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ARTICLE INFO ABSTRACT

Handling Editor: Cornelia Rumpel Microaggregates (<250 um) are key structural subunits of soils. However, their formation processes, rates, and
transformation with time are poorly understood. We took advantage of multiple isotope labelling of potential

Keywords: organic gluing agents and inorganic building units to unravel their role in soil aggregation processes being

Aggregate formation initiated with and without plant growth. We added '3C-labelled extracellular polymeric substances (EPS), °N-

Stable isotopes

. . . labelled bacteria, °”Fe-labelled goethite, and 29gi-labelled montmorillonite to fine soil <250 um of an Ap horizon
Organo-mineral interactions

R from a Stagnic Luvisol, which was planted with Festuca heteromalla or kept bare in a climate chamber. Samples
Extracellular polymeric substances N X .
Tron oxides were taken after 4, 12, and 30 weeks, and separated into free (f) and occluded (o) microaggregates of different
Clay minerals sizes (<20 pm, 53-20 pm, 250-53 um), and in stable macroaggregates (>250 um) that resisted 60 J mL ™! ul-
trasonic dispersion. Afterwards, we assessed the C, N, Fe, and Si stable isotope composition in each size fraction.
After four weeks we found a rapid build-up of stable macroaggregates comprising almost 50 % of soil mass in the
treatment with plants and respective soil rooting, but only 5 % when plants were absent. The formation of these
stable macroaggregates proceeded with time. Soil organic carbon (SOC) contents were elevated by 15 % in the
large macroaggregates induced by plant growth. However, the recovery of EPS-derived 13C was below 20 % after
4 weeks, indicating rapid turnover in treatments both with and without plants. The remaining EPS-derived C was
mainly found in macroaggregates when plants were present and in the occluded small microaggregates (<20 um)
when plants were absent. The excess of bacterial '°N closely followed the pattern of EPS-derived '3C (R? = 0.72).
In contrast to the organic gluing agents, the goethite-"Fe and montmorillonite-2°Si were relatively equally
distributed across all size fractions. Overall, microaggregates were formed within weeks. Roots enforced this
process by stabilizing microaggregates within stable macroaggregates. As time proceeded the labelled organic
components decomposed, while the labelled secondary oxides and clay minerals increasingly contributed to
aggregate stabilization and turnover at the scale of months and beyond. Consequently, the well-known hierar-
chical organization of aggregation follows a clear chronological sequence of stabilization and turnover processes.
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1. Introduction

Soils comprise a vast range of reactive surfaces. Many of them are
involved in the formation of secondary particles of different size,
initially micro-structured clay- and silt-sized organo-mineral associa-
tions (<20 pm; Six et al., 2004; Kogel-Knabner et al., 2008), and even-
tually microaggregates in the size range of 20-250 um. Microaggregates
exist in free form, others are occluded or even formed within larger
particles like macroaggregates or peds (>250 um; Six et al., 2000; Gulde
et al., 2008; Totsche et al., 2018). The formation of aggregates and their
potential hierarchical organization of increasing stability of structural
entities with smaller sizes is well studied. The aggregate hierarchy is
mediated by plants and fungal hyphae as well as by different organic
gluing agents and inorganic building units (Totsche et al., 2018), which
can be more or less developed depending on soil type and management
(e.g., Tisdall and Oades, 1982; Six et al., 2004; Bronick and Lal, 2005;
Kogel-Knabner and Amelung, 2021). However, little is still known on the
formation pathways of microaggregates and on how the different pro-
cesses of aggregate stabilization and turnover occur along temporal time
scales.

Methodological progress in the past decades has provided informa-
tion on element species associations, co-precipitates, and pore-size dis-
tributions in aggregates via nano-scale secondary ion mass spectrometry
and synchrotron-based X-ray spectroscopy and microtomography,
respectively (e.g., Lehmann et al., 2008; Vogel et al., 2014; Voltolini
et al., 2017; Tamrat et al., 2019). Scanning electron microscopy, elec-
tron probe microanalyses, and laser ablation techniques extended these
to the larger um-scale (Chenu and Stotzky, 2002; Rodionov et al., 2019;
Lehndorff et al., 2021). These methods substantiated earlier evidence
that selected microaggregates may have a microbial nucleus (Foster,
1988; Ladd et al., 1993) or a mineral one (Dultz et al., 2019; Guhra et al.,
2019), or that the adsorption of organic matter to minerals pre-
conditions subsequent binding of minerals for microaggregate formation
(Lehmann et al., 2007; Bucka et al., 2019, Guhra et al. 2019). Charge
differences of the microaggregate forming materials are likely control-
ling these inorganic interactions, with clay minerals and Fe and Al
oxyhydroxides being the main components involved (Pronk et al., 2012;
Dultz et al., 2019; Guhra et al., 2019; Watts et al., 2005; Zech et al.,
2020, Krause et al., 2020). In soil profiles the quantity of Fe and Al
oxyhydroxides together with exchangeable Ca and pH served as better
predictors of long-term SOC storage than clay minerals (Rasmussen
et al., 2018).

Both plant- and microbial debris are common in mineral-associated
organic matter (Angst et al., 2021). The study of Lehndorff et al.
(2021) points to close associations between microbe- and plant-derived
structures within soil microaggregates. The authors suggest that mi-
crobes feed on available C sources, thus producing additional gluing
agents known to stabilize microaggregates (Tisdall and Oades, 1982;
Cheshire, 1985). In this regard, plants may not only contribute to the
stabilization of macroaggregates via root or associated mycorrhizal
fungal growth (Jastrow et al, 1996; Six et al., 2000; Rillig, 2004), but the
rhizosphere of plants is also region of increased bacterial growth and
activity (Reinhold-Hurek et al., 2015; Kuzyakov and Blagodatskaya,
2015), and thus also for aggregation and microaggregate formation
based on microbial gluing agents (Watteau et al., 2006; Wang et al.,
2020; Guhra et al., 2022).

A large body of literature has accumulated on different aggregation
mechanisms in soils, as summarized by, e.g., Oades (1988), Ladd et al.
(1993), Six et al. (2004), Chenu and Cosentino (2011), Totsche et al.
(2018), or Guhra et al. (2022). Nevertheless, we still lack a scheme to
differentiate how different agents involved in particle bonding, such as
extracellular polymeric substances (EPS; Tisdall and Oades, 1982;
Kleber et al., 2007; Liu et al., 2013), bacterial residues (e.g., Ladd et al.,
1993; Rodionov et al., 2001), oxyhydroxides (e.g., Oades and Waters,
1991; Krause et al., 2020), clay minerals (e.g., Chenu and Plante, 2006;
Chenu and Cosentino, 2011; Schweizer et al., 2019), and other organic
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and inorganic soil constituents, which contribute to the initial forma-
tion, and subsequent turnover and transformation of different soil
(micro-)aggregates (see Totsche et al., 2018, for a review). To under-
stand how these different microaggregate forming materials interact in
space and time, we have to monitor their fate in different aggregate size
fractions over time.

Wang et al. (2020) stressed that roots accelerate aggregate turnover
and occlusion of root-derived C. Also, several model experiments with
the addition of organic gluing agents and inorganic building units have
contributed to a better understanding of how aggregates are newly
formed and in which size and density range they occur (e.g., Pronk et al.,
2012; Krause et al., 2020; Wagai et al., 2020). Experiments on artificial
soils indicated that different organic matter input materials, such as
plant residues, dissolved organic matter, or bacterial necromass all
induce the initial formation of aggregates within four weeks (Bucka
etal., 2019, 2021), albeit to a different extent. Experiments with already
existing aggregates used Dysprosium labelled prills (Plante et al., 1999),
1-3 mm ceramic spheres (Staricka et al., 1992) or rare earth oxides
(DeGryze et al., 2006; Peng et al., 2017; Rahman et al., 2019) as tracers.
Peng et al. (2017) added 13C-glucose in addition to the rare earth oxides
and found a linear relationship between turnover rate and amount of 13¢
incorporated. The rare earth oxides incubated with microaggregates
redistributed among different aggregate size fractions at an average rate
of 30-88 days (DeGryze et al., 2006). Subsequent modelling extended
the turnover time estimates of microaggregates to 181 days (Segoli et al.,
2013). Hence, microaggregate turnover can be detected within a vege-
tation season, though these laboratory estimates indicate much faster
aggregate turnover compared with chronosequence studies with pro-
longed arable management (e.g., Lobe et al., 2011) or arable land-use
change to grassland (e.g. Jastrow, 1996; Li and Shao, 2006; Kosters
et al., 2013), or compared with rates assessed for aggregate-associated
organic matter as derived from natural '>C abundance tracing (e.g.,
Puget et al., 2000) and radiocarbon analyses (Buyanovsky et al., 1994).
Nevertheless, these labelling studies allowed to quantify the turnover of
macroaggregates from the redistribution of the labels among different
size fractions (DeGryze et al., 2006; Peng et al., 2017; Rahman et al.,
2019), but hardly provided insight into aggregate forming mechanisms
and how they interplay with other mechanisms of aggregate stabiliza-
tion along temporal scales. Further, none of these studies so far revealed
the rates at which different microaggregate forming materials affected
the turnover of aggregates, because none of these studies additionally
labelled the minerals of soils, such as hydroxides and phyllosilicates.

The concurrent action of different aggregate-forming mechanisms
compromises the disentanglement of the action of the different gluing
and cementing agents. Here, we aimed at overcoming this problem by
assessment of the incorporation of 13C.EPS, ®N-bacteria, >’Fe-FeOOH,
and 2°Si-montmorillonite into micro- and macroaggregates formed from
sieved soil (<250 um) with and without plant growth. We hypothesized
that (1) upon incubation with these organic gluing agents and inorganic
bulding units, these microaggregate-forming materials are increasingly
recovered in the occluded fraction. As plants promote the formation of
stable macroaggregates and thus of occluded microaggregates by root
exudation and microbial growth in the rhizosphere, we (2) assumed that
the presence of plants diminishes the effect of the originally added EPS
and bacteria. Due to their high reactivity, we further hypothesized that
(3) montmorillonite, goethite, EPS, and bacteria bind rapidly to smaller
microaggregates (<20 and <53-20 um) because of their larger surface-
to-volume ratio. Only over time, these may then aggregate to larger ones
(53-250 um). We finally hypothesized that (4) these biotic and abiotic
aggregate forming agents do not only support the well-known spatial
organization of (micro)aggregates, but also induce a temporal sequence
in aggregate formation.

