe (oxy)hydroxides, compared to the other size fractions, which act as a cementing

agent. Colloid transport from the Ap to the Bt horizon was observed under bare fallow

treatment.

Conclusions: The lack of input of OM decreased the stability of microaggregates and led

to a release of mobile colloids, the transport of which can initiate elemental fluxes with

as-yet unknown environmental consequences.
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1 INTRODUCTION

The ecosystem services of soil include nutrient cycling, water storage,

carbon (C) storage, and microbial habitats, which are intimately linked

to thebasic heterogeneousarrangementof soil aggregates and internal

pores (Bauke et al., 2022; Totsche et al., 2018). The development of a

soil aggregate structurebypedogenesis is adesirable soil characteristic

for sustaining agricultural production and maintaining environmental

quality (Amézketa, 1999). The formationand stability of soil aggregates

were therefore investigated in depth in this study. Soil aggregation is

assumed to follow a hierarchical order with particles below 2 µm act-

ing as the smallest building units. These micro-structured basic units

are essentially made up of clayminerals, pedogenic oxides, and organic

matter (OM) that adhere together and form organo-mineral associa-

tions (Kögel-Knabner et al., 2008; Lehmann et al., 2007). The smallest

building units combined form soil microaggregates, which in turn are

subunits of macroaggregates. The boundary dividing microaggregates

andmacroaggregates has beenwidely accepted to be250µm (Six et al.,

2004; Tisdall & Oades, 1982; Totsche et al., 2018). The assembly of

differently sized aggregates forms a three-dimensional structure with

connected voids and dead voids as well as pores of different shapes,

sizes, and geometries. This continuous network of the pore system is

a dynamic biogeochemical interface, as it facilitates the flow of gases

andwater. The architecture and stability of the aggregates, that is, their

function of providing niches for water storage and microbial nutrient

metabolism, strongly depend on the spatial organization of the individ-

ual building units, their specific elemental composition, and the spatial

distribution ofmetal oxides (cementing agents) andOM (gluing agents;

Totsche et al., 2010, 2018). Stable aggregates are therefore beneficial

in soil for many reasons, including C sequestration, nutrient retention,

aeration, and erosion control as well as providing microenvironments

for soil microorganisms.

The hierarchical nature of aggregated soil implies that different

aggregation mechanisms may apply for different sizes of aggregates.

There is evidence that the stability of aggregates correlates inversely

with size (Golchin et al., 1994; Krause et al., 2018; Siebers et al., 2018;

Six et al., 2002). For smallmicroaggregates (<20µm), thebinding forces

predominantly seem to be short-range van der Waals forces and elec-

trostatic binding, which are strong enough to withstand disintegration

by ultrasound treatment (M. Kaiser & Berhe, 2014; M. Kaiser et al.,

2012). Not only are electrostatic binding and van der Waals forces

important for the formationof small (i.e.,<50µm)microaggregates, but

polysaccharides andmicrobial-derivedOMwere also highly relevant in

gluing microaggregates. However, for the formation of larger microag-

gregates, fresh OM (i.e., plant-derived residues, partly decomposed) as

agluingagent andmore crystalline iron (Fe) (oxyhydr)oxides as cement-

ing agents aremore essential to glue together building units composed

of smaller microaggregates (Totsche et al., 2018). Our hypothesis,

therefore, is (1) that a lack of OM input mainly affects the stability of

larger soil microaggregate size fractions.

Poorly crystalline Fe (oxyhydr)oxides can be present as nanoparti-

cles that are as small as 2 to 5 nm and as Fe (oxyhydr)oxides associated

with clay minerals (X. Jiang et al., 2015; Regelink et al., 2014). During

further soil development, Fe (oxyhydr)oxides are slowly transformed to

more crystalline Fe (oxyhdr)oxide minerals that are less reactive, such

as crystalline goethite and hematite (Cornell & Schwertmann, 2003),

which are then predominantly found in the larger size fractions (Bar-

beris et al., 1991). Goethite is the most common Fe (oxyhydr)oxide in

temperate soil due to its high thermodynamic stability. Its size ranges

between 5 and 100 nm, and it is positively charged in most soils due

to the point of zero charge at approximately pH 8. Colloidal goethite

thus actively promotes the stabilization of larger soil microaggregates

(Schwertmann & Carlson, 2005) due to interactions with negatively

charged clay minerals or soil OM (SOM; Kretzschmar & Sticher, 1997;

Tombáczet al., 2004). Femineralogy therefore influences the structure,

and in particular the stability, of microaggregates.

Of particular significance to the formation of microaggregates are

associations built by the interaction of minerals with OM (Totsche

et al., 2018). It is widely accepted that OM associations with Fe (oxy-

hydr)oxides lead to reduced OM turnover as shown by a positive

correlation between Fe (oxyhydr)oxide and organic C (OC) content and

an inverse correlation between OC turnover and Fe (oxy)hydroxide

content (K. Kaiser & Guggenberger, 2000; Torn et al., 1997; Wagai

& Mayer, 2007). Crystalline Fe (oxyhydr)oxides are often related to

reduced SOM protection (Torn et al., 1997) relative to less-crystalline

forms. The continuum of Fe-crystallinity also correlates with surface

area. On one end of the continuum are poorly crystalline minerals

that are represented broadly by ferrihydrite. This may also include fer-

ric (oxyhydr)oxide minerals that are precipitated in the presence of

OM (ThomasArrigo et al., 2018, and references therein). Lepidocrocite,

akaganeite, goethite, magnetite, and hematite are progressively more

crystalline (in that order).

