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Abstract

Stable soils provide valuable ecosystem services and mechanical soil stability is enhanced by the presence of arbuscular
mycorrhizal fungi (AMF). Soil aggregation, which is the major driver of mechanical soil stability, is often treated as a static
phenomenon, even though aggregate turnover is continually ongoing. In fact, some breakdown of macroaggregates is
necessary to allow new aggregate formation and inclusion of new organic matter into microaggregates. We determined how
aggregate turnover times were affected by AMF by tracking movement of rare earth elements (REE), applied as their
immobile oxides, between aggregate size classes, and using X-ray fluorescence microscopy to spatially localize REEs in a
sample of aggregates. Here we show that AMF increased large macroaggregate formation and slowed down disintegration of
large and small macroaggregates. Microaggregate turnover was increased in the presence of AMF. Internal aggregate
organization suggested that although formation of microaggregates by accretion of soil to particulate organic matter is

common, it is not the only mechanism in operation.
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Introduction

Soil structure is a crucial ecosystem service important for
maintaining soil porosity, gas exchange, water infiltration,
erosion resistance, and carbon sequestration [1-6]. Soil
aggregates, clusters of soil particles that adhere to each
other more strongly than to surrounding particles, are one
component of soil structure. Microbial activity is limited
within the aggregates, allowing 0.4—1.2 Pg carbon to be
sequestered globally each year in soil aggregates [2, 7-9].

Though often assessed as a static phenomenon, soil
aggregates are constantly formed and degraded at temporal
scales that can be as short as a few weeks [10]. Aggregate
turnover times have important consequences for carbon
sequestration by soils because the incorporation of carbon
into aggregates protects it from being quickly released as
CO, into the atmosphere by mineralization [6]. Aggregate
formation is hypothesized to occur as follows. In soils
containing organic matter, macroaggregates (>250 pm dia-
meter) appear as primary particles (<53 um diameter) held
together by transient binding agents such as roots, hyphae,
and polysaccharides. Microaggregates (53-250 um dia-
meter) form within macroaggregates (or freely) when tran-
sient binding agents become encrusted with clays, limiting
access to organic matter within the microaggregate and
slowing further decomposition [6, 11]. As transient binding
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agents decompose, or if a disturbance occurs, micro-
aggregates are released and slowly break down to primary
particles [4, 12].

This process is dynamic, and some breakdown of mac-
roaggregates is necessary to allow inclusion of incoming
labile organic matter into new microaggregates [13] and
macroaggregates [14]. Soils with extremely long aggregate
turnover times sequester little new carbon but stabilize the
carbon in their interior for long times, while extremely
short turnover times can potentially sequester a lot of new
carbon but could also reduce overall soil stability if
aggregates are not regenerated at the same rate that they
degrade [12]. If a management change aims at increasing
carbon sequestration, aggregate turnover times somewhere
in between these extremes might be desirable to maintain
soil stability and sequester new carbon, while also seeing
improvements in other ecosystem services associated with
soil stability.

Biotic factors play a key role in soil stability, and fungal
hyphae, especially those produced by arbuscular mycor-
rhizal fungi (AMF), are among the most important factors
affecting long-term soil aggregation [5, 15-22]. Much of
the aggregating capacity of fungi is attributed to their fila-
mentous growth habit giving the ability to enmesh particles
in soil [5, 23]. We therefore expect AMF to be especially
important for macroaggregate formation, but to not have a
direct impact on microaggregate turnover dynamics since
microaggregate dynamics are hypothesized to be much less
affected by plant and fungal enmeshing.