2. Materials and methods

To understand processes of initial soil aggregate formation and



W. Amelung et al.

turnover, a microcosm study was conducted in a climate chamber, using
isotope-labelled organic and inorganic model compounds (*3C-EPS, 1°N-
bacteria, °’Fe-FeOOH, and 2°Si-montmorillonite) as major constituents
of soil aggregate formation (Fig S1, Supplementary Materials).

For the production of 13C-labelled EPS, we used Bacillus subtilis strain
168 [DSM 402], and employed a harvesting protocol as presented by
Omoike and Chorover (2006). The bacterial cells were streaked onto
fresh 12C-glucose agar plates (glucose medium), cultured for 16 h under
aerobic conditions, harvested, added to 50 mL e glucose liquid me-
dium, and were again allowed to grow overnight. Around 1-2 mL of the
culture was transferred to 50 mL fresh 13C-glucose medium and allowed
to grow for 24 h. From this, again, 1-2 mL of the culture was added to
new 3C glucose medium (24 h of growth). This step was repeated up to
four times to increase the incorporation of the 13C.label. The cultures
were harvested after 24 h of growth, i.e., in the stationary growth phase,
when visibly maximum aggregation and viscosity occurred. EPS was
separated from the cells by centrifugation (10,000xg, 4 °C). The pel-
leted cells were re-dispersed twice in the same supernatant; the final
centrifugation step lasted 40 min. Finally, a volume reduction of the
supernatant by 90 % was achieved using freeze-drying. The concen-
trated EPS was precipitated in cold ethanol (70 % of final concentration)
for 12 h, and the precipitate was separated from the ethanol suspension
by centrifugation (12,000xg, 30 min at 4 °C) and re-suspended in ul-
trapure (Milli-Q) water. This extraction was repeated 3 times (to obtain
further precipitation of EPS in the supernatant). The pellet obtained
after centrifugation was dissolved in Milli-Q water and dialyzed against
Milli-Q water using Spectra/Por 7 regenerated cellulose (RC) mem-
branes (1000 MWCO from Spectrum Europe, Breda, NL) to remove
ethanol and entrained media residues. After dialysis for 72 h against two
changes of Milli-Q water per day, the solution was freeze-dried to a dry,
fibrous matrix and stored at —20 °C prior to use. Overall, 13C_EPS was
extracted with a mass yield of up to 400 mg L ™! of labelled EPS, which is
in good agreement with Omoike and Chorover (2006) and Decho and
Moriarty (1990), reporting yields of 420 mg L' and up to 3 g L%,
respectively. Samples never exceeded 4 °C during the whole extraction
procedure.

To obtain '°N-labelled bacterial biomass, four different strains with
specific characteristics regarding physiology, morphology and cell sur-
face properties were selected as model organisms to reflect soil bacterial
diversity: i) Pseudomonas protegens CHAO gfp2 (Péchy-Tarr et al., 2013),
a green fluorescence protein (GFP) labelled mutant of Pseudomonas
protegens CHAO, which is a widely distributed, fast-growing soil bacte-
rium with a broad substrate spectrum, ii) Methylocystis parvus DWT, a
slow-growing soil bacterium not relying on soil organic carbon as a
primary nutrient source, but on atmospheric methane, which enables
cell maintainance for a couple of months (Knief & Dunfield, 2005), iii)
Streptomyces viridosporus (DSM 40243") (Pridham et al., 1958), a soil
bacterium characterized by its filamentous growth characteristics and
its ability to degrade complex and hard-to-degrade carbon compounds
such as lignin, and iv) Gordonia alkanivorans (DSM 44187) (Kummer
et al.,, 1999), a soil bacterium characterized by its hydrophobic cell
surface. P. protegens CHAO gfp2 was cultivated in liquid culture on a
shaker at 260 rpm in M9 medium (DSMZ medium 382) with the addition
of gentamycin to ensure stable maintainance of the GFP label. M. parvus
DWT was cultured on AMS medium (ATCC medium 784) agar plates
under a 20 % (v/v) methane atmosphere. S. viridosporus was cultured on
a shaker at 320 rpm in ISP4 liquid medium (DSMZ medium 547).
G. alkanivorans was cultured on MSM solid medium (Rhee et al., 1998).
All bacterial cultures were grown at 30 °C. The '°N-labelling of bacterial
cells was performed in AMS, MSM and M9 media by the addition of
15NH,4Cl (>98 atom % '°N) (Sigma-Aldrich, St. Louis, USA) and in ISP4
medium by the addition of (15NH4)ZSO4 (98 atom % 15N) (Sigma-
Aldrich, St. Louis, USA). On the starting day of the microcosm experi-
ment, the bacterial cultures were harvested from plates or pelleted by
centrifugation, re-suspended in sterile water and pooled. Due to its
filamentous growth, the S. viridosporus culture was passed through a
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150-um mesh before being added to the final suspension. Each strain
contributed with (25 % +/— 1.23) biomass (fresh weight) to the cell
mixture. In the final mixture, 50.4 % of bacterial N was I5N (Table 1).

For synthesis of > Fe labelled goethite, powdered >’Fe metal with a
degree of enrichment >95.5 % was obtained from EURISO-TOP (Saint
Aubin, France). The Fe powder was dissolved in concentrated HSO4 p.
a., and Fe was oxidized to the trivalent form by addition of 30 % H30,
for trace analysis (chemicals from VWR International GmbH, Darmstadt,
Germany). Synthesis of goethite started by addition of 10 M NaOH under
continuous stirring up to pH 12. The suspension was kept at 25 °C for 13
days (Cambier, 1986). After adjusting to pH 6 by addition of 0.1 M HCl,
the goethite was washed with deionized water by centrifugation and
decantation until the electrical conductivity was <20 uS cm™!. Finally,
the suspension was freeze-dried. The goethite crystallites showed
needle-like habitus with an average needle length of 0.5 ym and an
average thickness of 0.03 ym as determined by scanning electron mi-
croscopy (SEM; FEI Quanta 200, Hillsboro, USA) (Fig. S2a; Supple-
mentary Materials). The purity of the goethite produced was verified by
X-ray diffraction (XRD; CuKa radiation; 40 kV, 30 mA) using a Siemens
D500 (Karlsruhe, Germany) instrument (Fig. S2b, Supplementary Ma-
terials). The specific surface area (SSA) measured by Ny adsorption at 77
K (1Quantachrome Nova 4000e, Boynton Beach, USA) was 75 + 5 m?

The Z°Si-labelled montmorillonite, Cag (Al; ¢Mgo.4)[Si4010(OH,
F)2], was synthesized according to the standard procedure for clay
minerals outlined by Jaber et al. (2012) and Jacquemot et al. (2019),
using 100 % of 2°Si labelled tetraethoxysilane (TEOS, CortecNEt,
France) as silica source. The hydrogel was obtained by adding 25.1 mL
of a solution of AI(NO3)3 (81.2 g L™1) and 4.01 mL of a solution of Mg
(NO3), (100.45 g L) into a 15 mL solution of ethanol containing 0.1
mol of labelled TEOS and 0.005 mol of CaCOs. An NH40OH solution (33
%) was then added until gelification. The gel was stored one night at
room temperature and heated one day at 200 °C and another day at
650 °C. The dried “gel” was then transferred into an internal silver
tubing placed in an externally-heated Morey-type pressure vessel, where
the montmorillonite was synthesized at a temperature of 400 °C, a water
pressure of 1 kbar, and a duration of four weeks. The final product had a
295; label of about 10 % (Table 1), with a basal spacing of d001 = 1.4
nm, as typical for an expanding 2:1 type clay mineral (Fig. S3a, Sup-
plementary Materials). The sharp d001 basal spacing evidences forma-
tion of desired size and crystallinity; transmission electron microscopy
(TEM) confirms a voluminous structure prior to manual grinding
(Fig. S3b, Supplementary Materials).

Microaggregates were obtained from the Ap horizon of a Stagnic

Table 1

Isotope abundances of N from bacteria, C from extracellular polymeric sub-
stances (EPS), Fe oxide and clay labels applied to the field-fresh soil fraction
<250 pm of homogenized Ap horizon from a Stagnic Luvisol. Three gauze bags
per pot were filled with labelled soil (3x13 g per pot; total labeled pots = 2x3x3).
Added amounts of bactera are given in fresh biomass; respective calculations of
added bacterial N are based on 13% N in dry bacterial biomass and 70% water
content in fresh bacterial biomass.

Added
amount
[gkg ']

Bacteria 27.75

Labeled representative Isotope enrichment

54.3 % 1N of 1.082 g
added N

15N- Pseudomonas
protegens

15N- Methylocystis parvus
15N-Gordonia alkanivorans
15N- Streptomyces

viridosporus
EPS 1.22 13C.EPS 3.7 % '3C of 0.57 g added
[¢
Oxide 0.456 57FeOOH*0.4H,0 95.5 % >"Fe of 0.25 g
added Fe
Clay 25.03 29Si-montmorillonite 10 % 2°Si of 6.5 g added Si
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Luvisol derived from loess (John et al., 2005), which was collected near
Rotthalmiinster, Germany, located in the Tertiary Hills (Tertidres
Hiigelland) in the lower Rottal area. The soil had 17 % clay (<2 um), 30
% fine silt (2-20 pm), 43 % coarse silt (20-63 um) and 10 % sand
(63-2000 pum); dominant minerals of the clay fraction were illite >
kaolinite > vermiculite (John et al., 2005). Dry-sieving of the Ap soil
sample to <250 um was done to pre-destroy macroaggregates, as, e.g.,
also suggested by Guggenberger et al. (1999) and DeGryze et al. (2006)
for aggregation experiments.

