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1 | INTRODUCTION

The mean residence time (MRT) of different soil organic matter (SOM)
constituents ranges from days to millennia (e.g., Derrien & Amelung,
2011; Flessa et al., 2008; Gleixner et al., 2002; Jenkinson, 1990). The
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Abstract

Background: Microaggregates are suspected to protect soil organic carbon (SOC) from
microbial decay, but its residence time is not well understood.

Aims: We aimed at unraveling the relevance of microaggregates for C storage and testing
the hypothesis that C in the interior of aggregates is older, compared to the exterior.
Methods: We sampled soil under C3 vegetation and at a site where cropping shifted to
C4 vegetation 36 years ago. We isolated free and macroaggregate-occluded size fractions
(250-53 pum) by wet sieving and ultrasound, manually isolated aggregates therefrom, and
analyzed whether vegetation-related differences in §23C could be traced at the interior
and exterior of microaggregate cross-sections using elemental and laser ablation-isotope
ratio mass spectrometry.

Results: Size fraction weights comprised <5% of microaggregates. Based on a source
partitioning approach including C3- and C4-derived C, we found mean residence times
of SOC in occluded and free microaggregates of 62 and 105 years, respectively. Thus,
C storage was longer than that in size fractions (35 years) and bulk soil (58 years). The
small-scale variability of §'3C within aggregate cross-sections was considerable, both in
C3and C4 soil, yet without significant (p = 0.46) differences between interior and exterior
locations.

Conclusions: We conclude that microaggregates do not persist in an intact form in such
a long-term that systematic differences in 6'C patterns between exterior and interior

parts can develop.

KEYWORDS
carbon stabilization, laser-ablation isotope ratio mass spectrometry, mean residence time, stable
isotope mixing

long-term stability of SOM is controlled by stabilization mechanisms,
among which physical stabilization through microaggregate (<250 um)
formation is considered to be critically important (Foster, 1988; Ladd
et al., 1993; Six et al., 2004). Microaggregates form through various

physical, chemical, and biological interactions that induce a binding of
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primary particles, organic matter, and microbial residues to stable units
that can withstand mechanical stress and protect SOM from decompo-
sition (Totsche et al., 2018). Microaggregates may be further occluded
within macroaggregates larger than 250 um (Six et al., 2004). Although
macroaggregates have been considered less stable than microaggre-
gates (Elliott, 1986; Totsche et al., 2018; Waters & Oades, 1991),
they may provide additional protection of occluded microaggregates
and increase the MRT of soil organic carbon (SOC) stored therein
(Buyanovsky et al., 1994; Six et al., 2004). Estimates of the MRT of SOC
in large microaggregates range between 60 years in a Stagnic Luvisol
(54 years in bulk soil; John et al., 2005), 61 years in a Gleysol (14 years
in macroaggregates; Monreal et al., 1997), 310 years in an Alfisol (300
years in macroaggregates; Rabbi et al., 2013), and 265—504 years in an
Oxisol (320—485 years in macroaggregates; Rabbi et al., 2013).

On a small spatial scale of individual aggregates, the MRT may
vary along a gradient from the aggregate’s surface (i.e., exterior) to
the center (i.e., interior). Some earlier work suggested an inclusion of
microbial-derived C as an organic core inside microaggregates (Fos-
ter, 1988; Ladd et al., 1993). Other researchers suspect particulate
organic matter (POM) to serve as a nucleus for aggregate formation
(Bucka et al., 2019; Jastrow, 1996). These studies suggest a different
contribution of building units along a gradient from the aggregate’s
exterior to the interior. Yet, Lehndorff et al. (2021) failed to detect a
systematic enrichment of SOC within the center of a microaggregate
cross-section. Nevertheless, oxygen diffusion inside aggregates s likely
restricted (Sexstone et al., 1985), which may result in low microbial
activity and consequent protection of SOC at the interior of aggre-
gates. Hence, SOC at the interior of aggregates is likely physically
protected from decay (Amelung & Zech, 1996), also allowing SOC at
the interior of microaggregates to age. In contrast, microbial activity
at the accessible exterior of aggregates may leave behind rather young
SOC, from microbial biomass and its residues.