Here we use rare earth elements (REE) as tracers to
quantify the turnover of aggregates in a selected arable soil
deemed representative for large parts of Central European
arable soils with and without AMF [24-26], along with X-
ray fluorescence microscopy [27, 28] to localize REEs and
other elements within select aggregates. We prepared REE-
labeled soil with each of four size classes labeled with a
different REE (added as oxides), and reassembled those
four labeled size classes into a highly aggregated composite
soil so that we could track aggregate turnover dynamics. We
then incubated that soil, in hyphal in-growth cores that
prevented access by plant roots, with and without AMF (N
=3) in pots with Plantago lanceolata for 5 weeks, a time
period expected to allow for both growth of AMF hyphae
throughout soil [29] and for observation of initial turnover
events [26]. After harvesting and sieving soil into four size
classes we digested samples with strong acids and used
ICP-MS to quantify REEs in each size class, and then
calculated turnover between the four size classes, and
combined that with high resolution maps of internal
aggregate structure obtained at the Advanced Photon
Source at Argonne National Laboratory to compare theo-
retical predictions of mechanisms of aggregate formation
and structure [4, 30].
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AMF stabilize large macroaggregates

Large macroaggregates were more abundant in the presence
of AMF while microaggregates and primary particles
declined (Supplementary Table 1, Fig. 1a). Small macro-
aggregates made up about 15% of the total soil mass in both
treatments, and were not affected by AMF presence.

Without AMF, about a quarter of each of the three
smallest size classes was incorporated into large macro-
aggregates during the 5-week incubation period, while
about half of the macroaggregates present at the start of the
experiment broke down during the experiment (Table 1,
Supplementary Table 2, Fig. 1b). With AMF, just over half
of each of the three smallest size classes was incorporated
into large macroaggregates during the experiment, while
only 27% of the existing large macroaggregates broke down
during the course of the experiment. Overall, pathways
creating large macroaggregates were about twice as active
with AMF than without, while those degrading large mac-
roaggregates were only half as active with AMF than
without, emphasizing the stabilizing effect of AMF on large
macroaggregates.

Aggregate turnover

We observed the longest turnover times in the largest
aggregates especially if AMF were present, while other
studies reporting aggregate turnover times in various
aggregate classes have all observed the longest aggregate
turnover times in the smallest aggregates [24, 26, 31]. The
soils used in the earlier studies may have contained saprobic
fungi and bacteria, but they did not contain plant roots or
AMF, and it is not surprising that macroaggregates were
less stable without the presence of such key factors in
macroaggregate formation and stabilization. The stabilizing
effect of AMF on macroaggregates is apparent in the longer
turnover times of macroaggregates seen in our study, a
phenomenon predicted elsewhere [12]. Plant roots and
fungal hyphae together have a greater aggregating effect
than fungal hyphae alone [15, 32], and our experimental soil
only contained hyphae. Our results, therefore, probably
underestimate the potential of roots and hyphae to con-
tribute to macroaggregate formation and stabilization, and
therefore underestimate the potential for C stabilization in
microaggregates.

AMF likely contribute to carbon stabilization primarily
by increasing the stability of macroaggregates. This would
allow for direct carbon stabilization within macro-
aggregates, and for enhanced production of micro-
aggregates which would stabilize more carbon [6]. We did
not observe a direct stabilization effect of AMF on micro-
aggregates, but many microaggregates likely form within
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Fig. 1 Aggregate size class distributions (a) and transformation path-
ways, percentage of the original size class that is transformed into the
new size class (b) (mean+SE, N=23) in soils incubated with or
without AMF for five weeks. L Ma—Ilarge macroaggregates (1-2
mm), S Ma—small macroaggregates (212-1000pm), Mi—

microaggregates (53-212 ym), P—primary particles (<53 um). a Initial
—Size class distribution before treatments were applied. b Solid lines
indicate significant differences between soils with and without AMF,
while dashed lines indicated nonsignificant differences. Line thickness
represents magnitude of the transformation pathway

Table 1 Data and statistical
analysis of the effects of AMF
on aggregate turnover times

Turnover time

Without AMF (d)  With AMF(d) Fdf=14) p

(Mean + SE) (Mean + SE)
Large macroaggregates (1-4 mm) 7610 139+20 7.9 0.0485
Small macroaggregates (0.212-1 mm)  46+1.2 46+1.0 0.2 0.6785
Microaggregates (53—-212 pm) 63+1.6 49 +0.94 58 0.0016
Particles (<53 um) 47+1.2 37+0.20 56 0.0017

AMF arbuscular mycorrhizal fungi

macroaggregates [4], and the short time course of our
experiment was selected to capture initial transformation
events (i.e., particles into macroaggregates or macro-
aggregates into microaggregates), so from our data we
cannot shed light on longer term transformation events. The
faster turnover of macroaggregates seen without AMF
suggests that fewer microaggregates will be formed within
the macroaggregates in those soils, and that less C will be
stabilized in soils without AMF [9, 33, 34].