After synthesis, the EPS, goethite, and montomorillonite were freeze
dried, sieved <250 pm and added in equal amounts to dry-sieved
microaggregates (<250 um). Thereafter, the 15N bacterial suspension
was added at a water content of 20 % w/w with a spray bottle, while
constantly mixing the soil substrate. Table 1 provides details on the
added amounts. The spiked soil was then filled into gauze bags with 13 g
each and three bags were placed in the topmost 10 cm of a pot. The
gauze (mesh size 1 mm) was selected to hinder coarse roots to enter the
bags, but to allow ingrowth of fine roots and hyphae to support aggre-
gate formation. Each treatment consisted of three pots. We thus pre-
pared 18 pots, 9 of which were planted with Festuca heteromalla as a
model plant (1 seed cm™2). Additionally, 9 plant-free pots representing
bare soil and additionally a total of 18 corresponding pots with unla-
belled soils served as controls (see Fig. S1; Supplementary Materials for
experiment details). All pots were incubated in a climate chamber under
environmental conditions typical for summer in Germany (14 h day-
time with 25 °C, 10 h night-time with 15 °C, 450 umol m~2 s~ light
intensity, 70 % humidity). Artificial drip irrigation was applied in
weekly intervals in order to prevent the pots from drying and to main-
tain soil moisture at 20 £ 3 % (w/w).

Soil samples were taken after 4 and 12 weeks of incubation and after
one complete vegetation period of 30 weeks. Festuca has a dense root
growth and is resistant against nutrient stress. Root growth was
controlled by cutting the above-ground plant biomass (Volder et al.,
2007) to about 10 cm after sampling at 4 and 12 weeks to prevent the
formation of dense root balls in the pots that would complicate obtaining
complete macro- and microaggregates even when protected from coarse
roots in gauze bags.

2.1. Physical fractionation

Microaggregates can be analytically released from macroaggregates
using a certain ultrasonic energy input for dispersion (usually 60 J mL™’;
Amelung and Zech, 1999; Kaiser and Berhe, 2014). Two of the gauze
bags from each pot were combined for aggregate fractionation to obtain
sufficient material for chemical analyses, the third gauze bag set was
fractionated separately for microbial analyses. For both sets, soil ag-
gregates were fractionated by wet sieving as described by Krause et al.
(2018). In brief, 20 g mixed from 10 g each from two gauze bags was
fresh-sieved to 8 mm, and then slaked in 150 mL water on a 250-um
sieve to obtain the weakly associated, so-called free microaggregates,
which were further separated into size classes in the range of 250-53
um, 53-20 um, and <20 pm by passing through a sieve tower (denoted as
f 250-53 pm, f 53-20 pm, f <20 um, respectively). All remaining mac-
roaggregates were then ultrasonically dispersed at 60 J mL ™! (Branson
Ultrasonics corp., Connecticut, USA), which according to Stemmer et al.
(1998, 1999) and Amelung and Zech (1999) should largely destroy the
macroaggregates without impairing microbial life. From these we ob-
tained the occluded microaggregates, again in the size ranges of 250-53
um, 53-20 um, <20 pum, and denoted as o 250-53 um, o0 53-20 um, and o
<20 um fraction, respectively. Noteworthy, however, the dispersion of
the macroaggregates was not complete. Hence, we additionally sampled
the remaining stable macroaggregate fraction (stable against 60 J mL ™!
energy input) in the size ranges of 8000-2800, 2800-2000, 2000-500,
and 500-250 um by passing through a sieve tower.

For microbial analyses, samples were stored at 4 °C and processed
within a few days in the same way. Aggregates were collected in reaction

Geoderma 429 (2023) 116226

tubes, excess water removed and samples stored at —20 °C until DNA
extraction. For chemical analyses, all aggregate fractions were cryo-
stabilized by shock frosting in liquid nitrogen and freeze-dried as rec-
ommended by Siebers et al. (2018). The microorganisms were inacti-
vated in these samples by y-irradiation (BBF Sterilisationsservice GmbH,
Kernen, Germany). The mean recovery was 96.2 + 3.1 % of the original
soil mass. No sand corrections were performed due to limitations in
sample weight. For the same reason, the stable macroaggregate frac-
tions <2800 um were pooled for isotope analyses.

2.2. Chemical element and isotope analyses

Total carbon and nitrogen were determined after dry combustion
using a CNS analyser (Vario EL, Elementar, Hanau, Germany). The
respective stable isotope composition was assessed on an isotope ratio
mass spectrometer (visION, Elementar, Hanau, Germany) coupled to an
elemental analyzer (pyro cube, Elementar, Hanau, Germany). 3¢
abundances were expressed in § notation in per mill relative to the Pee
Dee Belemnite standard (5'3Cyppg), and °N abundances were expressed
as 5!°N in per mill relative to atmospheric Ny (8'°Ny¢m). For assessing the
I5N enrichment in bacterial cell mixtures, the labelled material was
measured at 100-fold dilution by mass with unlabelled cell biomass. The
distribution of elements and ion species was analyzed using a NanoSIMS
50L (Cameca, Gennevilliers, France) of the individual components on
indium-tin-oxide (ITO) wafers (Fig. S4a,b; Supplementary Materials).
The results confirmed the successful addition of intended labels and
revealed substantial heterogeneity of the N and particularly of the '3C
and 2°Si labels within the added components, while the distribution of
57Fe in the goethite was rather homogeneous (Fig. S4a,b; Supplementary
Materials).

For extraction of total Fe and Si, 20 mg of each size fraction were
mixed with 0.5 g NaOH in an Au-crucible and fusion was performed at
500 °C in a muffle furnace for 30 min. After cooling, the melt was dis-
solved by addition of deionized water in several steps. The resulting
solutions were acidified with 5 % HCI and made up to 50 mL. Fe and Si
concentrations were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES, iCAP, Thermo Fisher Scientific, Bre-
men, Germany) and %’Fe/°’Fe and 2°Si/?®Si ratios by sector-field
inductively coupled plasma mass spectrometry (SF-ICP-MS, Element 2,
Thermo Fisher Scientific, Bremen, Germany), respectively. To eliminate
the spectral interferences the ratios were measured in the medium mass
resolution mode (R = 4000). To reduce the Si background, the mea-
surements of 2°Si/28Si ratios were performed after several hours of
purging and matrix adapted blank measurements until stable back-
ground intensities of Si (i.e. the analytical blank) were achieved. The
analytical blank was monitored after every-five or seven individual
measurements. To monitor and correct the signal drift, a strategy of
“standard-sample-standard” bracketing was applied for the ratio mea-
surements, where an Fe (Fe isotope standard IRMM-014) and a Si
standard (naturally abundant Si ICP-MS standard) was measured before
and after each sample, respectively. The true >’Fe/>’Fe and 2°Si/?®si
ratios of each sample were then calculated via the § values in per mil
against the measured standards.

2.3. Assessment of bacterial abundance by quantitative PCR

DNA extraction was done using the NucleoSpin Soil Kit (Macherey
Nagel, Diiren, Germany) as described earlier (Biesgen et al., 2020). A
specific qPCR assay was developed for each of the four strains. The gPCR
assays were prepared and DNA amplified as described by Frindte et al.
(2020). Specific details about primers and cycling conditions are given
in Table S1, Supplementary Materials. To determine soil dry weight,
lysis tubes were weighed before use and after DNA extraction and soil
drying.
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2.4. Calculations

By convention, the 13C and >N abundance in a sample is expressed in
delta-units (613C%o or 615N%o):

5" C%o or 8" N%o = (Rsum/Rsia) — 1) x 1000, (€]
where Rgqp, is the 13¢/12¢ or 1SN/1N isotope ratio of the sample. Rgy
referred to the '3C/'2C isotope ratio of the international Pee Dee
Belemnite standard for C and to the >N natural abundance in the at-
mosphere for N.

For Si and Fe isotopes, individual measured raw ratios were first
converted to the 8 notation using the following equation:

RI‘GW
8(%0) = |

(RWH, ;wa“)

x 1000 )

where R4, was the measured raw molar ratio of 295i/28si, 57Fe/>CFe,
respectively, of the sample, and R4 and Ry were the measured ratios
of respective standard determined before and after the sample. R,, was
then corrected with the known isotope ratio of the standard Ryg to
obtain the correct ratio of the sample Ry, by using:

Ryam = (Wéo(ﬁ 1) X Ry 3)

For C and N, the abundance (Ab) of the tracer isotope (Aby, i.e., 13¢ and
15N, respectively, was calculated by applying:

Rsam

Ab(%) = g

x 100 (€3]
The atomic percent excess (APE) of the tracer isotope in the sample

was the difference between the enriched abundance Ab; and the natural

abundance Abpq, assessed from the unlabelled control plots.

APE,(%) = Ab; — Abyu— )

For Fe and Si, in addition to the tracer isotope, i.e., 57Fe and 2°si,
respectively, it has to be considered that two or more non-tracer stable
isotopes were present at natural abundance. Therefore, the abundance
of >Fe and 2°Si was calculated using:

R
Abs (%) = sam x 100 (6)
" an(”Fe/j"Fe) +1+Rum + Rna!(S"Fe/“’Fe)
and
Ryum
Abg (%) = = x 100 )

1 + Ryum + Rnur(”Si/:gSi)

respectively, where Ry, is the natural isotope ratio of 54Fe/>OFe,
58Fe/50Fe, and 2°Si/28i, respectively. The abundance of each isotope of
Fe and Si was calculated in the same manner. For instance,
1
Rnat(s"Fe/S(’Fe) + 1 +R5“m + Rnat(nge/SGFe)

Ahsﬁl;e(%) = x 100 (8)

1

= x 100 9
1 + Rmm + an(JuSi/szi) ( )

Subsequently, the molar mass of the enriched element Mg was ob-
tained by:

Mg (gmol™") = Z (m; x Ab,-) (10)

where m; and Ab; are the atomic mass and the abundance of the isotope i
in the element E, respectively.
Assuming the content of total element (Cg, in g kg’l) in the control
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samples was the same as that in the samples, the excess content of the
tracer isotope AC; in the sample was calculated by comparing its content
in the sample with that in the control samples by using:

Cr Cr
AC, (gkg™') = (Vi x Ab, — M_b, X Ab,e,,,> X m, 1n

where m, is the atomic mass of the tracer isotope t (i.e., 3¢, 15N, 2Sj and
57Fe) and My is the molar mass of the element with the tracer isotope t
at an abundance of Abys.. In our case, this reference abundance of the
tracer isotope was as follows for the individual elements, respectively:
the mean value of °C abundance in the control samples (Abg.13¢ =
1.08507573 %), the atmospheric 5N abundance (Abgm.1sn =
0.36897303 %), the certified amount fraction of *’Fe in IRMM-014
(Abram-014-577¢ = 2.1192 %) and the natural abundance of 2°Si (Abpqr
29si = 4.685 %). It should be noted that in this approach errors may
derive both from error propagation when summing up tracer levels
across all aggregate fractions for recovery estimates, as well as from
deviations in natural isotope abundances in individual aggregate frac-
tions from the average backgrounds of the bulk soil, and this effect may
be more pronounced for tracers with small labelling levels. Noteworthy
both natural ’Fe and 2°Si natural abundances may change with
different degree of weathering (Wu et al., 2019a; Opfergelt and Del-
melle, 2012), which is unknown for the different aggregate fractions.

