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Subsoils are known to harbor large amounts of soil organic carbon (SOC) and

may represent key global carbon (C) sinks given appropriate management. Although

rhizodeposition is a major input pathway of organic matter to subsoils, little knowledge

exists on C dynamics, particularly stabilization mechanisms, such as soil aggregation,

in the rhizosphere of different soil depths. The aim of this study was to investigate

the influence of natural and elevated root exudation on C allocation and aggregation

in the topsoil and subsoil of a mature European beech (Fagus sylvatica L.) forest.

We experimentally added model root exudates to soil at two different concentrations

using artificial roots and analyzed how these affect SOC, nitrogen, microbial community

composition, and size distribution of water-stable aggregates. Based on the experimental

data, a mathematical model was developed to describe the spatial distribution of the

formation of soil aggregates and their binding strength. Our results demonstrate that

greater exudate additions affect the microbial community composition in favor of fungi

which promote the formation of macroaggregates. This effect was most pronounced

in the C-poor subsoil, where macroaggregation increased by 86% and SOC content

by 10%. Our modeling exercise reproduced the observed increase in subsoil SOC at

high exudate additions. We conclude that elevated root exudation has the potential to

increase biotic macroaggregation and thus the C sink strength in the rhizosphere of forest

subsoils.

Keywords: soil organic carbon, soil depth, rhizosphere, aggregate fractionation, artificial roots, microbial

community composition, aggregation model

INTRODUCTION

Soils represent the largest terrestrial organic carbon (OC) pool, thus, an increase in soil OC (SOC)
stocks via improved management practices has the potential to mitigate global climate change
(Jobbágy and Jackson, 2000; Lal et al., 2011; Powlson et al., 2011; Stockmann et al., 2013; Lal, 2016;
Minasny et al., 2017). However, most studies on the carbon (C) sink strength of soils have focused
on C dynamics in topsoils only. These usually harbor high OC concentrations, but are often very
shallow, particularly in forest soils. In contrast, subsoils are characterized by lowOC concentrations
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and a large volume. As a consequence of this large volume,
subsoils store up to 70% of the global SOC stocks (Batjes, 1996;
Jobbágy and Jackson, 2000).

Compared with the topsoil, the input of fresh organic matter
(OM) is scarce and more heterogeneous in deeper soil layers
(Chabbi et al., 2009). A major input pathway of OC to subsoils
is plant roots, which provide OM in the form of rhizodeposits
such as dead root cells, soluble root exudates, sloughed-off cells,
or mucilage (Rasse et al., 2005; Jones et al., 2009; Rumpel et al.,
2012). These root-derived compounds trigger the development
of a narrow zone around the roots, which is influenced by their
activity and considered as a hotspot of biological, chemical,
and physical activities in soils, i.e., the rhizosphere (Hinsinger
et al., 2009). Rhizodeposits and especially soluble root exudates
represent an easily available C source for soil microbes (van
Hees et al., 2005) and have frequently been observed to alter the
native C mineralization rates of inherent SOC (Huo et al., 2017),
a process widely referred to as the priming effect (Kuzyakov,
2010; Dijkstra et al., 2013). This effect can be either positive or
negative (i.e., accelerated or reduced decomposition of inherent
SOM), and several studies have found that its magnitude may
vary among soil types, soil depths (Paterson and Sim, 2013), and
exudate addition rates (Blagodatskaya and Kuzyakov, 2008).

Plant roots and rhizodeposits as well as microorganisms in
the rhizosphere promote soil aggregation (Amézketa, 1999) and
thereby the occlusion of OM which is an important mechanism
of C stabilization (Blanco-Canqui and Lal, 2004; von Lützow
et al., 2006). In this regard, plant roots and fungi are of special
importance for the formation of macroaggregates (>250µm)
(Tisdall and Oades, 1982; Chantigny et al., 1997; Helfrich et al.,
2008), whereas polysaccharides exuded by roots or microbes
and OM in general may be relevant gluing agents for the
formation of microaggregates (Amézketa, 1999; Totsche et al.,
2018). Because soil aggregation is strongly influenced by biotic
processes, it has long been considered less relevant in deeper,
less biologically active soil horizons (Lorenz and Lal, 2005; von
Lützow et al., 2006). Recently, evidence is growing that it is of
similar importance for the stabilization of SOM in topsoils and
subsoils (Rasmussen et al., 2005; Moni et al., 2010; Sanaullah
et al., 2010; Rumpel et al., 2012). Because roots have been
shown to play a significant role in the input and dynamics of
OC in subsoils (Angst et al., 2016; Heinze et al., 2018), the
question remains to what extent soluble root exudates drive the
C allocation and soil aggregation in subsoil vs. topsoils.

By applying artificial root exudate mixtures as a surrogate
for soluble rhizodeposits, their effects on soil processes can be
examined. Most of the previous studies applying root exudates
have focused mainly on biological parameters, such as soil
respiration and microbial community structure and activity
(Marx et al., 2010; Drake et al., 2013; Luo et al., 2014), and not
on soil aggregation. Moreover, only few studies have investigated
the effects of labile C additions to different soil depths so
far, and if so, they were restricted to the determination of
priming effects. Although the observed responses varied from an
increased (Karhu et al., 2016) to a decreased (de Graaff et al.,
2014) or even absent (Salomé et al., 2010) relative priming effect
in deeper soil layers as compared with the topsoil, they agreed

that subsoils appear to react differently to labile C additions than
topsoils.

Currently, much uncertainty still exists regarding the
mechanisms underlying SOM dynamics and rhizosphere
processes in subsoils. In particular, their role as a source or sink
of CO2 facing climate change and the mechanisms by which
C is stored and protected in subsoils are largely unexplored
(Rumpel and Kögel-Knabner, 2011). Knowledge regarding these
processes, particularly including the influence on aggregation
as a way to stabilize SOC, is urgently needed to improve the
modeling of SOC cycling and to assess the role of subsoils in soil
C dynamics.