For estimating the turnover of bulk SOC and individual organic com-
pounds, C3/C4 vegetation change experiments have been widely used
(Amelung et al., 2008; Balesdent et al., 1998; Schiedung et al., 2017).
Such approaches have mainly been used to study the MRT of C in
aggregate fractions or bulk soil. Yet, information on the small-scale spa-
tial arrangement of young (i.e., C4-derived) and old (i.e., C3-derived)
SOC in soil is still lacking. Hence, it has to our knowledge not been
studied yet whether SOC stored at the interior of microaggregates is
older than SOC stored at the exterior. Novel techniques such as laser
ablation-isotope ratio mass spectrometry (LA-IRMS) allow to zoom
into microscale soil structures and investigate the spatial pattern of
C turnover via 613C analyses (Rodionov et al., 2019), and thus also
along cross-sections of individual macroaggregates (Vergara Sosaet al.,
2021). The technique should thus also be suitable to study small-scale
patterns of §13C within microaggregates in combination with a C3/C4
vegetation change experiment allowing to attribute SOC to its source,
that is, to localize old C3-SOM and young C4-SOM within individual
aggregates. The stable C isotope composition of SOC is driven by two
major mechanisms: mixing of C from different sources such as C3 and
C4 vegetation (Amelung et al., 2008; Balesdent & Mariotti, 1996) and

isotope fractionation mainly caused by preferential metabolization of

“light” molecules during microbial decomposition of SOM (Fernandez
et al,, 2003; Gleixner et al., 1993; Kriger et al., 2023). The latter does
usually not complicate source partitioning approaches when suitable
controls from C3 soil with a similar magnitude of fractionation pro-
cesses exist. Whether this becomes an issue in small-scale approaches
is still uncertain.

Besides the potential of aggregates to stabilize SOC, their quan-
titative relevance for C storage is still in debate. Depending on the
reference soil group under consideration, some studies consider aggre-
gates to be of minor quantitative relevance (e.g., Burger et al., 2023;
Krause et al., 2018), while others fractionate the total soil mass into
several conceptually defined aggregate size classes, implying that their
sum is 100% (Jiang et al., 2011; Shrestha et al., 2004). In this con-
text, and apart from soil texture, a major reason for this knowledge
gap relates to the aggregate fractionation procedure. Most studies
are based on measurements of size fractions obtained after wet- or
dry-sieving with or without additional sonication to release microag-
gregates occluded in macroaggregates (e.g., Jiang et al., 2011; Shrestha
et al,, 2004). However, such fractionation approaches do not isolate
pure aggregates but fractions that additionally contain free POM and
mineral particles (Moni et al., 2012; Poeplau et al., 2018). The presence
of mineral components may lead to an overestimation of the quan-
titative importance of aggregates, especially in cases where no sand
correction has been performed (Elliott et al., 1991). Likewise, the pres-
ence of typically young POM may lead to underestimation of the MRT
of aggregates when 13C measurements are performed on fractions but
not onisolated aggregates.

In this study, we analyzed '3C natural abundance in soil, size
fractions, and therefrom isolated microaggregates following a C3/C4
vegetation change at Rotthalminster, Germany. We also investi-
gated spatial gradients of §13C inside individual microaggregates. We
assumed that microaggregates contain a larger percentage of “old”
SOC than bulk soil or size fractions, that is, SOC originating from
C3 vegetation prior to changes to C4 cropping. Old SOC will be
preferentially allocated at the interior of microaggregates due to phys-
ical protection. The results will provide new insights into aggregate
formation and disruption processes and associated C turnover in soil.

2 | MATERIAL AND METHODS
2.1 | Study site and soil sampling

Soil was collected in December 2015 from the Ap horizon (5-20-cm
depth) of a loess-derived Stagnic Luvisol in Rotthalmiinster (Germany,
48°21'47''N, 13°11'46''E, elevation: 360 m asl), which has been under
continuous maize cropping since 1979, that is, 36 years before sam-
pling. The field trial is in detail described in John et al. (2005) and Flessa
et al. (2008). The soil texture is a silt loam (11% sand, 73% silt, 16%
clay; Flessa et al., 2008). Adjacent soil, which was under C3 vegetation
cropping (wheat since 1969) was taken as control. Five replicates were
collected from randomly selected spots on both sites using soil cylin-

ders with a volume of 3 L and a height of 15 cm. Fresh samples were
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FIGURE 1 Soil fractionation scheme. In this study, we focused on
aggregate size fractions highlighted in gray.

immediately sieved to <8 mm and stored at 4°C until fractionation. We
refer to the C3/C4 vegetation change soil as “C4 soil” and to the control
soil as “C3 soil” throughout the article.