2.5. Assessment of aggregate turnover

We analysed the four different isotope labels in seven size fractions at
three sampling times, i.e., over two time intervals. We thus have more
data points for each isotope label in different size fractions than in
different time intervals, which precluded a quantitative assessment of
gross microaggregate formation and turnover rates. Also, some macro-
aggregates were not fully dispersed when obtaining occluded micro-
aggregate fractions. Here we thus focus on the relative distribution of
the isotope labels across the different size classes over time to compare
the effect of the different aggregate-forming materials on (micro)
aggregate abundance and stability, and we used shifts in aggregate
weight and isotope labels as indicators of net turnover rates.

2.6. Statistical analyses

We used linear mixed-effect models with size fraction, sampling
time, and treatment as fixed effects and pot ID as random effect. We also
tested for interactions. This was performed in R (version 3.6.1, R Core
Team, 2020) using the function Ime available in the nlme package
(Pinheiro et al., 2017). In case of significant effects, post-hoc tests were
applied to investigate (i) differences between size fractions for each
treatment and sampling time, (ii) differences between sampling times
for each size fraction and treatment, and (iii) differences between
treatments for each size fraction and sampling time. This was done using
the function Ismeans of the Ismeans package (Lenth, 2018) with Tukey
adjustment for multiple comparisons. Data were checked for normal
distribution of residuals by visual inspection of histograms and QQplots.
Variance homogeneity was tested with Levene’s test. As linear mixed
effect models have been demonstrated to be robust against moderate
violations of distributional assumptions (Schielzeth et al., 2020), we
decided to keep the model even in case of slight deviations. The qPCR
data were analyzed by ANOVA with the factor strain included as addi-
tional factor, but without pot ID because of some missing data (cell
numbers below detection limit). Further, the sum of strains was
analyzed using a linear mixed effect model as described above, but with
the following modifications: the effect of treatment was first tested
excluding the 8000-2800 um fraction as those data were largely missing
in the bare treatment. Differences between fractions where then tested
for the planted treatment and the bare treatment separately. This was
done to include macroaggregates in the model of the planted treatment.
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Differences were considered as significant for p <0.05. Correlations
were tested using Excel for Windows, Office version 16.

3. Results
3.1. Aggregate dynamics

The field-fresh soil used for the multi-isotope labelling incubation
experiment comprised mainly microaggregates occluded in macroag-
gregates (>50 % of soil mass); however, 13.5 % of the soil aggregates
resisted ultrasonic dispersion of 60 J mL~! and thus ended up in the
stable macroaggregate fraction (Table 2, bottom). For the incubation
experiment, the soil material had been sieved <250 um; i.e., there were
only microaggregates and primary particles present at the start of the
incubation period. At the first sampling point and in the bare soil, the
size distribution of these microaggregates resembled that of the field-
fresh soil, except for the f 250-53 um fraction, for which the relative
mass contribution tripled compared with the field-fresh soil, while sta-
ble macroaggregates hardly existed (Table 2).

This size distribution changed significantly over time, and it was
largely affected by the presence of plants, showing intensive root
development towards the end of the experiment (Fig. S6; Supplementary
Materials). It should be recalled that the aggregate fractionation here is
operationally defined, i.e., each aggregate fraction may contain also
primary particles. This was particularly evident for the “free” particle
and microaggregate fraction of the bare soil treatment (Fig. S7; Sup-
plementary Materials). “Free” in this context means that the particles
and microaggregates were not included in macroaggregates. It does not
preclude an inclusion of small microaggregates into larger
microaggregates.

By definition, as added, all microaggregates were “free” when the
experiment started. In the treatments without plants, about 70 % of
these free aggregates did not remain in this free form, but accumulated
in the occluded fraction after four weeks, particularly in the two
occluded (o) fractions 0 <20 um and o 53-20 ym (51.4 % of soil mass;
Table 2). The amount of newly formed occluded aggregates within four
weeks allows a first estimation on formation rates. A formation of 82 g
occluded microaggregates o 250-53 um in the bare soil treatments in 4
weeks thus corresponds to a linearized formation rate of 20 g kg™ ! soil
per week for the o 250-53 um fraction, while formation of the finer o
<20 pm and o 53-20 um fractions was 3-4 times faster, respectively.
Macroaggregates were also formed, though at slower rates: 11 g kg™
soil week ™! for macroaggregates in the size range of 2000 to 250 um,
slowing down to 1-2 g kg ™! soil week ™! for macroaggregates >2800 um
and 2800-2000 pm, respectively (Table 2).

As time proceeded, the pool of free microaggregates continued to
decline, so that after 30 weeks 80 % of soil mass accumulated in other
aggregate fractions. Yet, this accumulation did at this time point not
only occur within occluded microaggregates but also within stable
macroaggregates. The occluded microaggregate fraction o 250-53 pm
gained 45 % of its weight, finally comprising 119 g kg™! soil after 30
weeks. The other two occluded microaggregate fractions lost 32-43 % of
their weight compared with the 4-week scenario. In contrast, weight was
gained by stable macroaggregates of all sizes. When averaged across the
experiment duration, in the bare soil treatments net formation rates of
stable macroaggregates were from 66 g in 30 weeks, i.e., 2.2 g macro-
aggregates kg ™! soil week ™!, for the 8000-2800 um fraction, 43 g in 30
weeks = 1.4 g macroaggregates kg ! soil week ! for the 2800-2000 pum
fraction, and 4.7 and 2.4 g macroaggregates kg~ soil week !, for the
two smaller stable macroaggregate fractions 2000-500 um and 500-250
um (Table 2).

In the treatments with Festuca plants, more occluded particles and
microaggregates (ca. 30 % of soil weight) and stable macroaggregates
(almost 50 % of soil weight) were formed than in the bare soil treatments
within the four weeks since experiment start, even exceeding the
amount observed in the field-fresh soil (Table 2). The presence of plants
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Table 2

Size distribution of free (f) and occluded (o) particles and microaggregates in
field-fresh soil as well as after 4, 12, and 30 weeks of incubating <250 pm sieved
soil with additions of isotopically labelled extracellular polymeric substances
(EPS), selected bacterial strains, goethite and montmorillonite with and without
presence of Festuca plants. Data are given as mean (n = 3) + standard deviation.
Different lowercase letters indicate significant differences between fractions
within a given treatment and sampling time. Different capital letters indicate
significant differences between sampling times within a given treatment and size
fraction. An asterisk indicates a significant difference between treatments (Fes-
tuca plants vs bare soil) within a given size fraction and sampling time. Com-
parisons where no letters or asterisks are indicated did not show significant
differences.

Fraction Treatment Size distribution (%)
after 4 weeks  after 12 after 30
weeks weeks
Macroaggregates
8000-2800 um bare soil 0.4 £ 0.4%" 4.4 + 6.6 6.6 + 3.6%"
2800-2000 pm bare soil 0.7 + 0.6% 25+ 1.7° 43+ 1.2°
2000-500 pm bare soil 26+ 1.6™ 103+ 14.2 + 2.1°B
4.7ach
500-250 yum bare soil 18+£13"  64+17%" 7.2 % 0.8%
Microaggregates + primary particles
0 250-53 um bare soil 8.2 + 2.1%¢ 11.9 + 1.2°"  11.9 + 0.5%"
053-20 um bare soil 29.6 £3.7°%" 251+ 20.1 + 2.8%A"
5‘4dAB¢
0 <20 pm bare soil 21.8 + 16.4 + 12.6 +
0.9deB* 4.5<:AB* 3.0bcA*
f 250-53 um bare soil 15.0 + 7.7 £2.2%4 81 +0.5%A
5.6cd"B
f 53-20 pm bare soil 9.3 + 2.5 6.9 + 2.3% 8.1+ 0.7%
f <20 ym bare soil 4.8 + 1.9% 3.1+0.7° 4.3 +0.7%
Material 94.5 + 4.1 94.6 + 0.6 97.3+ 1.0
recovery
Macroaggregates
8000-2800 ym with plants ~ 42.4 + 52.7 +3.3%" 376+
7.6°% 12,19
2800-2000 pm withplants 0.2 + 0.1° 1.3+ 0.0 1.5+ 0.1%
2000-500 um withplants 2.8 + 0.9°°* 7.5+ 0.4%% 129+ 4.3
500-250 um with plants 3.9 £0.9%° 238 +0.4% 5.4 + 2.1

Microaggregates + primary particles

0 250-53 pm withplants ~ 10.9 +2.3°%® 4.2 + 0.6 5.1 +
l.sabcAB‘
053-20 um withplants ~ 13.7 +2.7¢ 85 +1.2%" 8.9 + 1.8%"
0 <20 pm with plants 6.5 + 4.7 +0.9%" 5.4 + 0.5%"¢"
1.2abcd"’
f 250-53 um with plants 8.5 +2.1°4" 3.8 +0.9° 6.0 + 1.82¢
£ 53-20 ym with plants 9.4 + 4.6°¢ 6.9 + 1.5° 10.9 + 2.9
f <20 ym with plants 4.2 + 2.22%¢ 4.2 +1.0° 4.6 + 0.3%°
Material 1025 +3.8  96.7 +2.6 98.2+ 1.6
recovery

Initial aggregate size distribution at the time of sampling
Macroaggregates

8000-2800 um Field soil 9.8 + 4.4
2800-2000 pm Field soil 1.0+ 0.3
2000-500 um Field soil 1.8+ 0.2
500-250 pm Field soil 0.9 £ 0.0

Microaggregates + primary particles

0 250-53 pm Field soil 83+1.7

0 53-20 um Field soil 312+ 25
0 <20 ym Field soil 19.6 + 2.0*
f 250-53 pm Field soil 4.1 +1.3*
f 53-20 pm Field soil 8.1+32

f <20 ym Field soil 4.6 +1.4
Material 89 £0.7

recovery
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and related rooting thus accelerated the formation of macroaggregates,
particularly of the stable, large ones (8000-2800 um): the formation
rates of the latter increased by a factor of 100 from 1 g kg™ ! soil week !
in the bare soil to 106 g kg ™! soil week ™! in the planted soil when only
considering the first 4 weeks of experiment (Table 2). Yet, the amount of
occluded particles and microaggregates was smaller in the planted soil
than in the bare soil (Table 2), reflecting that a significant portion of
stable soil macroaggregates had endured standard ultrasonic disinte-
gration at 60 J mL~! when roots were present.