The soil fraction <20 µm is involved in the protection of SOM

from decomposer organisms (Lopez-Sangil & Rovira, 2013). Mecha-

nisms for OC stabilization are occlusion within aggregates, adsorption

processes, coprecipitation, or organo-Fe complexes (Eusterhues et al.,

2003; Kiem & Kögel-Knabner, 2002; Moni et al., 2010; Tombácz et al.,

2004; Wagai & Mayer, 2007) that can occur simultaneously along

a continuum. Occluded and older OC particularly correlate to soil

aggregate stability (Golchin et al., 1994). In a recent study, it was

shown that with increasing OC age, the contribution of metal oxides

as cementing agents increased in high-density and sonication-resistant

aggregates that are mainly associated with old OC. However, plant-

derived young C at a low decomposition stage acted as a gluing agent

for the stabilization of low-density fractions at higher hierarchy lev-

els and the contribution of reactive metal phases decreased (Wagai

et al., 2018). We therefore assume that (2) with a lack of OM input,

the content of C decreases and the relative abundance of aged OM

with a narrow C/N ratio as a gluing agent increases, especially for

small soil microaggregates. However, OM is not only stabilized by Fe

(oxyhydr)oxides: It is also known that the interaction of short-range-

ordered Fe minerals (e.g., ferrihydrite) with specific functional groups

ofOC inhibits crystallization tomore crystalline forms such as goethite

and hematite (Chen et al., 2015; Jones et al., 2009; Vodyanitskii &

Shoba, 2016) due to the sorption of organic anions and, therefore,

the prevention of nucleation (Cornell & Schwertmann, 1979). Our

hypothesis is thus that (3) the contributionof poorly crystallineFe (oxy-

hydr)oxides as a cementing agent decreases due to the decrease of OC
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content under bare fallow, particularly for small microaggregate size

fractions.

To test these hypotheses, we analyzed an arable Luvisol under con-

ventional management and 14 years of bare fallow, obtained samples

from the Ap and the Bt horizons, size fractionated the soil to the differ-

ent soil microaggregate size fractions obtained, and analyzed the size

fractions in terms of C content and age, Fe speciation, and aggregate

stability.

2 MATERIALS AND METHODS

2.1 Study site and sampling

The study site in Selhausen (50◦52’08’’ N, 6◦26’59’ E) is part of the

Lower Rhine Embayment (Germany), an intensively used agricultural

area. The mean annual temperature and precipitation are 9.8◦C and

694mm, respectively. Twoparallel fields are included: one field that has

been under bare fallow (1.1 ha) since 2005with the regular application

of herbicides and shallow tillage (5 cmdeep, once a year in 2006−2010,

followed by once every 4 years); the other control field (0.5 ha) in the

immediate vicinity has been permanently cropped (mainly sugar beet

andwinterwheat) for a century includingmechanical tillage every year,

that is, bare fallow versus cropped treatment. The site is characterized

by aweak inclination of 1.7◦ in the east-to-west direction (Meyer et al.,

2017; Schweizer et al., 2024). Across the slope, the soil properties are

highly heterogeneous in terms of stone content with a gradient of high,

medium, and low fine earth (FE) content (Meyer et al., 2017). Across

the inclination, fluvial deposits of Pleistocene gravel dominate the ups-

lope soils east of the sitewith lower proportions of FE,whereasAeolian

Pleistocene Loess sediments dominate the downslope soils in the west

with a higher FE content. Sampleswere taken from the high FE content

downslope, and the soil at this position was classified as Stagnic Luvi-

sol with a silt loam texture (WRB, 2007) derived from loess mixed with

fluvial deposits. In November 2019, Ap (approximately 0–32 cm) and

Bt (approximately 32−52/74 cm) soil horizons were sampled from the

lower slopeof the cropped andbare fallow fields. The soil took the form

of samples from soil pits from the Ap and Bt horizons. According to the

pedogenetic features, the Ap horizon was approximately 0–31 cm, of

which the material 5–25 cm was sampled with three field replicates

per treatment thatwere kept separately for analyses unless statedoth-

erwise. The fresh soils were sealed in plastic bags and stored in a cool

chamber at 5◦C until wet sieving, which was conducted no later than 3

weeks after sampling.

2.2 Wet sieving and density separation

Wet sieving followed a modified procedure based on a previous paper

(Krause et al., 2018). In brief, a sieve tower composed of three sieves

(mesh size: 2800, 250, and 53 µm) was submerged into 12 L of deion-

izedwater. Thewater content of each individual soil samplewas deter-

mined by drying the soil at 105◦C until constant weight and recording

the mass before and after drying. The water content was in a range of

15.0%−17.5%. Approximately 58–59 g of field-moist samples, corre-

sponding to 50 ± 1 g dry weight, were weighed on a filter paper and

pre-wetted for 5 min on the topmost 2800 µm sieve. The sieve tower

was then moved up and down 30 cycles per min by an electric motor

for 10 min. The >250 µm size fractions were subjected to ultrasound

treatment applying an energy of 60 J mL−1 to release occluded soil

microaggregates. The resultant suspension was sieved again to obtain

53−250 µm and 20−53 µm occluded soil microaggregates. Only the

occluded size fraction was used for further analyses, as only occluded

aggregates contribute to the hierarchical structure of aggregate for-

mation. The occluded <20 µm suspension was centrifuged (Heraeus

MULTIFUGE 4KR, Thermo Scientific) to separate 0.30–20 µm soil

microaggregates, and<0.30 µm colloids remained in the supernatant.

Density separation was performed to remove non-aggregated pri-

mary and secondary mineral particles (Virto et al., 2008). The size

fractions obtained from the wet sieving were dispersed in a sodium

metatungstate solution (2.5 g cm−3) and centrifuged.Only free primary

and secondary particles, the density of whichwas assumed to be 2.65 g

cm−3, could be centrifuged to the bottom. The OM-associated mineral

particles remained in the supernatant andwerewashedwith deionized

water and then freeze-dried for subsequent analyses, that is, elemental

composition, C and nitrogen (N) analyses, 14C dating, Mössbauer spec-

troscopy, andoxalate anddithionite-citrate-bicarbonate extractable Fe

(FeDCB). A summary of which analyses were performedwith which size

fractions is presented in Table S1.

2.3 Size distribution and stability test

The field fresh bulk soil (sieved to <2 mm) and the three size fractions,

that is, <20, 20–53, and 53–250 µm, were freshly analyzed (directly

afterwet soil fractionationwithout prior drying) by the laser diffraction

particle analyzer (Horiba LA960). To ensure homogeneity, the samples

were continuously stirred and circulated to the flow cell for detection

as described in Tang et al. (2022). Results of particle analysis using laser

diffraction are given as a volume-basedmedian diameter (Dv50) in µm,

with the diameter of half of detected particles being above this value

and the diameter of another half below this value.