For the study and prediction of SOC dynamics, mathematical
models that are based on processes involved in C cycling are
of high importance (Campbell and Paustian, 2015). Although
it is known that aggregation plays an important role in SOC
stabilization, it is rarely considered in current soil biogeochemical
models (Abramoff et al., 2017). Abramoff et al. (2017) recently
made an attempt to include C storage within aggregates in their
conceptual model, but concluded that the lack of robust data
on aggregate turnover made soil aggregation the model’s most
uncertain component. Mathematical models that simulate the
process of soil aggregation itself and could be implemented in
general SOM models are especially scarce to date. Albalasmeh
and Ghezzehei (2014) modeled soil structure development under
consideration of root exudation and soil moisture, but did not
consider soil microbes nor link aggregation to SOC storage.
Several studies modeled soil aggregate formation based on the
conceptual model that macroaggregates form around particulate
OM and release microaggregates upon disruption (Oades, 1984):
Segoli et al. (2013) thereby accounted for the effects of microbial
activity on macroaggregate formation and integrated it in SOM
dynamics, while Stamati et al. (2013) linked aggregate turnover
with different conceptual SOC pools, among them microbial
biomass. Still, there is a lack of modeling approaches addressing
soil aggregation processes in the rhizosphere as a protection
mechanism for SOC. Especially the effect of soil moisture on
microbial abundance and the influence of both parameters on
soil structure formation needs to be further addressed (Crawford
et al., 2012; Vasilyeva et al., 2016; Banwart et al., 2017).

In the present study, we combined experimental approaches
and mathematical modeling in order to investigate the effect of
artificial root exudates on SOC content, and aggregate formation
under consideration of the microbial community structure in
topsoil and subsoil. To do so, we inserted artificial roots
(Kuzyakov et al., 2006; Keiluweit et al., 2015; Meier et al., 2017)
in microcosms repacked with soil material from different depths
and used them to inject root exudates. Varying addition rates of
labile C have been found to affect the decomposition of inherent
SOM (Blagodatskaya and Kuzyakov, 2008) as well as activities of
enzymes that degrade fast-cycling nitrogen (N) pools nonlinearly
(Meier et al., 2017). Thus, we aimed to assess the effect of
different quantities of exudate amendments. One of our exudate
addition treatments simulated natural C concentrations of root
exudation in temperate acidic beech forests (Meier, personal
communication), whereas the other one was an experimentally
increased exudate concentration that has been applied in several
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similar experiments (Keiluweit et al., 2015; Meier et al., 2017).
The aggregate formation model presented in this study uses
a novel approach by modeling spatial gradients of microbial
abundance, moisture, and gluing agents around the exuding root.
This defines patterns of binding strength between soil particles
and finally simulates aggregate size distribution.

In our laboratory experiment, we are not aiming at
completely simulating natural conditions such as subsoil specific
temperature and aeration or mycorrhizal symbiosis. Despite
these limitations, our well-defined model system enabled us
to experimentally simulate the local formation of rhizosphere
properties under controlled conditions and to study the processes
involved. Based on these experimentally measured variables, we
propose a new approach to model aggregate formation driven
by microbial SOM transformations and soil moisture due to
the release of varying rates of soluble root exudates within the
rhizosphere.

MATERIALS AND METHODS

Study Site and Soil Sampling
Soil samples were taken in March 2017 in an even aged
forest dominated by European beech (Fagus sylvatica L.) near
Rüdershausen, Lower Saxony, Germany (51◦ 34′ 51.52′′ N, 10◦

14′ 43.03′′ O). The study site is located at 200m a.s.l., and
is characterized by a mean annual temperature of 9.2◦C and
mean annual precipitation of 650mm (Deutscher Wetterdienst,
Station Goettingen). The soil developed on quaternary loess
deposits was classified as a Haplic Cambisol (IUSS Working
Group WRB, 2015) (Ol/Ah/Bw/Bwg1/Bwg2). The soil material
used for the laboratory incubation was sampled from one soil
profile at two horizons: the uppermost mineral horizon (Ah, 0–
5 cm) is subsequently referred to as topsoil, and the Bwg1 horizon
(33–50 cm) is referred to as subsoil. After sieving of the soil
materials <2mm, the remaining root and litter fragments were
removed manually by picking with tweezers. Until the start of the
incubation experiment, the soils were stored field-moist at 4◦C.
Table 1 lists soil texture and other basic soil properties of the top
and subsoil materials used for the incubation experiment.

Experimental Setup
Square Petri dishes prepared with a cut-out for the artificial
root and aeration holes were used as microcosms. They were
packed with soil at field bulk density (1.06 g cm−3 for topsoil
and 1.40 g cm−3 for subsoil) and 60% water holding capacity
(WHC). Rhizon soil moisture samplers (Rhizosphere Research
Products, Wageningen, Netherlands) were completely inserted
in the center of the microcosm during the packing process
to ensure tight soil contact. Rhizon samplers are microporous
capillaries (9.3 cm length, 2.5mm outer diameter, mean pore size
of 0.15µm), which served as artificial roots (Figure S1). The
tubing of the Rhizon sampler was sealed using a back-pressure
valve (Infuvalve R©, BBraun, Melsungen, Germany) to prevent air
from entering the system.

After a preincubation period of 7 days, the artificial roots
were supplied with 0.5ml of model exudate solution twice
per day over the course of 30 days at 20◦C (at atmospheric

TABLE 1 | Basic soil properties of the soil material used for incubation (before

incubation).

Topsoil Subsoil

OC (mg g−1) 33.31 3.26

N (mg g−1) 2.31 0.41

C/N ratio 14.44 7.97

TEXTURE (%)

Medium and coarse sand (>250µm) 0.7 0.4

Fine sand (>53µm) 9.2 6.0

Silt (53–2µm) 64.0 67.2

Clay (<2µm) 26.2 26.4

Total PLFA content (nmol g−1) 133.7 4.4

F:BPLFA 0.4 0.3

Total AS content (µg AS C g−1 SOC) 26.2 46.1

F:BAS 1.7 2.3

AGGREGATE SIZE CLASS DISTRIBUTION (%)

>250µm 52 24

250–53µm 36 58

53–20µm 9 13

<20µm 4 4

OC (mg g−1)

>250µm 41.9 4.5

250–53µm 28.9 3.1

53–20µm 14.1 2.6

<20µm 16.1 6.6

DOC 0.6 0.5

N (mg g−1)