Aggregate spatial structure

The X-ray fluorescence data provided qualitative snapshots
of eight aggregate thin sections at the end of the 5-week
REE incubation period (Fig. 2, Supplementary Figures 1-8).
We were only able to examine a small number of aggregates
due to the time-consuming nature of the technique, so X-ray
fluorescence data were used to provide insight into
mechanisms operating during aggregate turnover of the
same soil samples that were precisely quantified using ICP-
MS data. At the start of the experiment, large macro-
aggregates were labeled with gadolinium (Gd), small
macroaggregates were labeled with samarium (Sm), micro-
aggregates were labeled with neodymium (Nd), and primary

particles were labeled with lanthanum (La). Based on REE
distribution in the thin sections, we were able to identify
which size classes each part of each aggregate originated
from. For example, soil clumps containing Gd must have
originated from the large macroaggregates that were labeled
with Gd at the start of incubation.

The X-ray fluorescence data indicated that the small
macroaggregate incubated with AMF remained intact
throughout the incubation period (Fig. 2—Agg D). Of the
three microaggregates incubated with AMF, two were
fragments of small macroaggregates (Fig. 2—Aggs A, C)
and one of these (Agg A) contained a V-shaped cavity
(Supplementary Figure 9a) that did not contain any of the
other elements that we could detect using X-ray fluores-
cence (Si, P, S, Cl, Ar, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu,
Zn, REEs; Supplementary Figure 1). Since organic matter
would contain many of these elements it is likely that the
cavity is a true void. The third microaggregate incubated
with AMF was formed from primary particles during
incubation while incorporating bits of fully broken down
small macroaggregates (Fig. 2—Agg B).

Based on the X-ray fluorescence data, the small macro-
aggregate incubated without AMF formed from fragments
of small macroaggregates and microaggregates and con-
tained a void that was filled with primary particles during
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Microaggregates (53 — 212 ym)

Small Macroaggregates (212 — 1000 pm)

with AMF

without AMF

Fig. 2 X-ray fluorescence data for a sample of aggregates. Images
show locations of five elements in each aggregate thin section. Each
pixel, the finest unit of resolution during microscopy, is drawn with
only one color representing either a sand grain if present, or the most
abundant REE in that pixel. Sand grains are seen as Si—black. At the

incubation (Figs. 2, 3—Agg H). The three microaggregates
incubated without AMF demonstrated the same three for-
mation mechanisms observed in soils with AMF. Two
microaggregates were fragments of small macroaggregates
(Fig. 2—Aggs E, G), and one of those contained a void that
was filled with primary particles during incubation (Agg G).
We also observed a fragment of a microaggregate
(Fig. 2—near Agg E) and a soil encrusted triangular void
that was either a fragment of small macroaggregate or
encrusted with soil from broken down small macro-
aggregates (Fig. 2—near Agg E). The final microaggregate
incubated without AMF was likely formed by accretion of
primary particles and broken down small macroaggregates
onto concave shells remaining after fracturing of a small

SPRINGER NATURE

start of the experiment large macroaggregates were labeled with Nd—
yellow, small macroaggregates were labeled with Sm—blue, micro-
aggregates were labeled with Gd—magenta, and primary particles
were labeled with La—cyan

macroaggregate along internal voids (Figs. 2, 3—Agg F,
Supplementary Figure 9).

Macroaggregates are expected to benefit more from the
presence of AMF than do microaggregates [5, 16], so it is
not surprising that the microaggregates observed were
similar regardless of whether they were incubated with or
without AMF.