2.2 | Aggregate fractionation

We performed a size fractionation in line with Elliott (1986) as out-
lined in detail in Lobe et al. (2011) and presented in Figure 1. In
brief, 50 g of soil was carefully wetted and slaked for 5 min. An
electrically driven sieve tower, including five sieves (2800, 2000,
500, 250, 53 pym), moved 300 times up and down within 10 min
with a vertical movement of 3 cm. The material remaining on each
sieve was collected, and the remnant was sieved through a 20-
um sieve. The solution that passed the 20-um sieve was collected,
and particles were precipitated by adding MgCl,. Hence, seven
water stable aggregate classes were separated, including macroag-
gregates (8000—2800, 2800—2000, 2000—500, and 500—250 pm)
and free microaggregates (f250—53, f53—20, and <f20-um fraction).
For subsequent fractionation of occluded microaggregates, macroag-
gregates >250 pm were sonicated at an energy output of 60 J
mL~1, and sieving was repeated as described above. In this sec-
ond step, three classes of occluded microaggregates were separated
(0250-53, 053-20, and o < 20-um fraction), though this proce-
dure also yielded some infrequently resisting “stable” macroaggregates
(s8000—2800, s2800—2000, s2000—500, and s500—250 pm). Directly
after aggregate-size fractionation, all aggregate classes were shock-
frozen using liquid nitrogen and freeze-dried for minimizing alterations
of microaggregate properties during drying (Siebers et al., 2018).
According to Siebers et al. (2018), freeze-drying only slightly alters
the morphology of the aggregates but prevents severe decomposition
and re-aggregation processes as observed with other drying methods.
The dried fractions were weighed to quantify their proportion to the
soil.

In this study, we only focus on free and occluded large microaggre-

gates in the size fraction 250-53 pm. The smaller fractions were not

considered, as they were too small for manual isolation, and the larger
fractions were excluded as macroaggregates were not the scope of this
study.

The obtained 250-53 pm fractions (Figure 1) contained besides
aggregates considerable proportions of free minerals and POM
(Figure 2a). Thus, we quantified the weight proportion of 250-53-
sized aggregates in the free and occluded size fraction. Under a
stereomicroscope, such aggregates were easily recognizable by the
typical round or oval shape and dark color (Figure 2b). Additional
investigation using a raster electron microscope confirmed that such
structures are indeed aggregates (Figure 2c). For quantification, we
took 2-4 mg of the 250-53 um size fraction (both free and occluded),
isolated all identifiable microaggregates contained therein, and
weighed their amount. Aggregates were isolated from the size fraction
using tweezers and referred to as isolated aggregates in this study. We
acknowledge that our approach excludes other types of aggregates
that may exist in soil, for example, sand grains with organic coatings.
Yet, we decided to focus on such ideotypes of aggregates that are
composed of a complexity of various binding units according to estab-
lished theories on aggregate formation (summarized in Totsche et al.,
2018).

2.3 | Bulk soil, soil fraction, and microaggregate C
and 513C composition

We measured C content and §13C in bulk soil, free and occluded
aggregate size fractions (250-53 pm), and composite samples of
isolated free and occluded aggregates. Size fractions and bulk soil
samples were milled before measurement. Isolated aggregate samples
were not milled to avoid material loss and contamination. C content
and 613C were measured with elemental analysis isotope ratio mass
spectrometry (EA-IRMS) using a Delta S isotope ratio mass spectrom-
eter (Finnigan MAT) coupled to an NA 1108 Elemental analyser (CE
Instruments) via a ConFlo Il interface (Finnigan MAT).