>250µm 2.7 0.4

250–53µm 2.0 0.4

53–20µm 1.1 0.3

<20µm 1.6 0.8

dNt 0.1 0.1

C/N

>250µm 15.5 11.3

250–53µm 14.5 7.8

53–20µm 12.8 8.7

<20µm 10.1 8.3

DOM 4.6 9.0

oxygen levels). The artificial exudate solution contained 60%
acetic acid, 35% glucose, and 5% serine. These compounds
were selected based on the reported exudate chemistry of
trees (Smith, 1970, 1976; Shen et al., 1996), and the specific
contents correspond to the relative proportions of organic
acids, simple sugars, and amino acids, respectively, as exuded
by mature trees (Smith, 1976). The respective concentrations
of the exudate solutions for the treatments were set to 0, 6,
and 180 µg C cm−2 root surface d−1 and are subsequently
referred to as “water control,” “moderate,” and “high.” The
water control samples received only deionized water, whereas
the moderate treatment represents realistic C-based exudation
rates for European beech trees (Brzostek et al., 2012; Tückmantel
et al., 2017). The amount used in the high treatment was
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chosen with reference to previous experiments with artificial root
exudates that used such high concentrations (Keiluweit et al.,
2015; Meier et al., 2017). The solutions were injected manually
with a syringe, having a syringe filter attached for sterile filtration
(0.22µm) (Figure S1). Fresh exudate solutions were prepared
weekly and stored at 4◦C. Each treatment was run in four
replicates. During the incubation period, soil moisture content
was regularly checked and maintained at 60% WHC by adding
small amounts of deionized water through the aeration holes
of the microcosms. The addition rate of 1ml exudate solution
per day and microcosm almost equaled the daily amount of
evaporation so that nearly no additional water had to be provided
to the microcosms in order to hold constant moisture.

After an incubation period of 30 days, soil within a radius
of 6mm around the artificial roots which was assumed to be
directly influenced by the exudate solution (Drake et al., 2013),
was sampled as the artificial rhizosphere (subsequently referred
to as rhizosphere) and the remaining material (>6mm from the
Rhizon sampler) as the bulk soil. Normalized to the mass of the
rhizosphere soil, moderate exudate additions amounted to 2.8
and 2.1 µg C g−1 dry soil d−1 and those of the high treatment
to 83.9 and 63.7 µg C g−1 dry soil d−1 in topsoil and subsoil,
respectively. Aliquots of the sampled soil material were stored
air-dried and freeze-dried, respectively, for subsequent analyses.

Phospholipid Fatty Acid Analysis
Phospholipid fatty acids (PLFA) were extracted following the
method described by Frostegård et al. (1991) with modifications
by Kramer et al. (2013). Approximately 2 g of topsoil and
7 g of subsoil (freeze-dried aliquot) were treated with Bligh
& Dyer solution [methanol, chloroform, citrate buffer (pH =

4), 2:1:0.8, v/v/v] to extract the lipids. The PLFA fraction was
separated by solid phase extraction on silica columns (0.5 g
SiOH, Chromabond R©, Macherey-Nagel, Düren, Germany) and
transformed into fatty acid methyl esters (FAMEs) by alkaline
methanolysis. The dried extracts were dissolved in isooctane and
determined using a Trace 1300 gas chromatograph (Thermo
Fisher Scientific, Waltham, MA, USA) with flame ionization
detection (GC-FID) using a ZB-5HT fused silica capillary
column (60m, 0.25 I.D., 0.25µm film thickness; Phenomenex
Ltd., Aschaffenburg, Germany). The PLFA concentrations were
quantified relative to non-adecanoic acid methyl ester (19:0) as
internal standard and subsequently normalized to themean long-
term results of a standard soil that was extracted parallel in order
to level differences between single extractions.

The PLFAs were categorized into groups indicative of bacteria
(i15:0, a15:0, i16:0, i17:0, cy17:0, cy19:0, 15:0, 16:1n7, and 17:0)
and fungi (18:2n6 and 18:1n9). Although it is also present in
bacteria and plants in minor contents, 18:1n9 has been shown
to be a reliable indicator for fungi in forest soils (Kaiser et al.,
2010; Frostegård et al., 2011). All the above mentioned fatty
acids together with 14:0, 16:0, 18:1n9, 18:1n9t, 18:0, and 20:0
were used for the calculation of total microbial PLFAs. The
total microbial PLFA content is used as an indicator for changes
in microbial biomass (Frostegård et al., 1991; Bailey et al.,
2002). Several other PLFAs were detected in the samples, which
could be of microbial origin as well. However, only PLFA peaks

that were identified unambiguously via mass spectrometry in
pre-experiments were selected as biomarkers. Therefore, PLFA
extracts from test samples as well as qualitative standardmixtures
(37-Component FAME Mix and Bacterial Acid Methyl Esters
Mix; Supelco, Bellefonte, PA, USA) were measured on a Trace
GC Ultra coupled to an ISQ mass spectrometer (Thermo Fisher
Scientific) using the same capillary column and temperature
program that was used for GC-FID analysis. A PLFA-based
fungal-to-bacterial-ratio (F:BPLFA) was calculated from the PLFA
contents of the fungal PLFA and total bacterial PLFAs.

Amino Sugar Analysis
The amino sugars (AS) glucosamine (GluN), mannosamine
(ManN), galactosamine (GalN), and muramic acid (MurA) were
extracted from rhizosphere and bulk soil samples according
to Zhang and Amelung (1996). Freeze-dried aliquots of the
samples were ground and hydrolyzed with 6M HCl at 105◦C
for 8 h. Subsequently, the extracts were filtered and neutralized
to separate impurities by precipitation and derivatized to form
aldonitrile acetates. The dried extracts were redissolved in ethyl
acetate:hexane (1:1; v/v) before measurement on a Trace 1300
gas chromatograph (Thermo Fisher Scientific) equipped with a
ZB-5HT fused silica capillary column (60m, 0.25 I.D., 0.25µm
film thickness; Phenomenex LTD, Aschaffenburg, Germany) and
a flame ionization detector. The internal standard myoinositol
was used as a reference to quantify AS concentrations.

The total AS content was calculated per sample as the sum of
the four AS. Following Van Groenigen et al. (2007), the bacterial-
and fungal-derived AS C was calculated and used to obtain an
estimate of the AS-based fungal-to-bacterial ratio (F:BAS).