We also used the particle analyzer to test for soil aggregate stability

according to Mason et al. (2011). In brief, aggregates were subjected

to a constant and continuous mechanical force while being stirred and

circulated. Through repeated measurements of the particle size dis-

tribution over a total time of 40 min, it was possible to derive the

stability of the aggregates. Within the first 10 min, we performed a

measurement every 40 s, while for the last 30minmeasurements were

conducted every 3 min. The particle sizes obtained were evaluated for

the shift in Dv50.

2.4 Asymmetric flow field-flow fractionation
(AF4) of colloids

The elemental content of soil colloids<0.30 µmwas analyzed by apply-

ing AF4 (AF2000, Postnova Analytics) as described in Krause et al.
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(2020). The OC content in the colloidal size fractions was measured

using AF4 coupled to a UV-vis detector with an absorption wavelength

of 254 nm (Postnova Analytics) and to an OC detector (DOC-Labor

GmbH). The element content of Fe, Al, silicon (Si), and calcium (Ca)

was determined by AF4 coupled to an inductively coupled plasmamass

spectrometer (ICP-MS;Agilent 7500, Agilent Technologies) using post-

channel calibration with Rh as the internal standard (Nischwitz et al.,

2016). In brief, weused25µML−1 of sodiumchloride carrier solution, a

0.5mm spacer, and a 1 kDa polyether sulfonemembrane. Twomilliliter

of supernatant containing<0.30 µm colloidswere directly injected and

then focused for12minby2.7mLof flow focusing. Theelutionprogram

startedwith 2.5mLmin−1 cross flow, which then decreased to 0.15mL

in 30min and finally remained at 0mLmin−1 for 50min. The results are

presented as a bulk colloid fraction and not size-separated further.

2.5 Elemental composition

Soil C and N analyses were performed using the dry combustion

method followed by thermal conductivity detection of the released

trace gases (vario MICRO cube, Elementar). To remove inorganic C

before analysis, samples were treated with 4 M HCl for 4 h at room

temperature and dried at 60◦C for 16 h (ISO, 1995). The aqua regia-

extractable elements (Fe, Al, Si, and Ca) of the bulk soil and size

fractions, that is, <20, 20–53, and 53–250 µm, from Ap and Bt were

determined after the microwave-assisted digestion of 150 mg with

0.7 mL HNO3 and 2 mL HCl using ICP-optical emission spectrometry

(Thermo Fisher iCAP 7600).

2.6 14C analysis

The 14C analyses were performed on dry bulk and size-fractionated

samples (<20 and 20–53 µm). The size fraction 53–250 µm could not

be analyzed, as sample amounts were not sufficient for analysis. For

the other size fractions, composite samples on a weight basis of all

three replicates were used to ensure a sufficient sample amount. All

samples were extracted with 10%−20% HCl (1 h at 60◦C plus 10 h at

room temperature) depending on the inorganic C content of the sam-

ple to remove inorganic C. The acid was removed by repeated washing

with ultra-purewater. After drying, the sampleswere converted to ele-

mental C using an automated graphitization system (Ionplus AG), and

the content of 14C was measured using the University of Cologne’s

accelerator mass spectrometry (AMS) system. For further details, see

Rethemeyer et al. (2019). The 14C content was expressed as fraction

modern C (F14C; Reimer et al., 2004).

2.7 Oxalate and FeDCB

The FeDCB was assessed by using a method according to Kiem and

Kögel-Knabner (2002). This extraction targets the specific Fe (oxy-

hydr)oxides: ferrihydrite, lepidocrocite, akaganeite, goethite, and to a

small extent hematite (Voelz et al., 2019). About 50 mg of the sam-

ple was shaken with a mixture of 0.3 M sodium citrate solution, 1.0 M

sodium hydrogen carbonate, and sodium dithionite for 16 h at room

temperature. After shaking and subsequent centrifugation (10 min

at 3000 × g), the supernatant was removed, and the residue was

mixed with 0.05 M MgSO4. After mixing and subsequent centrifuga-

tion (10 min at 3000 × g), the supernatant was combined with the

supernatant from the first extraction step.

The oxalate extractable Fe (FeOX)was performedwith 0.2Moxalate

(mixing 0.113 M NH4 oxalate and a 0.087 M oxalic acid solution) at

pH 3.0 and 2 h shaking in the dark (Kiem & Kögel-Knabner, 2002;

Schwertmann, 1964). Due to the low pH, the OH-groups on the Fe

(oxyhdr)oxide surfaces are protonated, thusweakening theFe–Obond.

As a result, the oxalate ligand is able to finally dissolve the Fe (oxy-

hdr)oxide (Cornell & Schwertmann, 2003). The results of oxalate and

DCB extractionmust always be consideredwith reservations since not

all Fe (oxyhydr)oxides are dissolved in the DCB extraction and there-

foreonly a “pseudo-total” of Feoxide content is determined.Oxalic acid

extractions are more specific than the DCB extractions. Specifically,

oxalic acid extractions target short-range order (SRO) phases: ferrihy-

drite and ferrihydrite-like poorly crystalline Fe (oxyhydr)oxide phases,

in addition to magnetite. Since preliminary Mössbauer analyses did

not show any indications ofmagnetite, we take the oxalate-extractable

fraction to represent poorly crystalline Fe (oxyhydr)oxides including

ferrihydrite. After shaking and subsequent centrifugation (10 min at

3000 × g), the concentration of extracted Fe was determined by ICP-

MS after appropriate dilution. All bulk soil samples were analyzed in

triplicate,measuring the replicates individually, while for size fractions,

one composite sample (mass basis) was used due to the limited sample

material.