24 | LA-IRMS

LA-IRMS was used to investigate the small-scale variability of §13C
within individual aggregates. We used manually isolated aggregates
(see Section 2.2.) from the occluded 250-53 um size fraction for this
purpose. As LA-IRMS is very time-consuming, we performed such mea-
surements only for the occluded aggregates and for three out of five
samples from C3 and C4 soil. A small number of occluded aggregates
per sample was embedded in water glass (liquid silica gel, reagent
grade, Sigma-Aldrich) within a self-made teflon (PTFE) plate with cylin-
drical cavities of 1.5-mm depths and a diameter of 0.5 cm (Vergara Sosa
et al,, 2021). The water glass with embedded aggregates was dried at
60°C. Afterward, samples were collected from the PTFE cavities, sta-
bilized in a ceramic ring, and polished using SiC abrasive paper (P1000,
Buehler) to obtain cross-sections through aggregates (Figure 2d). Each
sample contained three to four polished aggregates. Thus, we analyzed
11individual aggregates from C4 soil and nine aggregates from C3 soil.
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FIGURE 2 Aggregate isolation procedure, (a)
after wet-sieving and ultrasound treatment of soil
size fractions, (b) after isolation of hand-picked
aggregates, (c) raster electron microscopy to
confirm that the isolated structures are indeed
aggregates (picture taken by N. Siebers; POM =
particulate organic matter), (d) example for laser
ablation-isotope ratio mass spectrometry
measurements within one of the 20 measured
aggregates. Sampling spots (20 um) are indicated as
red circles. The letter “E” indicates measurement
spots that have been selected as exterior locations.
Measurement spots free of soil organic carbon are
not presented.
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Cross sections were cleaned from abraded water glass using a brush
and compressed air.

On each aggregate cross-section, 10—12 spots of 20-um diameter
were chosen for LA-IRMS measurements, half of them being located
at the exterior of the aggregate and half of them at the interior (225
measurements in total, see Figure 2d for an example; all aggregates
are presented in the Supporting Information Figure S1). Exterior was
defined as the outer 20 um of the cross-section, and interior locations
had a distance of at least 20 um to the surface. As some spots were free
of C, thatis, there was no difference in the peak area in comparison with
the blank, the actually presented number of measurements was slightly
lower (176 measurements).

For LA-IRMS measurements, we used a Teledyne LSX-213G2+ solid
state Nd:YAG laser system (Teledyne LSX-213G2+, CETAC) coupled to
a 900°C combustion oven, followed by two cryo-traps and a nafion trap
for water (modified PreCon system) and an IRMS DeltaVplus with a
ConFlolV interface (all from Thermo-Fisher Scientific; Rodionov et al.,
2019).

The ablations were produced with spots of 20-pum size and 40 shots
in 0.4-mL cell volume. Interferences by embedding (silica gel) were
checked by sampling in the cell of the LA-IRMS system together with
acryl as reference material (Rodionov et al., 2019). As reference, the
in-house acryl standard was used (C content 60%; density 1.19 g cm?;
883Cacryl = —29.75 + 0.06%,, relative to Vienna Peedee Belemnite
(VPDB) using EA-IRMS). The CO, background in the sample cell was
at 10.8 + 0.4 mV, and the acryl reference was at —29.75 + 0.20%o.

A blank correction for isotope ratio measurement with small
amounts of samples can be performed by regression or by subtraction
(Ohlsson, 2013; Werner & Brand, 2001) and calculated as described by
Werner et al. (1999) and Equation (1), where A is the area of the m/z 44

-15.32%0
100 pm
peak.
(8%3CrotaX Atotal = 8 CplankX Aplank)
Fikle _ ota ota an ank/ 1)
sample (Atotal - Ablank)
2.5 | MRT calculation for SOC

To calculate MRT of SOC (in bulk soil, aggregate size fraction, isolated
aggregates), we first calculated the proportion of newly incorporated
C4-C based on Equation (2) where 8gzmple is the 513C of the sample
(bulk soil, isolated aggregates, or size fraction), S.ontrol is the 13C of the
respective C3 control, and 8,z is the average §13C of maize, which

was assumed to be 12.2 according to Schiedung et al. (2017).
Pmportion Of C4 — derived C (%) = (5sample - 5c0ntro|)/(5maize - 5control)
x100.

(2)

The proportion of C3-derived C was calculated by subtracting the
proportion of C4-derived C from 100.

Subsequently, the rate constant of first-order decay (k) was calcu-
lated according to Equation (3), where t is the year of sampling, tO is
the year where vegetation change from C3 to C4 was initiated, C; is the
remaining proportion of C3-C at the time of sampling (%), and Cq the
proportion of C3-C at t0 (100%) for a simple 1-pool mixing model (Der-
rien & Amelung, 2011). The MRT was then calculated with Equation (3):

MRT =1/k = — (t —t0) / In(C;/Cyo) - (3)
2.6 | Statistics
We used analysis of variance (ANOVA) to investigate differences

between fractions (i.e., size fraction, isolated aggregates, bulk soil) with

sample ID (i.e, field replicate) as a block effect. ANOVA was carried
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TABLE 1 Quantity, C content, and mean residence time (MRT) of bulk soil, aggregate size fractions, and isolated aggregates (n = 5 each).