Aggregate Fractionation
The rhizosphere and bulk soil samples were fractionated by wet
sieving, yielding different size classes of water-stable aggregates
(Puget et al., 1999). Therefore, 5 g of air-dried sample material
was rewetted in deionized water for 30min, transferred to a
sieve tower (250, 53, and 20µm stainless steel sieves, 100mm
diameter), and placed in a beaker with deionized water. The sieve
tower was moved up and down through a vertical distance of
2 cm at 30 cycles per minute for 5min. The single fractions were
washed from the sieves and freeze-dried. Fractions <20µm that
remained in the beaker were filtered at 0.45µm in a pressure
filtration unit, washed off from the filter, and freeze-dried as well.
This method resulted in the following four aggregate fractions:
>250µm (macroaggregates), 250–53, 53–20, and <20µm. The
average recovery rate of the aggregate fractionation procedure
was 98.8% of the initial soil mass for samples from either depth.
Additionally, the filtrate was analyzed for dissolved OC (DOC)
and dissolved total N (dNt) on a total C analyzer coupled to a
total bound N (TNb) module (DIMATOC 2000 and DIMA-N;
Dimatec Analysentechnik GmbH, Essen, Germany).

Carbon and Nitrogen Measurements
C and nitrogen (N) contents of the rhizosphere and the bulk soil,
and the aggregate size fractions, were analyzed by dry combustion
using an elemental analyzer (Eurovector, Milan, Italy). AR, bulk
soil, and fractions>53µmwere finely ground in a ball mill before
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the analysis. All measurements were performed in duplicate.
Because the soils did not contain carbonates, total C contents
were considered to be equal to OC contents.

Mathematical Modeling
The introduced model comprisesof two parts: The first one is
a biochemical cycle that describes exudate diffusion in water,
followed by local OM transformations, microbial growth, and
turnover, resulting in the formation of gluing agents that provide
a mechanism of aggregation (Figure 1). Spatial patterns of these
model variables are generated up to a distance of 12mm from
the artificial root. The second part is an aggregation model that
describes how the distribution of water-stable aggregate size
classes is obtained from the spatial patterns of gluing agents and
fungi. All model parameter estimates are listed in Table 2.

Modeling of Rhizosphere Patterns

The evolution of spatial patterns of the biochemical cycle
(Figure 1) was modeled by a system of partial differential
equations solved in 2D using cylindrical coordinates
(Equation 1). The model variables are: bacterial biomass
(B), root exudates (E), gluing agents (G), fungal biomass (F), and
SOM (S). All concentrations in the model are expressed in g C
cm−3 soil using soil bulk densities. Water saturation (θ) affects
all rates of biological processes by a moisture factor W = θ – θ0,
where θ0 is the minimal saturation for biological processes.

∂u

∂t
=

1

r

∂

∂r
(rD(u)

∂u

∂r
)+

∂

∂z
(D(u)

∂u

∂z
)+ φ(u), (1)

where u(r,z) ≡ (B,F,E,G,S,θ) is the vector of volumetric
concentrations of the state variables of the system measured in

FIGURE 1 | Scheme of the biochemical cycle underlying the mathematical

model, where solid arrows represent C transfer rates and dashed arrows

catalytic effects.

[g cm−3] and φ(u) is the reaction part and defined as:

φB = (TEB + TGB)(1− B/m1)− rBB, (2)

φF = (TEF + TGF)(1− F/m1)− rF F, (3)

φE = −TEB − TEF, (4)

φG = −TGB − TGF + TSG + rBB/2+ rF F/2, (5)

φS = −TSG, (6)

φθ = −dθ θ, (7)

where Tij denotes the C transfer rate from pool i to pool
j, and dθ is a constant evaporation rate fitted under the
assumption that average moisture was kept constant during the
incubation experiment. The decline in carbon use efficiency
(CUE) with growing biomass is introduced by m1 which reflects
the environmental capacity for microbes. At this maximum of
microbial biomass, microbes are supposed to stop growth but
continue respiration and thus reach minimal CUE.

Carbon transfer rates describe the bacterial and fungal growth
on root exudates (TEB, TEF) and gluing agents (TGB, TGF) and
enzymatic (proportional to B and F) as well as abiotic breakdown
of SOM into the pool of gluing agents (TSG) according to the
model scheme shown in Figure 1:

TEB = k1EBW, (8)

TEF = k3EFW, (9)

TGB = k2GBW(1− B/m1), (10)

TGF = k4GFW(1− F/m1), (11)

TSG = kS(B+ F+ kS0)SW, (12)

where k1, k2, k3, and k4 are substrate consumption rates by
microbes.

Considering community-level regulated processes that are
introduced using density-dependence (Georgiou et al., 2017),
we formulate a gradual change in substrate preference in
favor of root exudates, which are assumed to be the more
easily degradable substrate. In the model we expect that the
concentration of organic gluing agents increases with the C
concentration of the added exudates. Because, the production
is expected to increase due to higher microbial biomass and
subsequent enzymatic breakdown of SOM, the consumption
is expected to decrease due to microbial substrate preference
at high biomass. The latter is described by the factors (1 −

B/m1) and (1 − F/m1) and introduces the possibility of both
positive and negative priming effects (Kuzyakov et al., 2000). The
transformation of SOM to gluing agents (TSG) is controlled by the
enzymatic breakdown rate kS and the abiotic breakdown rate kS0.
Microbial decay rates (rB and rF) are also assumed to be density-
dependent (Georgiou et al., 2017), slowing down to dormant
biomass threshold m0 at low biomass and increasing until m1 at
high biomass.

rB = krb θ (1−m0/B)/(1− B/m1) (13)

rF = krf θ (1−m0/F)/(1− F/m1), (14)

where krb and krf are the decay constants for bacteria and fungi,
correspondingly.
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TABLE 2 | Model parameter estimates.