2.8 Mössbauer spectroscopy

Dried soil powders of the size fraction <20 µm were analyzed using

Mössbauer spectroscopy, as this size fraction exhibited sufficient Fe

content and is mainly involved in the protection of SOM (Lopez-Sangil

& Rovira, 2013). The samples were loaded into Plexiglas holders (area

1 cm2), forming a thin disc. The holders were inserted into a closed-

cycle exchange gas cryostat (Janis cryogenics) under a backflow of He

tominimize exposure to air. Spectra were collected at 5 and 77 K using

a constant acceleration drive system (WissEL) in transmission mode

with a 57Co/Rh source. All spectrawere calibrated against a 7-µm-thick

α−57Fe foil that was measured at room temperature. The analysis was

performed using Recoil (University ofOttawa) and the extendedVoigt-

based fitting routine (Lagarec & Rancourt, 1998). The half width at half

maximum was limited to 0.151 mm s−1 during fitting. Based on the

spectra collected at two temperatures (77 and 5 K, Figure S1, Table

S3), we determined the fraction of Fe that was bound in (1) crystalline

mineral phases such as goethite and hematite as evidenced by the sex-

tets in the 77 K spectra; (2) poorly crystalline or short-range-ordered

mineral phases such as ferrihydrite and lepidocrocite as evidenced by

the sextets in the 5 K spectra that were absent in the 77 K spectra;

and (3) clay minerals such as phyllosilicates as evidenced by the dou-

blets at 77 and 5 K (Murad & Cashion, 2011). We note that the poorly
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RELATIONSHIP BETWEEN SOMAGE, FE SPECIATION, ANDAGGREGATES 81

crystalline phases may also contain ferric hydroxide that has formed in

the presence ofOM, sometimes referred to as organo-mineral compos-

ites in which the binding environment of Fe atoms resembles that of

ferrihydrite (Eusterhues et al., 2008; ThomasArrigo et al., 2018).

2.9 Statistical analyses

Statistical analyses were performed in Excel (Excel 2016, Microsoft

Corporation) using XLSTAT 2021.5 (Addinsoft). To investigate the

effect of bare fallow on the median diameter, the mass of size frac-

tions, and the median diameter determined by the stability test, we

performed a Wilcoxon rank-sum test (p < 0.05) for each size fraction,

each horizon, and each time point separately. We tested the elemen-

tal composition and FeOX and FeDCB for normal distribution using the

Shapiro–Wilk test (p < 0.05) and for homogeneity of variances using

the Brown–Forsythe test (α = 0.05). The differences between treat-

ments and horizons were determined by means of a one-way ANOVA

(α = 0.05). If significant differences occurred, we used the Tukey hon-

estly significant difference (HSD) test to perform a post hoc separation

ofmeans (α= 0.05). Due to constraints in the sample amounts, we used

composite samples (weight basis) of the three replicates for 14C anal-

yses, Mössbauer spectroscopy, and oxalate and DCB extraction of size

fractions, whichmeans that a statistical evaluation is not possible.

3 RESULTS

3.1 Size and mass distribution of soil
microaggregates

As expected, the median diameter (Dv50) of the size fractions

decreased in the order 53–250, 20–53, and <20 µm independent of

the horizon or the treatment. The Dv50 of the bulk soil was compara-

ble to the 20–53 µm size fraction. A significant treatment effect was

visible for the Ap 53–250 µm, Bt bulk, and Bt 53–250 µm size frac-

tions, with significantly lower Dv50 under bare fallow (Figure 1). The

reduction in the mean diameter under bare fallow for the size fraction

53–250 µm was not visible. However, there was a significant increase

of the 20–53 µmmass for the Ap horizon under bare fallow, compared

to the cropped site. For Bt, the partially significant (20–53 and<20µm)

reduction in Dv50 under bare fallow was also visible, with a signifi-

cant reduction of the mass of the size fractions 20–53 and <20 µm,

compared to the cropped site (Figure 2).

3.2 Stability test

For all treatments and horizons, theDv50 decreased rapidly during the

first 10 min, while the reduction was always greater for Ap, compared

to Bt, and for bare fallow, compared to the cropped site (Figure 3).

After 19 min, the Dv50 was significantly smaller for the bare fallow

Ap, compared to the cropped site Ap, and after 30 min, it was signifi-

cantly smaller for the bare fallowBt, compared to theBt of the cropped

F IGURE 1 Median diameter (Dv50) of bulk soil and size fractions
(20–53,<20 µm) for the cropped site and bare fallow for the topsoil
(Ap) and subsoil (Bt) horizons. Mean values± SD, n= 3. Lowercase
letters indicate significant differences between the treatments but
within size fractions (p< 0.05).

site. After 24 min, the mean diameter remained constant or began to

increase again for theAp andBt of the cropped site, indicating a degree

of reaggregation, while this effect was not visible under bare fallow.

3.3 Elemental composition

Considering the bulk soil and the size fractions (20–53 and <20 µm),

the OC and N content was mostly significantly higher in the Ap hori-

zon than in the Bt (Table 1). Between the treatments, there were no

significant differences between the cropped and the bare fallow for

the bulk soil. Treatment effects only became apparent in size- and

F IGURE 2 Mass distribution of size fractions (53–250, 20–53,
<20 µm) for the cropped site and bare fallow for the topsoil (Ap) and
subsoil (Bt) horizons. The total dry soil weight which the size fractions
refer to was 50± 1 g.Mean values± SD, n= 3. Lowercase letters
indicate significant differences between the treatments but within
size fractions (p< 0.05).
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82 SIEBERS ET AL.