Proportion to bulk soil (%)

Proportion to size fraction (%) C (%)

MRT of C in C4 soil (years)

C3 Bulk soil 1.22 +0.062
Occluded size fraction 8.33+1.72 0.84+0.18°
Isolated occluded aggr. 0.39 +0.06 4.84 +1.04 1.00 +0.49°
Free size fraction 4.06 +1.33 1.65+0.192
Isolated free aggregates 0.11+0.05 2.73+0.33 0.88+0.19°

C4 Bulk soil 1.15+0.072 57.8 +5.0%
Occluded size fraction 557 +0.55 1.63+0.057 35.4+5.3°
Isolated occluded aggr. 0.19 +0.05 3.40+0.56 1.90 +£0.66 62.3 +25.6%
Free size fraction 508+ 123 1.84+0.172 35.7 +2.4°
Isolated free aggregates 0.21+0.03 4.23+0.84 1.60 +0.51? 105.0 + 62.12

Note: Within each soil (C3, C4), different letters indicate significant differences (p < 0.05).

out separately for the three parameters of interest (C, MRT, and §13C)
and for each site (C3 and C4). The latter was necessary as a com-
parison between the two sites was not the scope of this study and
because MRT could only be calculated for C4 soil. To investigate dif-
ferences in §13C between interior and exterior locations of aggregates,
ANOVA was performed for C3 and C4 soil separately with aggregate
ID as block effect. Residuals were checked for normal distribution (p
> 0.001) using the Shapiro test and for variance homogeneity with
Levene’s test. Tukey’s post hoc test was used to investigate significant
differences between fractions. Statistics were conducted in R (R Core
Team, 2022).

3 | RESULTS

3.1 | Quantity and C content of aggregate
fractions and isolated aggregates

The size fraction 250-53 pm had a weight contribution of 10%—14%
to bulk soil, of which 40% on average occurred in the free fraction
and 60% was occluded in macroaggregates (Table 1). Investigating the
size fractions under a stereomicroscope revealed the presence of min-
eral particles, free POM, and aggregates (Figure 2a). Across both sites
(C3 and C4 soil), the average proportion of isolated aggregates to the
size fraction was 4.1% + 1.1% for occluded fractions and 3.5 + 0.9 for
free fractions. As a result, the proportion of occluded isolated aggre-
gates (53-250 um) to bulk soil was 0.29% + 0.11% and that of free
aggregates was 0.16% + 0.06% (Table 1).

The C content of isolated occluded aggregates was, on average,
higher than that of the respective size fraction, both in C3 and C4
soil. In contrast, the C content of isolated free aggregates was lower
than that of the respective size fraction, both in C3 and C4 soil.
Occluded aggregates had higher C contents than free aggregates.
Yet, given large variations, these differences were not significant
(Table 1).
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FIGURE 3 §3C of bulk soil, size fraction, and isolated aggregates
in C4 soil and C3 soil. The gray solid line indicates the expected §13C of
pure wheat litter (C3) and the dashed gray line the expected §13C of
pure maize litter (C4) according to John et al. (2005). All boxes are
based onn =5 samples.

3.2 | Bulk composition of §13C in soil, size
fractions, and soil aggregates and MRT of SOC

EA-IRMS measurements were conducted on homogenized bulk soil
samples, size fractions, and isolated microaggregates from soil under
C3 and soil under C3/C4 vegetation change.

In both C3 and C4 soil, the §13C values of isolated aggregates were
less negative than those of the respective size fraction (Figure 3), with
significant differences between isolated occluded aggregates and the
occluded size fraction. Also, the free fraction and the isolated free
aggregates had significantly more negative §13C values than occluded

fractions and isolated occluded aggregates, respectively.
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FIGURE 4 Range of 613C values in individual occluded microaggregates of (a) C4 soil and (b) C3 soil. Each box represents one individual
aggregate. Aggregates are ordered according to their median §13C value. The number above the box indicates the total number of measurements
within the aggregate. (c) Comparison of 613C between interior and exterior across all measured aggregates.

Using a 1-pool isotope mixing model using C3 and C4 plants as end
members allowed for an estimation of MRT. It was considerably longer
for the SOC of isolated aggregates than for the overall size fraction
and the bulk soil (Table 1), suggesting that isolated microaggregates
include primarily older, C3-derived SOC. This applied especially to free
aggregates where differences between isolated aggregates and the
respective size fraction were significant. SOC in occluded aggregates
revealed only marginally and insignificantly longer residence times

than in bulk soil.