We observed voids, which although empty at the end of
the experiment, may have originally been filled with organic
matter as predicted by Tisdall [30]. She suggested that
microaggregates would consist of plant or fungal fragments
surrounded by soil crusts (>100 um), or be empty after the
organic matter centers had degraded (<90 um). In contrast,
Vogel showed that organic matter preferentially binds to
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Fig. 3 Proposed aggregate formation mechanisms. Si—black, Sm—
blue, Nd—yellow, La—cyan. Aggregate H. Step 1: On the left one
existing small macroaggregate, or a fragment of one, contains six sand
grains. On the right a fragment of a small macroaggregate contains a
void that is filled with La-labeled primary particles and a K-containing
substance (red arrowhead). Step 2: Fragments of Nd-labeled micro-
aggregates fuse to existing Sm-labeled soil. Step 3: The two Sm-

other organic matter, even on aggregate surfaces [35]. We
could not visualize C with our X-ray fluorescence techni-
que, but we observed aggregates with voids matching Tis-
dall’s description (A, E, G; Fig. 2), and some without voids
matching the description of Vogel et al. (B, C, E, F; Fig. 2).
Our soil aggregates formed initially in soils without plants
and fungal hyphae, so large organic structures (e.g., roots
and fungi) were not abundant, but we did add chopped
Festuca leaves at the start of aggregate formation, so there
was particulate organic matter for microaggregates to form
around.

Conclusions

AMF increase stability of soil macroaggregates, a key
contributing factor to the many ecosystem services provided
by AMF (e.g., carbon sequestration, gas exchange, water
infiltration, and erosion resistance). The presence of plant
roots, soil type, moisture, and organic matter content
also impact the percent of aggregated soil in a sample
[15, 36, 37], and likely also turnover times, but monitoring
effects of such factors was outside the scope of this work.
AMF consistently enhance soil aggregation across soil
types [5], so it is likely that the AMF effects on aggregate
turnover that we identified are also consistent across soil
types, although absolute turnover rates likely vary with
other abiotic and biotic factors.

Among the aggregates that we visualized with an ele-
ment sensitive imaging technique, it was clear that one

labeled aggregates fuse. Step 4: Gaps created during fusion fill with
La-labeled primary particles (red arrowheads). Aggregate F. Step 1:
Existing small macroaggregates have internal voids (red arrowheads).
Step 2: Those small macroaggregates fracture along void edges,
leaving two concave edges. Step 3: Accretion of primary particles and
degraded larger aggregates to concave edges forms new small
macroaggregates

mechanism of aggregate formation was not dominant. In
fact, we observed the same variety of spatial arrangements
of microaggregates and small macroaggregates regardless of
AMF treatment. This reinforces the view that AMF are
more important for large macroaggregate formation and
stability.

Methods
Experimental design

We grew P. lanceolata L. in steamed topsoil (60 °C for 30
min), collected from the agricultural experimental station of
the Humboldt University in the metropolitan area of Berlin.
The soil, an Albic Luvisol [38], had the following proper-
ties: 73.6% sand, 18.8% silt, 7.6% clay; pH 7.1 (CaCl,);
1.87% C (total); C/N—15.58 (analyses conducted by LUFA
Rostock Agricultural Analysis and Research Institute,
Germany; and on a Euro EA C/N analyzer, HEKAtech
GmbH, Wegberg, Germany). Plants were grown in 2-L
pots, each containing a 5cm diameter hyphal in-growth
core (HIGC) prepared by wrapping a plastic filter cylinder
with 30 um mesh (Sefar Nitex 03-30/18, Sefar GmbH,
Edling, Germany) that would contain a sample of REE-
amended soil that could not be accessed by plant roots. This
allowed us to focus on effects of AMF, which produce
hyphae fine enough to easily enter the HIGCs. Ten pots
were set up, five with AMF and five without. Two of the
five replicates in the treatment with AMF were eventually