As time proceeded, the pool of occluded particles and micro-
aggregates declined in both treatments (Table 2). In the planted soil, this
decline already ceased after 12 weeks. In contrast, there was a tempo-
rary maximum of the 2800-2000 pm stable macroaggregate fraction,
and a continuous build-up of the smaller macroaggregate fractions
(significant for the 2000-500 pm fraction; Table 2). Hence, stable
macroaggregate formation slowed down but did not cease during the
experimental period of 30 weeks.

3.2. Element contents

The <250 um fraction used to set up the incubation experiment had
an SOC content of 11.6 + 0.3 g kg™, similar to the SOC content found in
the planted soil (Table 3). The SOC contents varied clearly among
fractions and between treatments (interaction terms significant; Table 3)
but changed little over time (significant only for the o 53-20 ym and
macroaggregate fraction, Table 3). In the bare soil treatments, the
largest SOC contents were found in occluded microaggregates o <20 um,
while the SOC contents in the other occluded fractions were similar to
those of free microaggregates f <20 ym and f 53-20 um; the SOC con-
tents in stable macroaggregates increased over time (p <0.05; Table 3).
This pattern was similar but less pronounced when plants were present.
Nevertheless, plant growth raised C contents relative to the bare soil in
the o <20 um and stable macroaggregate fraction 8000-2800 pm (they

Table 3
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contained elevated SOC contents expressed in g C kg™! soil; Table 3).
The smallest SOC contents in the presence of plants occurred again in the
53-20 um particle and microaggregate fractions, both for the free and
occluded materials. The largest SOC contents occurred in the free par-
ticles and microaggregates f <20 pm (similar to the range in SOC con-
tents of the bare soil treatment), as well as in the stable
macroaggregates, as already indicated (Table 3). Overall, SOC contents
varied by up to a factor of 8 among fractions, whereas temporal changes
within a given fraction hardly exceeded a factor of 1.5.

The variation in the contents of total Fe and Si among fractions was
much smaller, however, still reaching at maximum a factor of 3.1 for Fe
and a factor of 1.8 for Si. The largest Fe contents occurred in the <20 um
fractions, and the smallest ones in the 53-20 pym fractions, both of the
free and occluded particles and microaggregates (Table S2, Supple-
mentary Materials). The Fe contents in stable macroaggregates were
intermediate. This pattern was similar for the treatments with and
without plants; yet, after 30 weeks, o 250-53 ym and o 53-20 pm frac-
tions of the treatment with plants had smaller Fe contents than the bare
soil ones (Table S2; Supplementary Materials).

Over time, contents of total Fe remained fairly constant for most of
the fractions: in both treatments with and without plants, the Fe con-
tents in the free particle and microaggregate fractions declined with
time (significant for the f 250-53 um fraction in the bare soil treatment as
well as for f 53-20 ym and f <20 um fractions in the planted treatment;
Table S2, Supplementary Materials). Even if there was no concomitant
increase in Fe content in the other fractions, these losses went along with
increases in the total mass of stable macroaggregates (Table 2) and thus
with the total amount of Fe in this fraction, indicating a relocation of Fe-
containing soil mass into stable macroaggregates.

The distribution of total Si among the size fractions tended to oppose
that of Fe, but generally reflected the texture of minerals, with clays
being rich in Si and attached Fe and sand particles being rich in Si only.
Smaller Si contents tended to occur in the o <20 um fractions, and larger

Soil organic carbon (SOC) distribution among free (f) and occluded (o) particles and microaggregates as well as of macroaggregates after 4, 12, and 30 weeks of
incubating <250 um sieved soil with additions of isotopically labelled extracellular polymeric substances (EPS), bacteria, goethite and montmorillonite, and with and
without presence of Festuca plants. Different lowercase letters indicate significant differences between fractions within a given treatment and sampling time. Different
capital letters indicate significant differences between sampling times within a given treatment and size fraction. An asterisk indicates a significant difference between
treatments (Festuca plants vs bare soil) within a given size fraction and sampling date. Comparisons where no letters or asterisks are indicated did not show a significant

difference.

Fraction um Treatment SOC concentration (g kg™ fraction) SOC content (g kg™ soil)

after 4 weeks after 12 weeks after 30 weeks after 4 weeks after 12 weeks after 30 weeks
Macroaggregates
8000-2800 bare soil 11.0 + 6.4 *A" 12.0 + 1.0 *8 11.1 + 0.1 ° 0.04 + 0.04 " 0.50 + 0.75 & 0.73 + 0.40 "
2800-250 bare soil 11.8+0.5% 12.0+0.1° 11.5+0.1° 0.59 + 0.42 A 2.29 + 0.95 B 2.93 +0.40 B
Microaggregates + primary particles
0 250-53 bare soil 8.2+ 1.2°4 12.2 + 3.0 °B 10.8 + 0.5 PAB 0.69 + 0.25 *° 1.45 + 0.32 2" 1.28 + 0.07
053-20 bare soil 21+02% 3.8+0.7° 3.8+04° 0.63 + 0.10 *° 0.94 +0.09 ° 0.76 + 0.04 *°
0 <20 bare soil 16.8 £1.5° 17.0 £21¢ 14.6 + 0.6 ° 3.67 + 0.37 & 2.84 + 1.07 8" 1.85 4 0.51 PeA”
f 250-53 bare soil 12.6 +1.1¢ 12.7 +0.3° 11.4+0.2° 1.85 + 0.54 ° 0.98 +0.28 ° 0.92 + 0.04 *®
£53-20 bare soil 7.2+04° 6.9 +0.2° 6.4+0.3° 0.66 + 0.15 *° 0.48 +0.17 ° 0.52 + 0.05 ?
f <20 bare soil 14.4 +1.5% 13.2+0.2° 12.9 +1.3° 0.53 +0.12%° 0.41 +0.09 0.55 + 0.08 °
Sum 8.7+1.2 9.9+0.9 9.5+0.8
Macroaggregates
8000-2800 with plants 12.7 £ 03¢ 14.0 £ 0.3 % 146 +1.1"% 5.37 £ 0.97 >"A 7.39 +0.62 >B 5.54 + 2.04 >"A
2800-250 with plants 13.1+0.6°¢ 14.0 + 0.1 "¢ 13.6 +0.3° 0.89 + 0.22 2 1.63 + 0.10 AP 2.69 + 0.88 B
Microaggregates + primary particles
0 250-53 with plants 10.6 + 3.4 ¢ 11.5 + 2.3 11.5+1.1° 1.10 £ 0.23? 0.49 + 0.16 0.59 + 0.24 2
053-20 with plants 8.4 + 4.5 PP 4.9+ 0.6 44403 1.21 +0.87 2 0.41 +0.08 2 0.39 +0.05 2
0 <20 with plants 11.7 + 0.5 ° 12.7 + 0.3 > 11.9+1.4° 0.76 + 0.17 0.60 + 0.12 % 0.64 +0.13
f 250-53 with plants 11.9 + 0.1% 108 £1.3° 12.8+0.6° 1.02 +0.24 2 0.41 +0.14 2 0.77 £ 0.26 2
f53-20 with plants 70+15%2 6.0 +0.9° 6.0+0.1° 0.67 +0.38 2 0.42 +0.15 2 0.65 + 0.18 2
f<20 with plants 13.3+0.6°¢ 147 +0.7 13.9+0.7° 0.56 + 0.30 ° 0.62 +0.13? 0.64 + 0.04 °
Sum 11.6 +1.6 12.0 + 2.4 11.9+ 1.8
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ones in the larger fractions, as a trend for both the free and occluded
particles and microaggregates, but significant only after 30 weeks for the
difference between microaggregates and stable macroaggregates in the
bare soil treatment as well as larger occluded microaggagates or stable
macroaggregates and free microaggregates, respectively (Table S2;
Supplementary Materials). Plants affected the Si distribution between
fractions only in later stages of the experiment, where larger Si contents
(similar to larger Fecontents) were found after 30 weeks for the o 250-
53 pm and o 53-20 um fraction in the treatment with plants than in those
without (Table S2; Supplementary Materials). Also, Si contents declined
with time in the f 53-20 pym fraction of the planted soil and in occluded
fractions in bare soil (Table S2; Supplementary Materials).

3.3. Fate of '3C-labelled EPS

The EPS-derived 13C accumulated primarily in the <20 um fractions,
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and showed lowest concentrations in the o 53-20 um fraction (p <0.05;
Fig. 1, left). Fractions with largest contents of SOC (Table 3) thus also
showed maximum '3C excess, documenting that these fractions have
properties that facilitated SOC and EPS accrual. Substantial amounts of
13C, however, were also found in the stable macroaggregate fractions
(Fig. 1, left), the diameter of which exceeds by far the average molecular
chain length of EPS. After 12 weeks, excess 1°C peaked in the occluded
microaggregates o <20 um of the bare soil treatment, which went along
with increasing 13C accrual in these fractions. This enrichment was
missing in the planted treatments (indicated by the asterisks in Fig. 1,
right). Besides, the degree of this '*C accrual in the 0 <20 mm fractions
of the bare soil declined after 30 weeks (Fig. 1, right). Similarly, as time
proceeded, excess 13C declined in nearly all size fractions (capital letters;
Fig. 1, left).