3.3 | Microscale patterns of SOC turnover in soil
microaggregates

The SOC turnover mechanisms were depicted from spatial microscale
LA-IRMS analyses on isolated soil aggregates. The variability of 613C
values within and also between individual aggregates was consider-
able, both in C4 (Figure 4a) and C3 soil (Figure 4b). There was no
significant difference between C3 and C4 soil (p = 0.41). Also, there
was no significant difference between the interior and exterior of

aggregates (p = 0.46).

4 | DISCUSSION

4.1 | Recovery of “old” C3 material and “young” C4
material in bulk soil, size fractions, and isolated
microaggregates after C3/C4 vegetation change

The bulk soil under maize was significantly more enriched in 13C than

the soil under C3 vegetation, indicating a contribution of C4-derived

material to SOM. Based on this, the calculated MRT of SOC in bulk
soil was with 58 years in the range reported previously by Flessa et al.
(2008) and John et al. (2005) for the respective field site. In the 250-
53 um occluded and free size fractions, this contribution of C4 material
was considerably larger, evidenced by a less negative §13C value and
thus resulting in lower calculated MRT, likely reflecting a considerable
proportion of POM with rather short residence time in these size frac-
tions (Besnard et al., 1996; Franzluebbers & Arshad, 1997; Figure 2a).
Also, Poeplau et al. (2018) confirmed that POM is largely though not
exclusively composed of C4-derived SOC at the same field site. Using
a similar fractionation approach, John et al. (2005) calculated the MRT
of the free 250-53 um aggregate size fraction at the same field site and
came toslightly longer MRTs of 60 years, which was comparable to bulk
soil.

When aggregates were isolated from the size fractions, free POM
was excluded. And indeed, isolated aggregates were significantly less
enriched in 13C than the respective size fraction, that is, they revealed
more negative 513C values. This may point to a larger contribution of
“old” C3 material to total carbon in isolated aggregates in comparison
with size fractions. As a result, the MRT of SOC was longer in isolated
aggregates than in the respective size fraction. The MRT of SOC in
isolated aggregates also exceeded that of bulk soil, especially in the
case of free aggregates. This seems to support earlier suggestions
(Ladd et al., 1993) that microaggregation is an important physical
stabilization mechanism for SOC. Yet, the proportion of isolated
aggregates in size fractions was small (2.7%—4.8%). Considering that
the size fraction 250-53 pm had already a small contribution to bulk
soil in the here studied soil, the therefrom isolated aggregates had
a negligible quantitative importance to bulk soil (0.1%—0.4%). As a
result, microaggregates as those isolated in our study likely also have

aminor impact on the bulk soil's MRT.
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Surprisingly, isolated free aggregates were less enriched in 13C than
isolated occluded aggregates. Hence, they seem to contain a larger
proportion of “old” C3 material in comparison with isolated occluded
aggregates. This questions the concept that macroaggregates increase
the stability of occluded microaggregates (Six et al., 2004). The find-
ing that SOC in occluded aggregates is not necessarily more protected
than SOC in free aggregates appears reasonable as Plante et al. (2002)
reported an MRT of SOC in macroaggregates ranging from 4 to 95
days. Puget et al. (2000) estimated that stable macroaggregates per-
sist for a few years, pointing to high dynamics and little addition to
the long-term protection of SOC by macroaggregates. Still, the fast
turnover of macroaggregates does not explain our finding that isolated
free aggregates contain even more of the old C3 material than isolated
occluded aggregates. As macroaggregates form especially in the pres-
ence of roots (Amelung et al., 2023; Tisdall & Oades, 1982), they may be
located in hot spots of microbial activity. This is also evidenced by larger
C concentrations in isolated occluded than isolated free aggregates.
Also, the §13C signature in C3 soil, where isolated occluded aggregates
had less negative §13C values than isolated free aggregates, may point
to a larger contribution of microbial-derived C in isolated occluded
aggregates, which usually shows less negative §13C values than plant-
derived C (Klink et al., 2022). As microbial activity fosters aggregate
formation and stability (Abiven et al., 2007; Forster, 1990) but possi-
bly also disruption, hot spots such as macroaggregates may therefore

harbor comparatively young microaggregates.