F IGURE 3 Changes in themedian diameter (Dv50) of the bulk soil
samples from the Ap and Bt horizons for the cropped site and bare
fallow during 40min of continuousmeasurement of the particle size
distribution (n= 3). Significant differences within the soil horizon (Ap
and Bt) but between treatments (cropped and bare fallow) are
denoted with an asterisk (p< 0.05).

density-fractionated samples, with an increase of OC in the Bt horizon

(only significant for 20–53 and<20 µm and only a trend for<0.30 µm)

under bare fallow. Although not significant, there is a trend toward

a higher OC content in the Ap horizon for the cropped site. Gener-

ally, OC and N tend to accumulate in the <20 µm size fraction, which

confirms previous studies showing that OC mainly accumulates in the

smallest fractions with the largest specific surface area (Kahle et al.,

2002; Krause et al., 2018). The C/N ratio was generally wider in the Ap

horizon than in the Bt horizon in all samples. When comparing the size

fractions (except <0.30 µm), the C/N ratio was wider in the 20–53 µm

size fraction and narrower in the <20 µm size fraction. OM depletion

tends to widen the C/N ratio for the 20–53 µm size fraction, while it

did not have a clear effect on the bulk soil and the<20 µm size fraction

(Table 1).

When considering the total Si, Fe, and Al content, Si did not show a

specific trend except for exhibiting a significantly higher content in the

samples of the cropped site, compared to bare fallow for the 20–53 µm

size fraction, and a significantly higher content in Bt for bare fallow,

compared to the Bt of the cropped site (Table 1). This was different for

Fe and Al, which tended to have higher content in bare fallow samples,

compared to the cropped site, and Bt, compared to Ap in the bulk soil,

the <20 µm, and the<0.30 µm size fraction (not all significant). In con-

trast, in the 20–53 µm size fraction, the content of Fe andAlwas higher

in the Ap horizon, compared to the Bt horizon (Table 1).

3.4 14C content

The size fraction 20–53µmexhibited the highest 14C content, followed

by the bulk soil, while the 14C content was lowest in the <20 µm size

fraction (Figure 4; Table S2). Samples from the cropped site always

exhibited a higher 14C content than samples from the bare fallow site

TABLE 1 Total elemental composition of bulk soil and size fractions (20–53,<20,<0.30 µm) for the cropped site and bare fallow for the topsoil
(Ap) and subsoil horizon (Bt).

Sample Size (µm) OC N C/N Si Fe Al Ca

(%) (–) (g kg−1) (mg kg−1)

Cropped Ap Bulk 1.00± 0.06 a 0.13± 0.01 a 7.7 326± 4 a 18,613± 140 a 36,466± 466 a 3426± 30 a

Cropped Bt Bulk 0.36± 0.05 b 0.08± 0.02 b 4.5 366± 1 b 20,400± 140 b 42,056± 160 b 3343± 26 a

Bare fallowAp Bulk 1.01± 0.17 a 0.13± 0.01 a 7.8 359± 2 b 22,100± 300 c 39,866± 400 c 3683± 50 b

Bare fallow Bt Bulk 0.33± 0.03 b 0.07± 0.01 b 4.7 296± 5 c 25,200± 566 d 43,216± 900 b 2870± 66 c

Cropped Ap 20−53 0.41± 0.03 a 0.05± 0.00 a 8.5 269± 1 a 4916± 73 a 71,533± 633 a 423± 20 a

Cropped Bt 20−53 0.15± 0.01 b 0.04± 0.01 a 3.8 270± 6 a 1806± 36 b 33,280± 1046 b 606± 30 b

Bare fallowAp 20−53 0.35± 0.02 a 0.03± 0.00 a 11.7 327± 11 b 3243± 63 c 46,466± 1433 c 964± 25 c

Bare fallow Bt 20−53 0.35± 0.04 a 0.06± 0.01 a 5.8 321± 11 b 2133± 73 d 47,200± 1800 c 155± 5 d

Cropped Ap <20 1.76± 0.12 a 0.25± 0.03 a 7.0 294± 9 a 19,166± 800 a 36,600± 1433 a 523± 40 a

Cropped Bt <20 0.59± 0.05 b 0.15± 0.00 b 3.9 338± 5 b 25,003± 153 b 52,533± 833 b 737± 11 b

Bare fallowAp <20 1.55± 0.28 a 0.22± 0.06 a 7.0 304± 9 ac 25,066± 333 b 47,733± 1366 c 1307± 14 c

Bare fallow Bt <20 0.87± 0.04 c 0.21± 0.00 a 4.1 319± 7 bc 36,333± 533 c 63,733± 733 d 1003± 30 d

(mg kg−1)

Cropped Ap <0.30 308± 57 a – – 2175± 583 a 1019± 281 a 1367± 389 a 60± 16 a

Cropped Bt <0.30 253± 17 a – – 2805± 197 a 1393± 89 a 1736± 115 a 73± 7 a

Bare fallowAp <0.30 283± 55 a – – 3296± 649 ab 1493± 345 a 2051± 450 a 88± 28 a

Bare fallow Bt <0.30 317± 88 a – – 6137± 702 b 2993± 374 b 3596± 444 b 219± 26 b

Note: Mean values± SD, n= 3. Lowercase letters indicate significant differences between the treatments and horizons but within size fractions (p< 0.05).

Abbreviations: C/N, Carbon/nitrogen; Ca, calcium; Fe, iron; OC, organic carbon detector; Si, silicon.
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RELATIONSHIP BETWEEN SOMAGE, FE SPECIATION, ANDAGGREGATES 83

F IGURE 4 14Carbon (14C) fraction of modern C (F14C; 14C
content expressed as fractionmodern C) value for the cropped site
and bare fallow in Ap and Bt horizons, and three size fractions, that is,
bulk, 20–53 µm, and<20 µm. The dashed line represents the
atmospheric content. Composite samples (weight basis) of three
replicates were analyzed.

within the respective soil horizon, and the 14C content in the Bt hori-

zon was lower than in the Ap horizon. The only exception was the 14C

content of the<20µmsample obtained from theBt of the cropped site,

which did not follow any of these trends.