It is worth noting that the recovery of EPS-derived 13C was below 10
% of the added amount, i.e., the majority of this label had been lost

= Bare soil
== Planted soil

AA B B B 4 weeks

12
an aba aa aba ca ba aba ab{g
*|

* * *

B BAB AB B AB 12 weeks

12 1 gc bb aab aab bca aa aab aab

10 A * * *

30 weeks
121 A BB A A A

10{ abc cb aba aa bca aa aa aa
* *

Agregate fraction (um)

Fig. 1. Excess EPS-derived '3C (left) and its recovery relative to the added amount (right) in different soil aggregate fractions 4, 12, and 30 weeks after experiment
start. Different lowercase letters indicate significant differences between fractions within a given treatment and sampling time. Different capital letters indicate
significant differences between sampling times within a given treatment and size fraction. The asterisks indicate significant difference between treatments (Festuca
planted vs bare soil) within a given fraction and sampling time. Comparisons where no letters or asterisks are indicated did not show a significant difference

(p >0.05).
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before the first sampling event (Fig. 1, right). In the bare soil treatment,
the EPS-derived '3C remained particularly allocated to the o <20 ym
fraction, and partly shifted to smaller stable macroaggregates
(2800-250 um) with time (Fig. 1, right). In the treatment with plants,
the largest amount of '3C was preserved in the large stable macroag-
gregates (8000-2800 um), reflecting the substantial amount of stable
macroaggregates formed in this treatment (Fig. 1, right).

3.4. Fate of 1°N-labelled bacteria

Despite relatively high additions of labelled bacterial strains, the
overall recovery of bacterial '°N remained below 20 % (Table S3; Sup-
plementary Materials). Yet, the accumulation of bacteria-derived >N
correlated linearly and significantly with that of added EPS-derived 13C
(R? = 0.72): the relationship with EPS was particularly close in the small
content range, whereas data showed more variability at >2 % excess 13C
(Fig. 2). As a result, and similar to 13C, the largest contents of excess
bacteria-derived 5N were found in the <20 um fractions, and the
smallest ones in the o 53-20 pm microaggregates (Fig. 3, left). On the
other hand, macroaggregates also stored a considerable amount of '°N.
In the bare soil treatment, the '°N labels shifted from the o <20 um
fraction to the smaller stable macroaggregates (2800-250 um) in the
course of the experiment, whereas in the planted treatment particularly
the large stable macroaggregates (8000-2800 um) after 4 and 12 weeks
contained most of the added bacteria-derived °N (Fig. 3, right).

The '°N data also correlated linearly with qPCR gene copy numbers
in the microaggregate fractions (Pearson r = 0.5, p = 0.0024). In gen-
eral, the largest accumulation of bacterial material occurred in the
smallest aggregate size fractions (<20 um) (Fig. 4). This enrichment was
maintained across all sampling times (Fig. 4; though partly not signifi-
cant). However, we observed discrepancies for the stable macroaggre-
gates, where 1°N levels were in a similar range as seen in the smallest
microaggregates (Fig. 3), while gene copy numbers were much lower in
the macro- than in the microaggregates (Fig. 4). Moreover, discrepancies
occurred in temporal trends and total recovery. The gene copy numbers
tended to decrease over time in the bare soil treatment (Fig. 4), which
was less evident in the °N-data. Apparently, some '°N remained in the
system over the incubation period of 30 weeks upon cell lysis.

In contrast, the low recovery of bacterial 1°N was not reflected in the
qPCR data (mean calculated recovery 100 %). Hence, these 15N losses
must have occurred during an early incubation phase. Although unlikely
to completely explain the observed loss of I5N, strains such as Pseudo-
monas may have moved from the soil bags towards the rhizosphere.

The four individual bacterial strains showed different responses in

N
a
o

R2=0.72 -

N
o
o

150 1

100

O
o

Excess bacterial-15N (mg kg'1 fraction)

o

0 2 4 6 8
Excess EPS-derived "*C (mg kg™ fraction)

Fig. 2. Correlation between EPS-derived '3C and bacteria-derived >N in
different soil aggregate fractions and across different sampling times (4, 12,
30 weeks).
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the system (significant strain x size fraction and strain x time interac-
tion). Gordonia and Methylocystis were unevenly distributed across the
size fractions with an accumulation especially in the smallest micro-
aggregate fraction. For Gordonia, this uneven distribution across frac-
tions increased over time and especially in the absence of plant growth
(interactions with treatment significant; Table S4, Supplementary Ma-
terials). Similarly, Streptomyces was preferentially detected in specific
size fractions and responded to the treatment, while Pseudomonas did
not show a response to any of these factors. In sum, the cells accumu-
lated initially in the o <20 um fraction but shifted to the f <20 um
fractions as time proceeded in the bare soil, while the reverse trend was
observed in the planted trials (Fig. 4). Particularly niche pecystis main-
tained a strong aggregate-specific size distribution (Table S4, Supple-
mentary Materials).

3.5. Fate of °"Fe and ?Si-labelled minerals

The added labels of >Fe and 2°Si were recovered with 73-96 % and
124-170 %, respectively; Table S3, Supplementary Materials). At the
first sampling, both the labelled goethite and montmorillonite were
distributed relatively homogeneously across the different aggregate
fractions. For Fe, the presence of plants hardly affected the excess % Fe
distribution, except that only after 30 weeks there were smaller >’Fe
signals in the 0 53-20 um fraction of the plant treatment than in the bare
soil treatment (Fig. 5, left). However, the distribution across size frac-
tions changed with time. After 30 weeks, the °”Fe signal had shifted from
the micro- to the stable macroaggregate fractions, irrespective of the
presence of plants (Fig. 5, left).

The distribution of 2°Si-labelled montmorillonite correlated with
that of °’Fe-labelled goethite (R2 = 0.46), and, similar to the organic
labels, the variability of this relationship increased with elevated label
content (Fig. 6). A correlation does not imply a 1:1 relationship, as the
labels were not added in similar amount; indeed, it rather indicated
again a potential co-allocation of the goethite with montmorillonite
(Fig. S5; Supplementary Materials). At the early stage of the experiment
(four weeks), the 2°Si signals peaked in the <20 pm fractions, though
parts of this enrichment shifted to the macroaggregates during the 30
weeks of experiment duration (Fig. 5, right). As a result, the average
excess 2°Si tended to increase in the >250 um fractions over time,
although not significant at the p <0.05 level (Fig. 5, right).

As exemplarily shown for one sample aliquot after 4 weeks incuba-
tion, different isotope labels can occur at the same particle surface,
though still in spatial separation (Fig. S5, Supplementary Materials).
Hence, similarities among tracers’ behaviour point to similarities in the
fate of the respective particles but not necessarily to direct bondings
among the different tracer labels. When considering all sampling time
points and fractions, the distribution of excess goethite-derived >’Fe and
montmorillonite-derived 2°Si did not correlate with EPS-derived 13C or
bacteria-derived 1°N (R? <0.15; p >0.05). However, these correlations
existed when separating the data by treatments and time points (Table 4;
Table S5, Supplementary Materials). Hence, individual interactions
existed at given size fractions, time points, and treatments and these
data reflect the distinct behavior of aggregation dynamics in bare soil
and planted soil. The content of EPS-derived '*C and bacteria-derived
I5N correlated in the occluded microaggretate and small stable macro-
aggregate fractions, while relationships of the '3C-EPS label to
montmorillonite-derived 2°Si and goethite-derived >’Fe oxides were
found for free microaggregates only (Table S5; Supplementary Mate-
rials). In contrast, correlations among the inorganic labels existed for
nearly all fractions and time points (Table S5; Supplementary Materials).
Bacteria-derived '°N did mostly not relate closely to the mineral labels
in certain aggregate fractions (Table S5, top), but correlations existed
when considering a given treatment (bare soil, Festuca planted) and
sampling time (Table 4; Table S5, bottom). Unfortunately, due to the
limited number of samples, we were not able to decipher all factor
combinations in the correlation matrix. Nevertheless, we conclude that
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(p >0.05).

EPS-derived-'3C and bacteria-derived-!°N accumulated primarily in the
same size fractions where 2°Si-labelled montmorillonite was found,
whereas correlations to >’Fe-labelled goethite were weaker (Table 4;
Table S5; Supplementary Materials). Hence, even if °’Fe and 2°Si and
montmorillonite largely showed similar patterns among aggregate
fractions (Table S5, Supplementary Materials; Fig. 5), within these
fractions, the bacteria-derived elements accumulated in closer relation
to the 2°Si-labelled clay minerals. These correlations also appeared to
become stronger with time from 4 to 12 weeks experiment duration, and
even beyond for the bare soil treatments (Table 4, Table S5).

4. Discussion
4.1. Aggregate dynamics

The addition of organic gluing agents and inorganic building units
leads to occlusion of free particles and microaggregates into
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macroaggregates (Six et al.,, 2004; Wagai et al., 2020; Guhra et al.,
2022). In this study, we subjected all macroaggregates that did not slake
after wet sieving to an ultrasonic treatment of 60 J m1~! for dispersion.
However, unlike earlier studies (Cambardella and Elliot, 1993; Stemmer
etal.,, 1998; Amelung and Zech, 1999), some macroaggregates persisted
this sonification (Table 2), considered here as stable macroaggregates.
As it was our main aim to follow the fate of the isotope labels, we did not
perform a parallel study in which no microaggregate-forming agent was
added, i.e., we could not test whether the higher availability of the
added organic gluing agents and inorganic microaggregate building
units contributed to the stability of the detected macroaggregates
against ultrasonic dispersion. However, we presume that this stabiliza-
tion did not take place immediately, since the stable macroaggregates
were still almost absent after 4 weeks in the bare soil treatment. Yet, this
treatment contained elevated portions of occluded microaggregates
(Table 2), indicating that also here macroaggregates had formed,
although they did not persist during ultrasonic dispersion. Hence,
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significant difference.

hypothesis (1) was supported; the addition of organic gluing agents and
inorganic building units (here goethite and montmorillonite) bound free
particles and microaggregates into occluded ones.

The formation rates of the macroaggregates were similar to obser-
vations from adding rare earth elements to incubations; also in these
experiments macroaggregates formed from sieved soil with estimated
turnover rates of one month (De Gryze et al., 2005, 2006). We assume
that the stable macroaggregates are still composed of microaggregate
units (Oades and Waters, 1991; Six et al., 2000), but with stronger
bonding to resist to ultrasonic treatment. In the planted treatment, these
macroaggregates gained additional stability against ultrasonic disper-
sion, and their amount even exceeded that of field-fresh soil after har-
vest. We see this as a clear indication that the plant roots enforced
aggregate stability (Six et al., 2004; Bronick and Lal, 2005), here even to
an extent that microaggregates formerly occluded in ultrasonically
dispersible macroaggregates were now contained in the stable macro-
aggregates that resisted 60 J mL™! ultrasonic dispersion.