4.2 | Small-scale patterns of §13C within individual
microaggregates

When zooming into §13C patterns within individual aggregates, we
expected that SOM located inside aggregates is older than that at
the exterior. This may be the result of two processes: First, aggre-
gates may form concentrically around a nucleus resulting in older
SOC located at the interior. Second, microbes likely decompose SOM
more rapidly at the exterior than the interior, given that inner aggre-
gate pores are small and oxygen diffusion is likely limited (Amelung
et al., 2002). This may result in a larger contribution of rather young
microbial-derived C at the exterior. After C3/C4 change, older SOM
in the interior may be indicated by a larger proportion of C3-derived
SOM, compared with the aggregate’s surface. In long-term C3 soil,
this may be indicated by less negative §13C values at the exterior,
compared with the interior, as microbial degradation, which is likely
restricted inside an aggregate, is usually associated with 13C enrich-
ment (Gleixner et al., 1993; Menichetti et al., 2015). However, we did
not find any significant differences in 613C values between interior
and exterior locations in microaggregates, neither in C3 soil nor after
C3/C4 vegetation change. Two processes may explain such findings.
First, aggregates may repeatedly be disrupted and formed in soil (Six
et al.,, 2000) and consequently do not exist in intact form for a long time.
Such disruption and reformation may involve an entire breakdown and
reformation or a partial reformation of subsections of microaggre-

gates following temporal sequences of their formation, stabilization,

and turnover (Amelung et al., 2023; Schweizer et al., 2018; Vogel et al.,
2014). This would obscure a systematically enhanced SOM turnover at
the microaggregate exterior and result in a highly variable but unsys-
tematic pattern as is the case in our study. Second, aggregates form at
a distinct time point and are, as a whole, disconnected from microbial
decay, that is, no spatial zonation develops. As the MRT of occluded
aggregates was only marginally older than that of bulk soil and because
we did not find an aggregate that consisted exclusively of “old” C3-
derived SOC, we think that the first explanation is more likely. This
leads to the conclusion that microaggregates do not persist in an intact
form in such a long term that systematic differences in §13C patterns
between exterior and interior parts can develop.

We also expected to find aggregates that contained only C3 mate-
rial, that is, that formed before the vegetation change and were at least
36 years old. However, the variability of 13C values within individual
aggregates was huge (Figure 4). On the one hand, we have to acknowl-
edge that we only investigated 11 individual C4 aggregates, and some
of them were so poor in C that only few locations could be character-
ized for natural 13C abundance (for exact numbers, see Figure 4). Yet,
at least we failed to detect aggregates that refrained from participating
in SOC cycling during the last three decades. This, again, may indicate
that microaggregates do not persist in an intact form in the long term,
although this conclusion certainly needs to be considered with caution

given the comparatively small number of measured aggregates.

4.3 | Limitation of carbon turnover time
assessment on the microscale

Our interpretations of §13C variability in Section 4.2 require that the
concept of source partitioning is valid on such a small spatial scale,
that is, that simple isotope mixing between C3 and C4 plant-derived
SOM can be applied to calculate MRT or to make assumptions about
the source of SOM. Yet, differences in §13C values among individual
SOM constituents (Amelung et al., 2008), the Suess effect (Friedli et al.,
1986), microbial C fractionation processes (Werth & Kuzyakov, 2010),
and preferential microbial utilization of substrates with different §13C
signature (Blagodatskaya et al., 2011) may additionally contribute to
variations of the §13C signal within a given microaggregate (for arecent
review on the controls of §13C in soil, see Kriger et al., 2023). In princi-
ple, all these variations would average out if the same processes had a
similar contribution in all 20-um spots. In this case, differences in §13C
between spots would result from different sources, that is, C3- or C4-
derived SOM, which represents the basis for the source partitioning
concept in larger scale approaches. Our spot size of 20 um exceeds
the size of many biological entities and mineral structures (Lehmann
et al., 2008). Hence, the signal represents an average of diverse pro-
cesses but those likely have a variable contribution to each spot. The
large variability in C3 aggregates with only C3-derived SOM as carbon
input demonstrates that small-scale variations in §13C at microaggre-
gate level are largely driven by different decomposition stages of SOM
or biological entities rather than solely by the primary (vegetation)