3.5 Chemical form of Fe

3.5.1 Oxalate and DCB Fe

The oxalate extraction method involves complexing Fe with oxalate

ligands to solubilize the Fe (oxyhydr)oxides, although the quantitative

assignment of dissolved Fe to specific minerals like short-range-

ordered ferrihydrite is challenging due to the presence of various

pedogenic species and the operational nature of the technique (Ren-

nert, 2018; Schwertmann, 1964). When using oxalate extraction in

soil analysis, it is important to consider that elements can be released

from non-targetminerals, especially in impuremineral concentrates or

natural clay-mineral samples (Rennert, 2018; Rennert et al., 2021). In

particular, adsorbed SOMand allophane can protect Fe (oxyhdr)oxides

from ligand-induced and reductive dissolution and influence their sol-

ubility (Filimonova et al., 2016; Poggenburg et al., 2018). As the soil

did not contain allophanes (C. Jiang et al., 2014), we do not assume

an incomplete extraction. However, a bias associated with the adsorp-

tion of SOM to ferrihydrite cannot be ruled out here, and therefore the

extraction of short-range-ordered Fe (oxyhydr)oxides might be incom-

plete using oxalate. For the sake of simplicity, however, we will refer

to the DCB extractable Fe as total Fe (oxyhydr)oxides and the FeOX as

short-range-ordered Fe in the following and discuss the weaknesses of

bothmethods inmore detail where appropriate.

For the bulk soil, we found a significantly lower FeOX content and

a significantly higher FeDCB-FeOX content under bare fallow than for

the cropped site (Table 2). In the specific size fractions, FeOX is lower

in Bt than in Ap horizons. The content of crystalline Fe oxide (FeDCB-

FeOX) was lower in Bt than in Ap, while it was higher in Bt under bare

fallow, compared to the cropped site. The ratio of FeOX/FeDCB is indica-

tive of the contribution of short-range-ordered Fe oxide phases to total

Fe oxides. In all samples, the content of both FeOX and FeDCB increased

with decreasing particle size, maintaining a comparable FeOX/FeDCB

ratio across the three size separates (Table2). Theonly exception to this

is the ratio for the Bt 20–53 µm of the cropped site (higher) and bare

fallow Bt <20 µm (lower). The ratio is a measure for the proportion of

poorly crystalline oxides (FeOX) within total Fe oxides (FeDCB).

TABLE 2 Oxalate and dithionite-citrate-bicarbonate iron (FeOX and FeDCB) of bulk soil and size fractions (20–53,<20 µm) for the cropped site
and bare fallow for the topsoil (Ap) and subsoil (Bt) horizons.

Sample Size (µm) FeOX FeDCB FeDCB-OX FeOX/FeDCB

(g kg−1) (–)

Cropped Ap Bulk 2.53± 0.04 a 6.33± 0.07 a 3.80± 0.43 a 0.40± 0.01 a

Cropped Bt Bulk 2.81± 0.10 a 6.23± 0.54 a 3.42± 0.54 a 0.45± 0.04 a

Bare fallowAp Bulk 2.37± 0.04 b 7.38± 0.05 b 5.01± 0.30 b 0.32± 0.00 b

Bare fallow Bt Bulk 1.72± 0.05 b 9.34± 0.82 c 7.62± 0.22 c 0.18± 0.01 c

Cropped Ap 20−53 0.72 1.48 0.76 0.49

Cropped Bt 20−53 0.29 0.39 0.08 0.78

Bare fallowAp 20−53 0.47 1.11 0.65 0.42

Bare fallow Bt 20−53 0.28 0.69 0.40 0.41

Cropped Ap <20 3.96 7.74 3.78 0.51

Cropped Bt <20 3.09 6.00 2.91 0.51

Bare fallowAp <20 3.68 8.50 4.83 0.43

Bare fallow Bt <20 2.59 11.73 9.14 0.22

Note:Meanvalues±SD for thebulk soil,n=3. The sample amountwas too low for size fractions,meaning that replicateswere combined toobtain a composite

sample (weight basis), andno replicates couldbemeasured. Lowercase letters indicate significant differencesbetween the treatments andhorizonsbutwithin

bulk soil (p< 0.05).

Abbreviations: FeDCB, dithionite-citrate-bicarbonate extractable Fe; FeOX, oxalate extractable Fe.
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84 SIEBERS ET AL.

F IGURE 5 Iron (Fe) mineralogy as obtained byMössbauer
spectroscopy for the size fraction<20 µm for the cropped site and
bare fallow for the topsoil (Ap) and subsoil (Bt) horizons. The relative
fractions of Fe phases shown (Fe(II), Fe(III), crystalline Fe(III)
(oxyhydr)oxides, and poorly crystalline Fe(III) (oxyhydr)oxides) are
based onmeasurements at 5 K but the interpretation is based on both
measurements at 77 and 5 K. Replicates were combined to obtain a
composite sample (weight basis).

3.5.2 Mössbauer spectroscopy

We used Mössbauer spectroscopy to determine the Fe speciation and

mineralogy in different horizons and treatments within the <20 µm

aggregate fraction. All collected spectra indicated a constant Fe redox

speciation irrespective of horizon or treatment, with 88%−90% Fe(III)

and 10%−12% Fe(II) (Figure 5). The Fe(II) was likely bound as Fe(II) in

clay minerals and not adsorbed Fe(II) since the analyzed soils are oxic.

Overall, we found that 31%−39% of Fe(III) was bound in clay miner-

als, 14%−44% of crystalline Fe(III) (oxyhydr)oxides, and 7%−45% of

poorly crystalline Fe(III) (oxyhydr)oxides. The poorly crystalline phases

are expected to contain ferrihydrite, lepidocrocite, and akageneite, and

the crystalline phases are expected to comprise goethite and hematite.

Note here that we did not assign individual mineral phases because

the parameters for the individual phases can vary depending on the

OMcontent, particle size, and structural substitution (Eusterhues et al.,

2008; Latta et al., 2012; Murad & Cashion, 2011). The poorly crys-

talline Fe(III) (oxyhydr)oxide phases mentioned here may also contain

ferric (oxyhydr)oxide minerals that have formed in the presence of

OM at C/Fe ratios ≤1.5, sometimes referred to as Fe–OM or Fe–OM

coprecipitates (Eusterhues et al., 2008; ThomasArrigo et al., 2018).