In our study, already one month of plant growth had increased total
C content, and particularly the C content in the stable macroaggregates
(Table 3). This finding is in line with hypothesis (2) that plants promote
the formation of stable macroaggregates and occluded microaggregates
by root exudation and microbial growth in the rhizosphere, whereas the
effect of mere additions of EPS and bacteria on soil aggregation as in the
bare soil treatment may be negligible. Particularly fine roots and fungal
hyphae are known to be responsible for macroaggregate stability (Jas-
trow et al., 1996; Six et al., 2004). Likely, there was also an additional
production of EPS and other organic gluing agents in the rhizosphere,
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which supported microaggregate stability (Chenu and Cosentino, 2011;
Totsche et al., 2018) and possibly formed additional organic surface
coatings (Amelung et al., 2002) within stable macroaggregates.

As time proceeded, stable macroaggregates also formed when plants
were absent, particularly in the size range of 2000-500 pm. Hence, the
presence of plant roots is not necessarily mandatory for stable macro-
aggregate formation. Likely, other factors such as fungal growth and
physicochemical interactions of the added binding agents also induce
the formation of aggregates in this size range. This macroaggregate
formation, which was induced or initiated by the added
macroaggregate-forming materials, however, was much less effective
and particularly quantitatively less important in the long-term than
macroaggregate formation and stabilization by plant roots.

The SOC contents among the fractions differed in the microaggregate
fractions of different size (Table 3) in both treatments. Particularly the
fine fractions <20 um were rich in C, likely reflecting sorption of dis-
solved products and accumulation of microbial necromass as commonly
found for these fractions (e.g., Zhang et al., 1998; Rodionov et al., 2001;
Kaiser and Guggenberger, 2007). In the bare soil treatment this SOC
enrichment was initially most pronounced in the occluded fraction, thus
indicating to the possibility of its later involvement into ultrasonically
instable macroaggregates (Six et al., 2004), and supporting earlier evi-
dence for soil organic matter being a main agent of soil aggregation
(Tisdall and Oades, 1982; Chenu and Cosentino, 2011; Totsche et al.,
2018). In the planted soil this SOC enrichment in the o <20 um fraction
was not evident, suggesting that specific root-derived compounds like
mucilage or microbial conversion products in the rhizosphere like
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Table 4

Linear correlation coefficients between excess of EPS-derived '3C or bacteria-
derived '°N and excess of montmorillonite-derived 2°Si and goethite-derived
57Fe for the different sampling times (p <0.05).

Pearson r Weeks (bare soil) Weeks (planted soil)

4 12 30 4 12 30
Excess °C vs excess 2Si 0.65 0.82 0.94 0.81 0.94 0.76
Excess '3C vs excess *"Fe ns ns 0.65 ns. 0.75 n.s.
Excess '°N vs excess 2°Si ns 0.79 0.92 ns 0.88 0.69
Excess 1°N vs excess °’Fe ns ns 0.67 ns 0.83 ns

n.s. = not significant at the p <0.05 level of probability; EPS = extracellular
polymeric substances.

additional EPS promoted microaggregation (Czarnes et al., 2008).

In general, variations in SOC contents within the different aggregate
fractions may be due to the preferential involvement of SOC-rich
microaggregates into the formation of stable macroaggregates that left
SOC-poorer microaggregates behind (Six et al., 2000; Zhou et al., 2020).
In addition, different SOC enrichment in different microaggregate size
fractions may reflect a patchy distribution of SOM at mineral micro-
aggregate surfaces (Moedl et al., 2007; Wagai et al., 2009; Schweizer
et al., 2021), as well as different contributions of remaining primary
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particles to selected microaggregate fractions (Krause et al., 2018).
Particularly in the bare soil the C accrual in the stable macroaggregates
after 12 weeks hardly went along with elevated C concentrations in this
fraction (Table 3), possibly indicating that also other elements beside
bulk C may be involved in the stabilization of aggegates in this size
fraction.

Elevated Si contents in larger microaggregate fractions (Table S2,
Supplementary Materials) suggest that at least some primary particles
were present in the fractions, partcularly in the o 53-20 um fraction that
was enriched in Si and depleted in Fe and SOC (Table 3, Table S2,
Supplementary Materials). The magnitude of the Si or Fe contents was
similar among fractions, since larger aggregate units were composed of
smaller ones. However, these contents changed with time and, inci-
dentally, also treatment. With plants, not only the SOC-rich, but also the
Fe-rich free microaggregates formed macroaggregates. Iron oxides
contribute to organo-mineral complexation and, in addition to that, to
the formation of small microaggregates (Asano et al., 2018; Totsche
et al., 2018; Krause et al., 2020), which then also bind preferably to
macroaggregates (which either disintegrated here to occluded micro-
aggregates or remained stable upon ultrasonic dispersion; Table 2). The
free microaggregates poor in Fe were left behind after 30 weeks of
experiment duration (Table S2, Supplementary Materials). This process
was promoted by plants, resulting in larger Fe contents in the occluded
microaggregate fractions than in the bare soil treatment (see asterisks in
Table S2, Supplementary Materials). There was possibly a feedback loop
with Fe oxides binding firmly to clay minerals (Ferreiro et al., 1995;
Dultz et al., 2019) and organic matter (Kaiser and Guggenberger, 2007;
Guhra et al., 2019), and with the latter promoting the formation of
macroaggregates, also Fe-rich microaggregates were mainly enriched in
the macroaggregates. The continuous decline in Si contents likely re-
flected that the process of macroaggregate formation incidentally co-
involved primary particles. However, only the additional stable
isotope labelling allowed to follow the fate of the added microaggregate
forming materials.

4.2. Fate of isotopically labelled aggregation agents

Extracellular polymeric substances and EPS-borne biomolecules are
known as effective gluing agents for microaggregate-forming particles
(Rodionov et al., 2001; Kleber et al., 2007; Totsche et al., 2018). Our
data support the findings of Oades and Waters (1991) and subsequent
research (e.g., Rodionov et al.,, 2001; Murugan et al., 2019) that
particularly aggregates <20 um were enriched with EPS materials. The
EPS-derived '°C was also found in silt-sized particles and aggregates
<53 pm (Geoghegan and Brian, 1948; Virto et al., 2008; Fig. 1), though
in smaller contents due to additional presence of primary particles (see
above). Hence, this part of hypothesis 3, stating that the EPS gluing
agents and bacteria bind rapidly to smaller microaggregates, was sup-
ported. For truly assessing label enrichments in relation to primary
particles in microaggregates, it would have been necessary to perform
an additional density fractionation (Moni et al., 2012; Krause et al.,
2018), which was disregarded because of limited sample amounts.

Generally, all fractions contained EPS-derived 3¢, i.e., surfaces in all
aggregate size classes were prone to bind EPS, irrespective of their size.
With advancing aggregation, and also in line with hypothesis 3, the 13C
also occurred in the occluded microaggregate fractions and ultrasoni-
cally stable macroaggregates (Fig. 1). On the one hand the EPS-derived
13C supports some binding of small particles as in the bare soil treat-
ment. On the other hand, in the planted treatment this effect was inferior
due to larger amounts of C added via the roots (approximately 2 g kg™!
soil (Table 2S; Supplementary Materials) relative to 1.22 g EPS added
kg ! soil (Table 1) with a C content of likely around 40 %, similar to
glucose) than that added with EPS (and bacteria) alone.

Overall low EPS-derived *3C recoveries suggest rapid decomposition
of EPS (Fig. 1, right). A large amount of the *>*C-EPS was possibly lost
prior to the formation of stable macroaggregates. In addition, also
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subsequent 13C losses occurred from all fractions <250 um, thus
demonstrating that despite the strong gluing potential, there was no
complete stabilization of the '3C label in soil. Intriguingly, the majority
of EPS-derived '3C was preserved in stable macroaggregates, due to their
slow turnover rates (Puget et al., 2000; Segoli et al., 2013), and likely
persisted either in the intra-aggregate pore space, at the surfaces of
microaggregates and particles forming these stable macroaggregates, or
both.

Higher recoveries of EPS-derived '3C were found in the planted
treatment than in the bare soil (Fig. 1). This reflects a so-called
conserving (negative priming) effect as reported earlier for straw addi-
tions (Kuzyakov et al., 2000; Wu et al., 2019b). The continued input of
labile, plant-derived C renders the remaining adsorbed EPS less attrac-
tive to microbes than in the bare soil treatment. In addition, the lower
amount and stability of macroaggregates in the bare soil treatment re-
shifted its EPS-derived '3C to the occluded fractions (Fig. 1, right).
Again, this points to the stabilizing effects from plant roots beyond the
direct glueing of minerals via EPS.

Even though the added °C and '°N stemmed from different micro-
bial sources, there was a close correlation between EPS-derived '3C and
bacteria-derived 1°N (Fig. 2). The similar distribution pattern of the I5N.
labelled bacteria among fractions and for the EPS-derived 13¢ (Figs. 1,2)
suggests that both elements likely went through the same type of
biomass pool, possibly including rapid incorporation of >C-labelled EPS
and bacterial necromass into microbial cells. Only at a threshold
exceeding 2 % excess '>C did the correlation to °N weaken (Fig. 2). The
majority of bacteria was, however, likely co-preserved with EPS-derived
13C in the respective macro- and microaggregates.

Remarkably, '°N accumulated in larger amounts in the stable
macroaggregate fraction than that observed for the DNA of the bacterial
model strains. This discrepancy may point to differences in microbial
biomass turnover and growth or relocation of N-substrates in depen-
dence of soil aggregate size fraction and deserves further attention in
future studies. In contrast, and in line with hypothesis 3, the <20 um
fractions consistently provided a main location of high gene copy
numbers (Fig. 4), excess bacteria-'°N (Fig. 3), and excess EPS-derived
3¢ (Fig. 1).