Parameter Description Topsoil Subsoil

θ0 Minimal saturation for biological processes 0.2 0.2

dθ Constant evaporation rate 9 × 10–5 s−1 9 × 10–5 s−1

DE Diffusion constant of root exudates 5.33 × 10−7 mm2 s−1 5.33 × 10−7 mm2 s−1

Dθ Diffusion constant of water 1.07 × 10−6 mm2 s−1 1.07 × 10−6 mm2 s−1

k1 Substrate consumption rate 0.047 s−1 0.037 s−1

k2 Substrate consumption rate 0.021 s−1 0.018 s−1

k3 Substrate consumption rate 0.0504 s−1 0.0055 s−1

k4 Substrate consumption rate 0.0035 s−1 0.0030 s−1

kS Enzymatic breakdown rate 7.02 × 10−5 s−1 3.13 × 10−5 s−1

kS0 Abiotic breakdown rate 1.26 × 10−4 g g−1 0

krb Decay constant bacteria 3.5 × 10−7 s−1 8.4 × 10−7 s−1

krf Decay constant fungi 5.6 × 10−7 s−1 8.4 × 10−7 s−1

m0 Dormant biomass threshold 3.2 × 10−5 g g−1 2.2 × 10−6 g g−1

m1 Maximum biomass 6.4 × 10−4 g g−1 4.5 × 10−5 g g−1

p0 Mean disruptive force 10.2 mm−1 11.8 mm−1

v1 Coefficient of gluing agents effect on binding strength 578 cm3 g−1 820 cm3 g−1

v2 Coefficient of fungi effect on binding strength 2.89 × 103 cm3 g−1 4.1 × 103 cm3 g−1

θa Coefficient of moisture effect on binding strength 0.5 2.8

The moisture-dependent diffusion of water and exudate was
calculated as

D (u) = D0 (u)
(

0.75+ θ2
)

, (15)

where D0 is a vector of diffusion constants. Cylindrical model
parameters correspond to the experimental setup geometry and
include the root radius (r0 = 1.25mm), microcosm width (r1
= 13.25mm), and microcosm height (z1 = 93mm). Thus, model
boundary conditions comprise no fluxes through the upper and
lower surfaces of the sample cylinder, no fluxes through the side
cylindric surface, and no fluxes from the root surface, except
for exudate and water, which have a constant value at the root
surface:

∂u

∂z
= 0|z=0,z=z1 (16)

∂u

∂r
= 0|r=r1 (17)

∂B

∂r
=

∂F

∂r
=

∂G

∂r
=

∂S

∂r
= 0|r=r0 (18)

E = E0|r=r0 (19)

θ = 1|r=r0 (20)

The initial conditions for all state variables were set uniform,
with values taken from measurements of the soil samples
before incubation. Microbial biomass was converted from total
microbial PLFA content as follows: 1 nmol microbial PLFAs =
3.2 µg microbial biomass C (Willers et al., 2015).

Aggregation Model

An energy-based approach is applied to obtain aggregate size
distribution from themodeled rhizosphere pattern.We adopt the

assumption that the energy required for aggregate formation is
proportional to the newly formed surface (Rittinger’s law). Soil
binding strength at each point in space is defined as the energy
required to create a unit of new surface (v). It depends on the
concentration of gluing agents and fungal biomass:

v = (1+ v1G+ v2 F)×
1+ θa

θ + θa
(21)

The unit of soil binding strength is expressed relative to the
minumum binding strength (v = 1) which is given when no
gluing agents or fungi are present and the soil is fully water
saturated (G = 0, F = 0, θ = 1). From the spatial pattern of
soil binding strength we obtain the distribution of aggregate size
classes by applying disrupting force pd (energy per unit volume).
An aggregate of a certain radius is stable against disrupting force
if the energy needed to form an aggregate surface (vr2) is greater
or equal to the energy applied to the aggregate volume (r3pd).
This results in a larger aggregate radius with larger binding
strength and smaller disrupting force (r= v/pd). We assume that
pd is distributed according to truncated normal probability (pd
> 0) with a mean value p0 and a standard deviation σ = 0.5 p0,
where p0 is estimated from fitting procedure.

Parameter Estimates

The model parameters of the biochemical submodel were
estimated by fitting the modeled total microbial biomass, fungal
biomass, total OC content, and the relative distribution of
aggregate size classes at the end of the incubation period to
measured ones using the Nelder-Mead optimization method
(Nelder and Mead, 1965). We calculated integrals Iijk of the
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model state variables B, F, and S over the sample volume:

Iijk =
∫ bk

ak

uij rdr , (22)

where uij is the simulation result for variable i ∈ (B, F, S) and
treatment j, whereas k is either rhizosphere (RS in the equation)
or bulk soil (BS in the equation) with aRS = r0, bRS = r0 + 6, aBS
= r0 + 6, bBS = r1.

In total, for the three variables, three exudate addition
treatments and two sampling regions (rhizosphere and bulk soil),
18 data points were obtained for topsoil and 18 for the subsoil.
Topsoil and subsoil parameters were fitted independently.

The objective function for minimization is a sum of
logarithmic residuals squared of the abovementioned integrals:

∑

i,j,k

[log(I
ijk
exp)− log(I

ijk
model)]

2 (23)

The parameters for aggregation were estimated with a similar
procedure according to Equations (22) and (23), where index i
corresponds to aggregate size fraction instead of state variable,
giving also 18 points of aggregate size distributions for each
subsoil and topsoil. We modeled fractions 53–20 and <20µm
as one aggregate size fraction, due to the small share of material
in the aggregate size class <20µm.

Statistical Analysis
All statistical analyses were performed using SPSS Statistics 24
(IBM, Armonk, NY, USA). All variables were tested for normality
using the Shapiro–Wilk test and for homogeneity of variance
using Levene’s test. Treatment means were tested for significant
differences within the soil region (rhizosphere and bulk soil) and
depth using analysis of variance (ANOVA) followed by Tukey’s
post-hoc test or the non-parametric Kruskal–Wallis test followed
by the Wilcoxon test, depending on whether the assumption of
normality and homogeneity of variance weremet. The differences
between soil regions were tested using paired t-test. We refer
to a p-value ≤0.05 as statistically significant. To estimate the
exudate addition treatment strength in comparison to the water
control samples, standardized effect sizes were calculated as bias-
corrected Hedges’ g∗ values (Hedges and Olkin, 1985):

g =
xt − xc

√

(nt−1)•s2t+(nc−1)•s2c
nt+nc−2

g∗ = g •

(

1−
3

4 (nt + nc) − 9

)

According to Cohen (1988), the effect sizes are classified as small
(<0.2), medium (<0.5), and large (>0.8).