There were major differences in the abundances of crystalline and

poorly crystalline Fe(III) (oxyhydr)oxides based on the treatment. In

bare fallow samples, abundances of poorly crystalline Fe(III) (oxy-

hydr)oxides were lower in both the Ap (41%) and Bt (7%) horizons,

compared to the cropped site (Ap: 45%, Bt: 38%). Conversely, abun-

dances of crystalline Fe(III) (oxyhydr)oxides were slightly higher under

bare fallow than for the cropped site in both horizons: 17%, compared

to 14% in the Ap horizon, and 44%, compared to 38% in the Bt horizon.

Differences between the horizons mostly showed a higher abundance

of crystalline Fe(III) (oxyhydr)oxides in the Bt horizon than in the Ap

horizon (Figure 5).

4 DISCUSSIONS

4.1 Bare fallow reduces aggregate stability

Bare fallow led to thedestabilization anddisintegrationof soilmicroag-

gregates in both Ap and Bt. In particular, large microaggregates of the

Ap (53–250 µm; Figure 1) were disintegrated into small soil microag-

gregates (20–53 µm), which was confirmed by a significant increase

in the mass of small soil microaggregates (Figure 2). The disintegra-

tion of large soil microaggregates is a result of the missing input of

fresh OM acting as a gluing agent. At higher hierarchy levels, fresh and

plant-based OM acts as a temporary gluing agent that glues smaller

microaggregates into larger units (Totsche et al., 2018) and is partic-

ularly enriched in the Ap horizon. Over time, these gluing agents are

decomposed and aggregates disintegrate into smaller units. These sig-

nificant effects of bare fallow on soil aggregate masses are surprising

when considering the different soil management practices of the two

sites.While the cropped site is regularly tilled, theAp of the bare fallow

site was left fallow without soil tillage for the last few years (L. Wei-

hermüller & N. Meyer, personal communication, December 01, 2022).

Periodic tillage, however, is known to decrease aggregate stability in

the Ap horizon caused by different breakdown mechanisms (Six et al.,

1998). Therefore, the effect of bare fallow on soil aggregate disintegra-

tion is assumed to be greater than what is reflected in the data when

comparedwith the regularly tilled cropped site.

It is known that occluded OM significantly contributes to the stabi-

lization of soil aggregates (Golchin et al., 1994). While in the literature

there are contrasting findings on soil aggregate stability with OM

content along a soil profile (Bronick & Lal, 2005; Jakšík et al., 2015;

Kodešová et al., 2009), we found a decreased stability of aggregates

under bare fallow, compared to the cropped site, and in the Ap, com-

pared to theBt horizon (Figure 3). There are several reasons associated

with the aggregate stability with depth in the soil profile, for exam-

ple, the configuration of clay particles, Fe and Al (hydr)oxide content,

OM content, the presence of OM coatings, and porosity (Ellerbrock

& Gerke, 2004; Gerke & Köhne, 2002; Kodešová et al., 2009; Roosch

et al., 2024). While treatment (cropped vs. bare fallow) did not sig-

nificantly affect the OC content in the bulk soil, in the size fractions

there was a trend toward lower OC content under bare fallow in the

Ap horizon (Table 1). With decreasing size fraction, the C/N ratio also

decreases (Table 1), suggesting a progressive level of OM decompo-

sition and an increasing contribution of microbial-derived OM (Kahle

et al., 2002; Paul, 2016; Tang et al., 2022). Therefore, although not

reflected by theOC content of the bulk soil, the OC content decreased

in specific size fractions under bare fallow, leading to reduced stability

of the aggregates. This also agrees with the findings of Schweizer et al.

(2024) on the same site, who suggest that the higher dispersibility of

the aggregates at a constant OC content is an effect of the changing

gluing properties of the aggregates under bare fallow.

However, it is not only the OC content that plays an important role

in the stabilization of aggregates but also pedogenic oxides such as Fe

(oxyhydr)oxides acting as cementing agents and fillings within pores

(Krause et al., 2020; Totsche et al., 2018). In particular, Fe minerals
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RELATIONSHIP BETWEEN SOMAGE, FE SPECIATION, ANDAGGREGATES 85

with poor crystallinity have high cation and anion exchange capacities

and extensive variable-charged surfaces contribute to the formation of

predominantly small aggregates with very high stability (Asano et al.,

2018; Tisdall & Oades, 1982). This increasing stability with an increas-

ing content of SRO mineral phases explains the smaller changes in

median diameter for the cropped site, compared to the bare fallow

site (Figure 3). The content of SRO mineral phases was higher for the

cropped site than for bare fallow, especially for smaller size fractions

(Table 2, Figure 5). Note that the short-range ordered mineral phases

may also contain Fe-OM coprecipitates; as the binding environment

of Fe atoms is similar to that in ferrihydrite, these phases are indistin-

guishable from ferrihydrite, especially in natural environments such as

soils. This also reaffirms the validity of oxalate extraction, asOC tended

to have a higher content for the cropped site, increasing the likelihood

of SOM–Fe associations reducing the extractability of oxalate. Since

thebulkof the sample consists of aggregates<20µm (Figure2) anddue

to the higher OC content, compared to larger size fractions, the crys-

tallization of SRO mineral phases might have been prevented (Cornell

& Schwertmann, 1979;Vodyanitskii & Shoba, 2016),which explains the

higher content for the cropped site.

Besides the differences in the content ofOMand Fe (oxyhydr)oxide,

the water stability of macroaggregates was higher for the cropped

site, which was likely due to several factors such as OC and higher

connectivity of pores to the external aggregate (Roosch et al., 2024).

Additionally, the swellingof clay in theBthorizonof thebare fallowplot

may also have been a factor for the reduced water stability since the

clay content in this horizon was higher than in the Ap horizon (Roosch

et al., 2024).