SPRINGER NATURE



1644

E. K. Morris et al.

excluded because they had very low levels of colonization,
leaving N =3. Two of the five replicates in the treatment
without AMF were also eventually excluded because they
had non-zero low levels of AMF colonization, leaving N =
3. AMF inoculum was prepared from Festuca rubra L.
plants grown in a field plot in Berlin, Germany by chopping
fresh AMF containing roots into segments approximately 1
cm long. Control pots received autoclaved (121 °C for 15
min) AMF inoculum. Pots were filled with steamed soil,
and then 10 g of inoculum were placed on the surface of the
soil. P. lanceolata seeds were surface sterilized in 20%
bleach for 5 min, and then rinsed thoroughly before placing
on top of the inoculum. Inoculum and seeds were covered
with a 1 cm layer of steamed soil, and placed in a green-
house with ambient light.

REE-labeling of soil

REE-labeled soil was prepared also using soil collected
from the Humboldt University site. After air drying it at
room temperature, dry soil was passed through a 2 mm
sieve to remove large coarse particles and particulate
organic matter, then tumbled in a cement mixer with paving
stones (average diameter 6 cm) for 30 min to crush the soil.
Only crushed soil that passed through a 53 pm sieve was
retained. Crushed soil was steamed (60 °C for 30 min) to
kill AMF, then split into four separate batches and com-
bined with either lanthanum oxide (LayO3), neodymium
oxide (Nd,O3), samarium oxide (Sm,0O;), or gadolinium
oxide (Gd,03) at 300 mg of the respective oxide kg*1 soil.
Organic matter was supplied as autoclaved (121 °C for 15
min) finely chopped F. rubra leaves (1.5% of soil mass),
and then soil was watered to 65% field capacity. Soil was
incubated in closed containers at room temperature for
4 weeks, then air-dried at room temperature. Dried soil was
dry sieved to separate into four size classes: large macro-
aggregates (1-4 mm), small macroaggregates (212 ym—1
mm), microaggregates (53—-212 um), and smaller particles
(<53 pm).

An experimental REE-labeled soil was created by mixing
the four individual REE-labeled aggregate size classes to
obtain a soil that was 41.8% large macroaggregates labeled
with Nd,O;, 41.8% small macroaggregates labeled with
Sm,03, 11.6% microaggregates labeled with Gd,05, and
4.8% smaller particles labeled with La,O3. This distribution
was chosen to represent a highly aggregated soil typical of
managed grasslands in Germany [15].

REE incubation
The HIGCs in the pots for the first 2 months were empty,
and served as placeholders for the REE-labeled soil con-

taining HIGCs that were then placed in pots for an

SPRINGER NATURE

additional 5 weeks of growth. Pots were given the initial
2 months to establish fungal networks throughout the pot
before the REE phase of the experiment. Once the REE-
containing HIGCs were placed in pots, existing fungal
networks would have quickly colonized the HIGCs. After
incubation, the REE-containing HIGCs were removed from
pots and the soil within was spread thinly to air dry at room
temperature. P. lanceolata plants were harvested, and the
roots were preserved in 50% ethanol until verification of
AMF colonization. Roots were cleared in 10% KOH,
stained in 10% India ink (Sheaffer Pen, Middlesex, UK) in
5% acetic acid, then destained in lactoglycerol [39]. Stained
roots were mounted in glycerol and examined at x200
magnification for the presence of mycorrhizal fungal
structures [40].

Soil processing

Air-dried soil was dry sieved to separate the soil into the
same four aggregate size classes used when preparing the
initial soil. We chose dry sieving over the standard wet-
sieving method for two reasons. First, we wanted to mini-
mize the chances of REE leaching from aggregates during
wet sieving and confounding results. Second, we needed
dry intact aggregates for the X-ray fluorescence imaging,
and were concerned that wet sieving followed by drying
would both introduce artifacts and make it difficult to isolate
individual intact aggregates. Others have used dry sieving
and found relatively similar results to wet sieving, although
dry sieving can produce higher MWD because aggregates
are not subjected to the disintegrating force of water [41].
REEs were extracted from a sample of aggregates from each
size class by digestion with HNO3, H,0,, and HCl [25], and
analyzed on an ICP-MS (7700x, Agilent technologies),
using rhodium as an internal standard. The blanks of the
extraction and measurements were <0.2% of the lowest
measured REE concentration, the reproducibility of the
analysis was always better than +5%, and spike and
recovery tests showed recoveries between 94 and 106% for
all REEs analyzed.