RESULTS

Basic Soil Properties
The soil material before incubation varied considerably between
topsoil and subsoil (Table 1). The OC content of the topsoil

amounted to 33.3mg g−1, whereas it was only 3.3mg g−1 in
the subsoil. The C/N ratio decreased by almost 50% from 14
to 8 with soil depth. In contrast, soil texture was similar at the
two soil depths. Microbial residues as determined by the AS
content strongly increased with depth from 26 to 46 µg AS C
g−1 SOC when standardized to SOC content. The aggregate size
class distribution varied between soil depths. In the topsoil, the
relative abundance of the water-stable aggregate size fractions
decreased with aggregate size. Macroaggregates >250µm
thereby comprised the largest fraction, which accounted for
∼50% of the topsoil mass. In the subsoil, macroaggregates made
up only 25% of the soil mass, whereas the large microaggregate
fraction (250–53µm) clearly dominated with a contribution of
more than 50%. The OC and N contents of the aggregates
decreased with size for the aggregate fractions from >250 to
53–20µm and then increased again in the aggregate fraction
<20µm. Although this pattern was observed in soils sampled
from either depth, macroaggregates had by far the highest OC
concentrations of the topsoil aggregates (42mg g−1), whereas the
fraction<20µmwas the one with the highest OC concentrations
in the subsoil (6.6mg g−1). The C/N ratio was generally lower
in the subsoil aggregate fractions than in the topsoil aggregate
fractions and was particularly low in DOM (6 and 5 for topsoil
and subsoil, respectively) (Table 1).

Comparing the soil before incubation with the water control
samples, it can be seen that incubation slightly decreased OC
contents in soils from both depths (Tables 1, 3). In addition, the
total PLFA content as a measure of microbial biomass decreased
during the incubation from 134 nmol g−1 before incubation to
98 nmol g−1 for the water control in the topsoil and from 4.4 to
3.7 nmol g−1 in the subsoil (Table 1; Figure 3A).

Organic Carbon and Total Nitrogen
Contents
Within the topsoil rhizosphere, the addition of exudate solutions
did not induce statistically significant effects regarding OC and N
contents compared with the water control (32.98mg OC g−1 and
3.21mg N g−1). However, the OC and N contents both slightly
decreased after moderate exudate additions (32.37mg OC g−1

and 3.13mg N g−1), which was reflected by a strong negative
effect size (−1.6) and resulted in a significant difference from
high exudate additions (33.22mg OC g−1 and 3.52mg N g−1,
p= 0.034). In the subsoil rhizosphere, high exudate additions led
to significantly increased OC and N contents, with a high positive
effect size (+4.6) for subsoil OC contents. Moderate exudate
additions had a strong negative effect size (−2.7) for subsoil OC
contents (Table 3; Figure 2). The C/N ratio significantly widened
from 7.9 in the water control to 8.3 with high treatment (Table 3).

Bulk soil showed no treatment response over soils sampled
from either depth. It did, however, partly differ from the
rhizosphere: In the topsoil water control, OC and N contents
were significantly higher in the rhizosphere than in the bulk
soil. In both topsoil and subsoil, high exudate additions led to
increased OC and N concentrations in the rhizosphere compared
with the bulk soil, being significant in the subsoil. Furthermore,
in the subsoil samples treated with moderate exudate additions,
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TABLE 3 | Organic carbon (OC) and nitrogen (N) contents and the C/N ratio.

Topsoil Subsoil

Water control Moderate High Water control Moderate High

OC content (mg g−1) Rhizosphere ab32.98 (0.40) a32.37 (0.23) b33.22 (0.51) a3.21 (0.02) a3.13 (0.03) b3.52 (0.08)

Bulk soil 32.01 (0.43) 32.77 (0.61) 32.96 (1.03) 3.21 (0.14) 3.14 (0.06) 3.20 (0.05)

N content (mg g−1) Rhizosphere ab2.29 (0.01) a2.25 (0.03) b2.33 (0.04) a0.41 (0.00) a0.40 (0.00) b0.42 (0.01)

Bulk soil 2.23 (0.02) 2.28 (0.04) 2.28 (0.11) 0.40 (0.01) 0.39 (0.01) 0.39 (0.00)

C:N ratio Rhizosphere 14.42 (0.18) 14.41 (0.15) 14.25 (0.11) a7.92 (0.04) a7.81 (0.07) b8.34 (0.12)

Bulk soil 14.33 (0.12) 14.37 (0.16) 14.44 (0.47) 8.05 (0.30) 7.97 (0.13) 8.17 (0.09)

Standard deviations from the mean are given in brackets. Different letters indicate statistically significant differences between the treatments within one soil depth. Bold pairs of values

indicate statistically significant differences between the rhizosphere and bulk soil within one soil depth and treatment (p < 0.05).

FIGURE 2 | Standardized effect sizes for total OC contents. Hedges’ g* of the

exudate addition treatments compared to the water control. Bars indicate the

standard error of the effect size estimate. Dotted lines mark thresholds of −0.8

and 0.8 below or above which, respectively, effect sizes are considered as

high.

the C/N ratio was lower in the rhizosphere than in the bulk soil
(Table 3).

Microbial Biomarkers
The AS contents of the samples did not respond to the
exudate additions, neither when standardized to soil DW, nor
to soil OC content. The same holds true for the F:BAS ratio
(Table S1).

Contrary to the AS data, PLFA analysis revealed a pronounced
effect of artificial exudate additions on microbial community
composition as well as microbial biomass (indicated by the total
microbial PLFA content). The total microbial PLFA content in
the topsoil rhizosphere tended to increase in the high exudate
addition treatment (124.6 nmol g−1) compared with the water
control (98.1 nmol g−1, p < 0.1). This was accompanied by
a high effect size of +1.8. In the subsoil rhizosphere, a high
positive effect size was observed for moderate exudate supply.
Although this effect was not statistically significant, the total
microbial PLFA content increased from 3.7 nmol g−1 in the water
control to 5.1 nmol g−1 in the moderate treatment. The high

exudate addition treatment strongly increased total microbial
PLFA content in the subsoil rhizosphere by more than 300% to
11.2 nmol g−1 (Figures 3A, 4A).

High exudate additions significantly increased the total
microbial PLFA content in the rhizosphere as compared with the
bulk soil in soils sampled from either depth. The same holds true
for the moderately treated samples in the subsoil (Figure 3A).