The individual bacterial strains behaved differently in the aggregate
fractions over time (Fig. 4), reflecting differences in cell structure,
ecological niche preference and turnover. Pseudomonas protegens strain
CHAO is a well-known colonizer of habitats rich in organic substrates
such as the rhizosphere (Troxler et al., 2012). Thus, we expected a
response to the presence of plants. However, Pseudomonas did not
respond significantly to any of the factors; there was only a trend to-
wards better survival in the presence of plants. The combination of the
soil used here along with Festuca as model plant (both known to be
relevant for a successful establishment of Pseudomonas (Meyer et al.,
2010)), was apparently not suitable to support strong proliferation. Most
of the cells vanished instead or turned into a dormant state (Troxler
et al., 2012), therewith becoming largely unresponsive to soil aggrega-
tion processes. Likewise, the actinomycete Gordonia did not survive
well, especially in the absence of plants. Members of this genus may
occupy diverse ecological niches and degrade a variability of carbon
compounds (Sowani et al., 2018), but apparently competition against
the other strains and the endogenous soil microbiota was weaker and
half-time shorter so that it also largely dissipated as time proceeded,
especially from the larger aggregate fractions (Fig. 4). In contrast, the
actinomycete Streptomyces viridosporus maintained a more stable popu-
lation across all aggregate size fractions, not only in the presence but
also in the absence of plants (Fig. 4). Due to its filamentous growth and
capability to grow on recalcitrant carbon compounds, it is probably less
dependent on input of fresh carbon and more independent of aggregate
size (Kampfer, 2006). Maintenance of Metylocystis was best in this
experiment. It may have better survived compared with the other strains
due to its very good adaptation to oligotrophic conditions and inde-
pendence of organic carbon, by forming cysts, and/or it may have had
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less predators (Knief and Dunfield, 2005, Murase and Frenzel, 2008). Its
predominant accumulation in the smallest aggregate size fraction points
towards a minor role for the formation of larger aggregate structures.

Intriguingly, and opposing hypothesis 3, such a preference of the
gene copy numbers to small size fractions was only initially (montmo-
rillonite) or not at all (goethite) observed for the mineral isotope label
excess. Close correlations between the '3C and !°N labels were
restrained to the occluded fractions, likely reflecting the dominant role
of the biological materials in holding them together to macroaggregates
(Tisdall and Oades, 1982; Totsche et al., 2018), while initial attachments
of the organic labels to the mineral tracers dominated in the free mac-
roaggregates. The latter provide the reactive surfaces most likely to be
met when the experiment started.

In principle, the EPS-derived 13C as well as bacteria-derived '°N may
firmly attach to Fe oxides and clay minerals. Correlations of these
organic labels were closer to the added 29gi (Table 4), possibly because
clay minerals such as montmorillonite allow bacteria well to attach
(Chenu and Stotzky, 2002). And since we added less goethite than
montmorillonite (Table 1), similar to the soils containing usually less
oxides than clay minerals, we suggest that the closer correlations to the
latter might merely reflect the higher probability of organic substances
coming into contact with clay mineral surfaces.

Unlike for the biological materials, an excess of the respective min-
eral isotope labels occurred at similar magnitude in all aggregate frac-
tions (Fig. 5), with close correlation between the two labels (Fig. 6). We
do not assume that the majority of added >’Fe-goethite was directly
bound to 2°Si-montmorillonite. The minerals were added in a dry state,
not in intimate contact, and thus likely spatially separated at microscale
when compared with the large volume of <250 pm sieved soil (Table 1;
see also Fig. S5, Supplementary Materials). Hence, the probability that
these otherwise immobile particles met in the soil is relatively low.
Nevertheless, the added labelled Fe oxide and clay mineral showed a
strongly contrasting behaviour during the incubation experiment
compared with the organic materials added as either '*C-EPS or 1°N-
labelled cell biomass. The organic agents were mainly recovered in the
macroaggregates but partly dissipated as time and aggregation pro-
ceeded. In contrast, the mineral labels increasingly shifted into the
macroaggregates.

Few if any stable macroaggregates had formed in the bare soil
treatment after four weeks (Table 2). Hence, also isotope labelling
confirms that the presence of these minerals, whether as nucleus or
associated with other minerals, is not sufficient to stabilize macroag-
gregates against ultrasonic dispersion — this was mainly due to the
presence of plant roots by enmeshment and the effect of their
rhizodeposits.

Within the microaggregates, bacterial N and EPS-derived 3C
peaked in the fine fractions. This preferred binding to small aggregate
fractions (hypothesis 3) was initially also observed for the 2°Si-mont-
morillonite, but it was not significant for the added goethite. As time
proceeded, the enrichment of 57Fe—goethite, however, shifted from the
micro- to the macro-sized fractions (Fig. 5, left), and so did the 29g;.
montmorillonite peaks with preferred losses from the <20 um fractions
(Fig. 5, right; Table S3, Supplementary Materials). Hence, we could
support hypothesis 4 that inorganic building units shift to larger parti-
cles with time, even to ultrasonically stable macroaggregates. Consid-
ering that the organic amendments in the substrate promoted the initial
aggregation process, but that both the '3C and *°N labels were lost with
time, it seems reasonable to conclude that the added minerals, goethite
and montmorillonite increasingly support aggregation in the long-term.
This includes the option that organic gluing agents may be replaced by
others to support reaggregation, at least in the planted treatments.
However, the action of dissipating organic binding agents thus leads to a
much shorter cycles of aggregation, disaggregation and reaggregation
than that of inorganic building units.

In line with these arguments, correlations between excess organic
and inorganic isotope label concentrations changed with time: they were
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significant mainly after 12 weeks in the planted soil but after 30 weeks in
the bare soil (Table 4), likely reflecting the slower turnover of the
organic gluing agents in the bare soil trials. Disentangling individual
correlations was difficult due to limited sample size; however, when
grouped to aggregate fractions the analyses confirmed that organic and
inorganic Fe contributions to aggregation processes were time and
aggregate size-specific. Close correlations between excess °C and '°N
were mainly found for the occluded fractions, highlighting the role of
microbial products and resynthesis for microaggregate stability
(Table S5, Supplementary Materials). In contrast, intimite relations of
the organic to the inorganic labels existed only for the free micro-
aggregates but not for the occluded ones. With time, correlations with
excess 1°C were partly significant already from the beginning, while
those involving mineral fractions only developed with time, with re-
lationships between 2°Si and >’Fe being most pronounced towards the
end of the experiment, respectively (Table S5, Supplementary Mate-
rials), reflecting that inorganic components organize in aggregates at
more advanced stages of aggregate dynamics compared with organic
matter.

The overall findings have general implications for the formation and
turnover of aggregates in soils. The organic gluing agents were more
important than their mineral counterparts for intiating macroaggregate
formation. Only the presence of plant roots, however, stabilized the
macroaggregates against 60 J mL " ultrasonic dispersion. The added Fe
oxides, as well as clay minerals, in contrast, acted rather similar to the
mineral phase already present in the soil. As there was no preference for
specific size fractions they took part in all formation processes to a
similar extent, including those induced by the amendment of EPS, bac-
teria, or through the presence of plant roots. However, while the labile
organic materials degraded, the added minerals continued to stabilize
the aggregates as indicated by increasing shifts to the occluded and
stable aggregate fractions (Fig. 7). Hence, there appears to be a temporal
sequence of aggregate formation, with individual organic substrates
initializing this process and determining the degree of aggregation, and
with minerals stabilizing this process in the longer-term. However, only
due to the superposition of processes and organic inputs related to root
growth are aggregate bondings finally strengthened to resist moderate
ultrasonic dispersion (Fig. 7).

5. Conclusions

Multiple isotope-labelled organic and inorganic microaggregate-
forming materials were recovered in both occluded microaggregate
fractions as well as in stable macroaggregates resisting 60 J mL™! ul-
trasonic dispersion. The build-up of macroaggregates occurred at a
timescale of weeks. Without plant presence, only a few stable macro-
aggregates formed slowly, mainly in the size range of 2000-500 um, i.e.,
the size range of binding agents alone was too small to initiate rapid
macroaggregation. With Festuca growing, the formation of stable mac-
roaggregates primarily occurred in the size range of 8000-2800 um, and
also contained occluded isotope-labelled microaggregates. This process
intensified over time, pointing to positive feedback of organic and
inorganic microaggregate forming agents and a mediation of stable
macroaggregate formation by plants and fungi.

Although the '3C and 5N labels were added in different materials
(EPS versus bacteria), their distribution and binding in different aggre-
gate size classes were strongly correlated, particularly in the occluded
fractions (Table S5, Supplementary Materials). This indicates that they
undergo the same processes of binding and stabilization within aggre-
gates, most probably controlled by rapid microbial decomposition and
resynthesis during aggregate formation.

We propose a chronological sequence of aggregate formation, which
superimposes the spatial aggregate hierarchy concept as deduced by
Oades and Waters (1991). Organic gluing agents derived from microbes
are needed to initiate the aggregation process. Mineral microaggregate-
forming materials like Fe oxides and clay minerals take part in all these
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After initial aggregate
stabilization quick loss of
organic gluing agents

Promoted stabilization of
macroaggregates by
processes related to plant
root growth

Inorganic building units
initially bound in all size
classes and later
increasingly shifted into
macroaggregates

Chronological sequence of soil aggregates
at the time scale of weeks and months

¢ Organic gluing agents .
W 13C-labelled EPS
@ 5N-labelled bacteria

Soil components and aggregate building units (schematic, not to scale)

Inorganic building units

//57Fe—labelled goethite
' 29Sj-labelled montmorillonite

@ Soil microaggregates and particles

Plant roots of Festuca heteromalla

Fig. 7. Conceptual schema of the proposed process sequence of soil aggregate formation as disentangled through multiple isotopic labelling. The concerted action of
organic gluing agents and inorganic building units led to a chronological sequence, which impacted the spatial organization of microaggregates and macroaggregates.

processes in all aggregate size fractions, initially to similar extent, but as
time proceeds the minerals shift to the macroaggregate fractions and
therewith contribute to maintaining and stabilizing their properties in
the longer-term. However, only with plant roots presence can the
macroaggregates be stabilized efficiently against ultrasonic dispersion.
This has major implications for the aggregation, aggregate turnover and
ageing in soils with respect to intensively rooted and less rooted parts, e.
g., topsoil versus subsoil. Testing these scenarios under field conditions
now warrants further attention.
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