Aggregate turnover rates were calculated as in De Gryze
et al. [26]., with an additional normalization step. The
absolute amount of each REE in each sample should be
equivalent before and after use in the experiment, but as in
other REE studies, observed quantities posttreatment did
not exactly match initial quantities of added REE. We
therefore normalized each measured value in matrix Ta(f)
(see [26]):

(REE,; x REE¢ro()

REE,; = ;
REEoTot

where REE,; are the matrix elements in TA(7) (see ref. [26])
corresponding to the normalized amount of REE (n) in each
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aggregate size class (i) for each REE, REE,; is the observed
amount of REE in each aggregate size class for each REE,
REE.1,, is the total initial, or expected, amount of each REE
in the sample, and REE,, is the total observed amount of
each REE in the sample. After completing the normalization
step, we proceeded with the calculations as described in De
Gryze et al. [26]. We also calculated aggregate turnover
times (days) [24]. Proportion of aggregate in each size class,
transformation paths, and aggregate turnover times was
analyzed separately by ANOVA with presence/absence of
AMF as the factor using R version 3.4.0 ([42]).

X-ray fluorescence microscopy

In order to observe spatial distributions of REEs within
aggregates, we prepared thin sections of several repre-
sentative aggregates from the microaggregate (53-212 um)
and small macroaggregate (212—1000 pm) size classes by
mounting individual aggregates in epoxy resin and polish-
ing them to a thickness of approximately 40 um. Large
macroaggregates were too large to provide reliable data
with the X-ray fluorescence tomography technique that we
intended to use, so no large macroaggregates were prepared
for microscopy. These samples were then taken to the
Advanced Photon Source at Argonne National Laboratory
(Lemont, IL, USA) where we performed X-ray fluorescence
(XRF) microscopy on the 2-ID-E beamline. During the
experiment, 10.2 keV X-rays were focused onto the sample
into a 0.5um spot, and an energy-dispersive detector
recorded the spectra of fluorescence X-rays emitted by the
elements in the sample. Elemental maps were generated by
scanning the sample through the focal spot, and recording
emitted X-ray fluorescence spectra as a function of position
of the sample. Pixel size and dwell time varied with scan
and details are provided in Supplementary Figures 1-8.

X-ray fluorescence data were visualized using the
beamline analysis software MAPS [43]. The spectra were
then fitted within the MAPS software to take account of the
possible emission lines from chemical elements [44]; the
position of the spectroscopic peaks depends on the emitting
element and the peak area is dependent on the quantity of
that element. After background correction the data were
normalized to ensure that the maximum concentrations of
each REE across all scans were equivalent. Rather than the
highest overall value, we normalized against the median of
the maximum concentrations detected in each aggregate so
that any high concentration outliers would not alter the
calculation. We then generated 2D images showing the
location of elements across aggregates. Given the small
number of aggregates scanned, we did not perform statis-
tical analysis of the X-ray fluorescence data, and instead
focused on qualitative interpretations.

The high levels of Sm seen were not unexpected since
almost 42% of the soil used in the experiment was Sm
labeled soil. Based on observed turnover rates for soils
incubated with AMF, we expected 55.5% of soil in small
macroaggregates, and 48.1% of soil in microaggregates, to
be labeled with Sm. Expectations for soils incubated with-
out AMF were similar with 55.5% of soil in small macro-
aggregates, and 49.2% of soil in microaggregates, to be
labeled with Sm.

Data availability

Raw data for X-ray fluorescence microscopy were
generated at the Advanced Photon Source at Argonne
National Laboratory. Derived data supporting the findings
of this study are included in the paper and its
supplementary information files. Other data, REE
concentrations, and aggregate size class distributions are
available from the corresponding author upon reasonable
request.
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