4.2 Role of Fe (oxyhydr)oxides in stabilizing SOM

Although all radiocarbon data are based on only one analysis of a com-

posite sample of all replicates, the higher F14C values for the cropped

site, compared to the bare fallow site (bulk soil and size fractions;

Figure 4), indicate that the contribution of fresher, plant-derived OC is

higher at this site, while the missing input of plants and plant residues

at thebare fallowsite since2005 resulted in a lower 14C content.While

there is mostly a mixture of young and old C in soil aggregates, the

largest size fraction (20–53 µm) of the Ap horizon resembled F14C val-

ues of a modern atmospheric 14C level, indicating the presence of less

decomposed plant-derived OM, that is, young OC. At the bare fallow

site, however, the OC seemingly contains higher proportions of older

OC compared to the cropped site (830−5592 years vs. modern−2293

years for bare fallow and cropped, respectively; Table S2). These trends

cannot be statistically verified due to missing replicates. However, the

trends agree with the X-ray photoelectron spectroscopy findings of

Fechner et al. (2023) with more oxidized and N-rich OM compounds

under bare fallow, compared to the cropped site. This suggests a higher

degree of decomposition of OM. The decreasing 14C content with soil

depth is in line with previous studies (Herre et al., 2022; Marschner

et al., 2008; Moni et al., 2010; Rethemeyer et al., 2005), which is

explained by a lower plant input and longer OC turnover times due to

SOMstabilization in deeper soil layers (Fontaine et al., 2007; Paul et al.,

1997; Rumpel et al., 2002). There are twomechanisms that explain the

stabilization of SOM in relation to Fe (oxyhydr)oxides: (1) the occlu-

sion of the SOMwithin stable aggregates being thus protected against

turnover (e.g., Goebel et al., 2005; Moni et al., 2010) or (2) the prefer-

ential adsorption of dissolved SOM onto reactive surface zones (e.g.,

Asano et al., 2018; K. Kaiser & Guggenberger, 2003; Moni et al., 2010).

In this study, the decreasing 14C content with decreasing aggregate

size might be a result of aggregate stabilization by FeOX (higher in

smaller size fractions; Table 2, Figure5) and thus the protection of SOM

turnover due to occlusion (Eusterhues et al., 2005; Giannetta et al.,

2022; Kleber et al., 2005; Moni et al., 2010; Wagai et al., 2018). How-

ever, Fe (oxyhydr)oxides of poor crystallinity are particularly prone to

releasing associated OM during anaerobic Fe reduction events, which

may in turn result in a higher turnover of the associated OM, com-

pared to OM associated with more crystalline Fe (oxyhydr)oxides. This

might also explain our results that under bare fallow, older C (i.e.,

slower cycling SOMwith a lower F14C content) is associatedwithmore

crystalline Fe phases as was also observed by Hall et al. (2018).

Under bare fallow, the 14C content is also higher than for the

cropped site (Figure 3), which can be attributed to the lack of input of

fresh OM by plants. However, it is surprising that this effect is quite

pronounced not only in the topsoil but also in the subsoil. In more

than half of Germany’s arable soils, the potential rootingwas restricted

mainly due to the compactness of the soil (Schneider&Don, 2019). The

input of fresh SOM in the form of plant roots in the subsoil is thus also

lower, and the effects of bare fallow should therefore not be as pro-

nounced. A possible explanation for this might be the translocation of

SOM from the topsoil into the subsoil by soil colloids. While the dom-

inant soil-forming process in Luvisols is the translocation of clay-sized

mineral particles from theA to the Bt horizon, results of this study indi-

cated that colloids are formed that are additionally transported from

the subsoil into deeper soil layers due to the disintegration of aggre-

gates under bare fallow. Mobile soil colloids in arable soil are generally

composed of associations of nanosized OC, clay minerals, and Fe/Al

(oxyhydr)oxides (X. Jiang et al., 2015; Siebers et al., 2023; Tang et al.,

2022) and can be transported below ground (Fresne et al., 2022). How-

ever, nano colloids up to 20 nm are particularly highly mobile in soil

(Siebers et al., 2023) and are mainly composed of OC in arable soils (X.

Jiang et al., 2015; Krause et al., 2020; Siebers et al., 2023). The break-

down of aggregates under bare fallow releasesmobile colloids. Studies

have shown that SOM that is occluded and associated with small-size

fractions has a higher degree of decomposition and higher turnover

times. It can therefore be considered older (Tang et al., 2022; Totsche

et al., 2018; Wagai et al., 2018). Although not measured in this study,

we assume that older SOM was predominantly transported with the

released colloids, as was also found for other soils (Tang et al., 2022).

Due to their mobility, these colloids were transported into the sub-

soil, which was confirmed by a significant increase of OC, Fe, Al, and Si

(only in colloidal size fraction<0.30 µm) in the Bt horizon (Table 1). The

Si in colloids predominantly originated from clay minerals, which are

potentially mobile due to their small size, whereas the Si in larger size

fractionsmay also originate fromprimary particleswith lowermobility.
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5 CONCLUSION

Ashypothesized, there is a relationshipbetween the turnover and com-

position of OM in aggregates and the chemical form of Fe. We were

able to demonstrate that (1) bare fallow led to the destabilization of

large soil microaggregates and their subsequent decomposition into

small soil microaggregates, thus increasing the mass of small aggre-

gates. This effect was more pronounced in the Ap horizon and (2) was

attributed to a decrease in C content and (3) a decrease in poorly

crystalline Fe minerals. The 14C content decreased with decreasing

size fraction, suggesting greater stability and longer turnover times for

SOM,especially in deeper soil layers. Turnover times are closely related

to different Fe phases that are associated with different SOM pools.

Therefore, the stability and abundance of largermicroaggregates seem

to be directly linked to the availability of freshOM. In turn, the stability

of small microaggregates appears to be due to mineral phases, in par-

ticular of poorly crystalline Fe (oxyhydr)oxides. Despite being stable

and enriched in Fe (oxyhydr)oxides, the small-sized microaggregates

had the largest losses of younger C, indicating the preferential pro-

tection of older OM. The destabilization of soil aggregates under bare

fallow led to the formation of mobile soil nanocolloids. The transport

of colloids and associated elements can initiate elemental fluxes with

as-yet-unknown consequences for nutrient losses from ecosystems

and associated environmental risks. In general, OM depletion due to

continuous bare fallow likely induced an overall transition of soil archi-

tecture to a new steady state. This has consequences for OM storage

and stabilization but likely also for soil physical properties.
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