For the topsoil as well as the subsoil, high exudate supply
led to a significant increase in F:BPLFA ratio compared with the
water control and the moderate treatment. It increased from
0.4 to 0.7 (effect size +2.0) in the topsoil and from 0.3 to
2.5 (effect size +4.7) in the subsoil in the water control and
high exudate addition treatment samples, respectively. The latter,
extreme effect was also visible in the bulk soil, where it increased
F:BPLFA from 0.3 to 0.7 and produced a high effect size of +4.96
(Figures 3B, 4B).

Compared with the respective bulk soil, F:BPLFA was
significantly higher in the rhizosphere of the subsoil samples
receiving moderate treatment and in the rhizosphere of both
topsoil and subsoil samples receiving the high treatment
(Figure 3B).

Aggregate Size Classes
The relative distribution of aggregate size classes in the topsoil
rhizosphere did not show statistically significant responses to
the two exudate addition treatments. However, high exudate
supply tended to induce the formation of macroaggregates as
their relative abundance increased from 51% in the water control
to 57% in the high exudate addition treatment (p = 0.07, effect
size +3.4). In contrast, moderate exudate supply negatively
affected macroaggregation (effect size −0.97) (Figures 5, 6).
This caused significant differences between the moderate and
the high exudate addition treatments for all aggregate fractions
>20µm (Figure 5). In the subsoil rhizosphere, the distribution
of aggregate size classes was strongly affected by high exudate
addition treatment: the macroaggregate abundance increased by
89% compared with the water control (effect size +6.6). This
effect was accompanied by a decrease in all microaggregate
fractions, butmostly the aggregates 250–53µm in size (Figure 5).

In the bulk topsoil, the aggregate size distribution differed
significantly from that of both the soil before incubation
and the rhizosphere (Table 1; Figure 5). In comparison to the
rhizosphere, the relative abundance of macroaggregates in the
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FIGURE 3 | (A) Total microbial PLFA content and (B) fungal-to-bacterial ratio based on PLFA analysis (F:BPLFA ). Bars represent standard deviation from the mean

(SD). Different letters indicate statistically significant differences between the treatments within one soil region and depth (p < 0.05), asterisks indicate statistically

significant differences between the soil regions rhizosphere and bulk soil within one soil depth and treatment.

bulk soil was significantly enhanced by∼25% over all treatments.
This was accompanied by a decrease in large microaggregates
(250–53µm) in all treatments as well as a decrease in smaller
microaggregates in the moderately treated samples.

In the subsoil, the above mentioned strong effect of
the high exudate additions in the rhizosphere also led to
significant differences with respect to the bulk soil in all
aggregate size classes >20µm for this treatment. Furthermore,
macroaggregates increased and large microaggregates (250–
53µm) decreased in the bulk soil of the water control compared
with the respective rhizosphere (Figure 5). In addition to these
differences between the bulk soil and the rhizosphere, there
occurred a significant treatment effect within the bulk topsoil:
The samples treated with moderate exudate additions showed
higher macroaggregation and correspondingly lower relative
proportion of free microaggregation than the water control and
the highexudate addition treatment (Figure 5).

The relative contributions of the individual water-stable
aggregate size classes to total OC contents were mainly governed
by the mass distribution of the aggregate size classes themselves
(Figure S2). Moderate exudate additions significantly increased
the share of water-stable aggregate size classes on total OC in
the subsoil rhizosphere (Figure S2, Table S2) as well as the total
amount of DOC (Table S3).

Modeled Soil Aggregation
The modeled average microbial biomass, fungal biomass, OC
concentration, and distribution of water-stable aggregate size
classes fit well with the experimental data, as shown in 1:1

plots (Figure S3). The spatially explicit model demonstrates
that soluble root exudates influence soil up to a distance of
6mm around the artificial root, which affirms the choice
of rhizosphere boundary in the incubation experiment
(Figure 7).

The model parameter estimates reveal SOM to be more
stable against biotic and abiotic breakdown in the subsoil (lower
coefficient kS and zero kS0) and to have a lower capacity
for microbial growth (lower m0 and m1), and overall slower
biochemical processes (k1 – k4; Table 2). This may reflect either
differences in chemical composition or spatial restrictions for
enzymatic breakdown and substrate consumption at lower SOC
concentrations in the subsoil. In contrast, the production of
gluing agents by lysis (kr) is greater in the subsoil than in the
topsoil. The lower θa in the topsoil compared with the subsoil
(Table 2) indicates that moisture has a more negative effect on
the binding strength in the topsoil.

Total microbial as well as fungal biomass showed similar
patterns with distance from the root. After moderate and high
exudate additions, biomass was predicted to strongly increase
in the rhizosphere at both soil depths. In the topsoil, this effect
reached out only 1–2mm, whereas in the subsoil, it influenced a
larger area of soil (3–6mmdistance from the root; Figures 7A,B).
The model results of organic gluing agent concentrations also
showed an increase relative to exudate addition rate in soils
sampled from either depth. Again, a smaller soil volume was
affected in the topsoil than in the subsoil. The amount of
gluing agents in the water control was slightly decreased in
close proximity to the root (Figure 7C). The modeled total
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FIGURE 4 | Standardized effect sizes for (A) total microbial PLFA content and

(B) F:BPLFA ratio. Hedges’ g* of the exudate addition treatments compared to

the water control. Bars indicate the standard error of the effect size estimate.

Dotted lines mark thresholds of −0.8 and 0.8 below or above which,

respectively, effect sizes are considered as high.

OC content increased with exudate additions in the subsoil. In
the topsoil, however, a divergent effect was predicted by the
model: Moderate exudate additions decreased total OC content,
whereas the high exudate addition treatment was predicted
to induce a strong but spatially limited increase in total OC
content (Figure 7D). Modeled soil moisture formed a negative
gradient with distance from the root (Figure 7E). This, together
with the spatial patterns of the abundance of fungi and gluing
agents, resulted in the soil binding strength responsible for
the formation of water-stable aggregates (Figure 7F). The soil
binding strength profile for the topsoil water control reveals that
the binding strength increases with distance from the artificial
root, leading to higher aggregation in the bulk soil. For the
exudate addition treatments in turn, binding strength was the
highest in close proximity to the root and decreased toward the
bulk soil. Topsoil binding strength profiles were overall similar
to those of the subsoil. However, the profiles of the exudate

amended soils showed minima at 1–2mm distance from the root
(Figure 7F).