source of C. Furthermore, the compositional spatial arrangement of
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individual soil microaggregates and thus likely also their stable C iso-
tope pattern have been found to be not reproducible (Lehndorff et al.,
2021). Consequently, respective 20-um spots within aggregates from
C3 soil cannot necessarily be considered as a control for similar spots
in C4 microaggregates. We conclude, therefore, that source partition-
ing and isotope mixing between C3 and C4 plant material for MRT
calculation can only be applied when homogeneous background vari-
ations exist as it is likely the case in our homogenized bulk soil samples,
composite samples of size fractions, and composite samples of iso-
lated aggregates. Yet, it does not exist in microscale resolution, thus
significantly affecting the accuracy of the in soil science established
method for MRT assessment at the microscale. Interpretations based
on micro-spatial variability of §13C inside microaggregates thus require
an update of source mixing models toward microbial process under-
standing and likely a deviation from simple 1-pool concepts as already
indicated by Derrien and Amelung (2011) and Klink et al. (2022).
When comparing microscale results (LA-IRMS) with those obtained
from composite samples of isolated aggregates (EA-IRMS), we found an
immense offset in §13C. The most surprising finding in this context was
that §13C values of isolated C3 aggregates differed significantly from
C4 aggregates when composite samples of several isolated aggregates
were measured (Figure 3) but not when small spots of 20 pm within
individual aggregates were measured (Figure 4). Especially aggregates
from C3 soil were found to be more 13C-enriched when small spots
were measured with LA-IRMS in comparison with composite samples
measured with EA-IRMS. We suspect that the small-scale measure-
ments within individual aggregates do not necessarily reflect the mean
§13C of entire aggregates because what we most often shoot at with
the LA-IRMS is not necessarily the SOC that dominates the total C
and total §13C of the aggregate. Spots with high C content, such as
occluded POM, may quantitatively dominate the mean §13C when com-
posite samples of isolated aggregates are measured. Yet, those cover
only a small area of an aggregate cross-section (Lehndorff et al., 2021)
and are therefore only eventually hit by the laser beam. Hence, it is
more likely that LA-IRMS measurements are conducted at locations
free of POM, that is, at locations where C-poor materials dominate that
are quantitatively not relevant for the aggregates mean §13C despite
a large spatial coverage. With clay minerals being an important build-
ing unit of aggregates (Totsche et al., 2018), such C-poor materials
could be mineral-associated organic matter, which has been found to
be dominated by microbial residues (e.g., Klink et al., 2022). These
mineral-associated microbial residues were reported to be enriched in
s13Cin comparison with bulk soil and POM (Klink et al., 2022; Kohl
et al,, 2015). For instance, saprotrophic fungi contributed with a 613C
value of —22%. to a bulk soil having a §13C of —26.5%., while POM
was with §13C of —27.5%. even more depleted in 13C (Klink et al.,
2022). The order of magnitude between these reported 613C values
is similar to the observed offset between the composite and the spa-
tially resolved approach for §13C analyses used in our study. We think
that this mismatch between measured §13C at small spots and §13C
of complete aggregates highlights a new challenge that is needed to
address for understanding the source and turnover time of OM in soil

aggregates.

5 | CONCLUSION

Isolated aggregates stored older SOM than size fractions and bulk
soil. Yet, they had a small quantitative contribution to bulk soil. Also,
we failed to detect systematic gradients in natural 13C abundance
between aggregate exterior and interior. Hence, our data question a
radial formation and disruption of aggregates with SOC being espe-
cially protected in their interior. Our data rather point to a regular
formation and disruption of aggregates, which does not occur concen-
trically but because of coagulation and breaking up of primary building
blocks.

The large and random spatial variability of §13C values across and
within aggregates challenges the applicability of the simple concept
for source partitioning at the microscale. Microbial transformation
and decay rather than source mixing seem to dominate the small-
scale distribution of 613C. The assessment of stable C isotope ratios
in undisturbed microstructures will be valuable to study C exchange
and turnover processes in biological tissues such as plants, in organo-
mineral associations in different environments, and in temporal or
environmental gradients such as microscale accumulation layers or
environmental interfaces such as between root and soil. As a next
step toward SOC turnover understanding, we propose to gain a sys-
tematic overview about small-scale C isotope ratios of plant residues
and microbial residues to relate the observed heterogeneity to pro-
cesses. This will certainly include the involvement of higher-resolution
techniques and environmental microbiology. Finally, our results warn
against drawing conclusions about aggregate dynamics based on size
fractions, as those contain besides a small proportion of aggregates
especially free POM and mineral particles that may dominate the
outcome.
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