DISCUSSION

Accelerated Macroaggregation With the
Addition of Labile C
Our study clearly demonstrates that artificially high doses
of root exudates induce strong positive effects on soil
structure, which are accompanied by a change in microbial
community composition. High exudate treatment strongly
increased macroaggregation compared with the water control
and the moderate treatment in the subsoil rhizosphere. In the
topsoil rhizosphere, a similar trend was observed (Figures 5,
6). Furthermore, high exudate treatment induced strong fungal
growth, as indicated by the significant increase in F:BPLFA in
samples from both soil depths. In the C-poor subsoil, this
effect was more pronounced, which even extended to the bulk
soil region (Figures 3B, 4B) and was also visually evident as
fungal mycelium in the soil around the artificial roots of some
samples at harvest. This observation is in contrast with the
modeling data where no influence of root exudates beyond a
distance of 6mm from the root surface was predicted. However,
fungal biomass in the subsoil was affected over a larger distance
from the root than that in the topsoil (Figure 7B). Fungi
have been found to utilize rhizodeposits more intensely than
bacteria (Butler et al., 2003). Consequently, high addition rates
of root exudates favor a shift in the microbial community
composition toward higher relative abundance of fungi (Griffiths
et al., 1998). It is well-documented that fungi are important
agents in the formation of macroaggregates (Amézketa, 1999;
Helfrich et al., 2008; Lehmann et al., 2017). We assume that
the significantly increased fungal biomass due to high exudate
additions led to enhanced subsoil macroaggregation in our study.
The concomitant significant decrease in free aggregates 250–
53µm in size points toward the formation of macroaggregates
particularly out of big microaggregates (Figure 5) and thus
supports the aggregate hierarchy model, a conceptual framework
that hypothesizes that microaggregates are glued together by
temporary binding agents, such as roots and hyphae (Tisdall
and Oades, 1982; Oades and Waters, 1991). The absence of
any trend with respect to the amount of AS (Table S1) is in
strong contrast to the distinct response of PLFA contents to
the artificial exudate additions. Amino sugars are promising
indicators when it comes to integrating long-term changes in
microbial community structure, but may not be suitable for
analyzing the effects of a relatively short incubation experiment,
such as ours (Glaser et al., 2004).

Mechanisms of Macroaggregation in
Topsoil and Subsoil
It is often observed that most of the SOC in subsoils is stored
in clay- and silt-sized mineral fractions (Angst et al., 2018)
via the formation of organomineral associations. Therefore, the
occlusion of SOM within aggregates has long been a rather
disregarded mechanism for C storage in deep soil layers (Lorenz
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FIGURE 5 | Distribution of water-stable aggregate size classes. Bars represent standard deviation from the mean (SD). Different letters indicate statistically significant

differences between the treatments within one soil region and depth (p < 0.05), asterisks indicate statistically significant differences between the soil regions

rhizosphere and bulk soil within one soil depth and treatment.

and Lal, 2005; von Lützow et al., 2006). The soil studied
here was well aggregated in samples from both soil depths:
although the soil had a silty loam texture with more than 90
% primary particles <53µm (Table 1), the particles <53µm
obtained by aggregate fractionation amounted to <20% of the
soil mass in both depths and contained approximately only 10
and 30% of the total SOC in topsoil and subsoil, respectively
(Figure 5; Figure S2). Aggregation is known to greatly increase
the persistence of SOM via occlusion, thus providing physical
protection from decomposition (Dungait et al., 2012), and it
has been shown that this is also the case in C-poor subsoils
(Rasmussen et al., 2005; Schrumpf et al., 2013). Our findings
show that the effects of high exudate C addition rates were much
more pronounced in the subsoil than in the topsoil presumably
because the C-rich topsoils are already well aggregated due
to the high amount of SOM and organic gluing agents. The
modeled coefficients of the effect of gluing agents and fungi
on binding strength (v1, v2) furthermore revealed that their
influence on aggregation is stronger in subsoils than in topsoils.
In the topsoil, water-stable macroaggregates made up more
than 50% of the soil mass before incubation and also stored
most of the OC. In contrast, the subsoil was characterized
by substantially less macroaggregation because it comprised
60% large microaggregates (250–53µm). In soils sampled from
either depth, macroaggregates showed higher OC contents
than the microaggregates they were composed of (Table 1).
This reveals that for the formation of macroaggregates, OC
is needed, presumably in the form of OM as binding agents
(Tisdall and Oades, 1982). It has been speculated that the
mechanisms of aggregation in topsoils and subsoils are different

and that in subsoils physical processes may be more important
than biological processes (Lorenz and Lal, 2005; von Lützow
et al., 2006; Rumpel and Kögel-Knabner, 2011). Based on our
results, we assume that biologically-inducedmacroaggregation in
subsoils may be limited by the scarce and heterogeneous input of
OM. We prove that the addition of OM at high rates may boost
biotic macroaggregation by the growth of fungi and strongly alter
subsoil structure within relatively short time scales. The high
positive effect sizes for total PLFA content as well as F:BPLFA
after the moderate exudation treatment indicate that similar
processes might be triggered by moderate rates of root exudates
in the long term (Figure 4). Thus, the deficiency of OC appears
to be causative for the limitation of biotic macroaggregation
in the subsoil and can be alleviated by the addition of OM,
such as soluble root exudates. The high experimental exudate
additions in our study exceed naturally occurring C input by
root exudates, yet rhizodepositionmay increase under rising CO2

concentrations (Phillips et al., 2006; Keidel et al., 2018). Our study
indicates that deep soil layers containing less (macro)aggregates
may harbor a higher potential for further aggregation and thereby
C stabilization than topsoils if supplied with additional OM.

Bulk topsoil exhibited a significantly higher relative
abundance of macroaggregates than the rhizosphere (Figure 5).
Because neither OC content nor F:BAS ratio in the bulk
topsoil was elevated in comparison to the rhizosphere, this
enhanced macroaggregation did not appear to be induced by the
addition of SOM or the growth of fungi. Thus, we presume that
macroaggregation in the bulk topsoil occurred in response to
abiotic causes. The aggregation model confirmed this hypothesis,
because the differences in aggregation between the rhizosphere
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FIGURE 6 | Standardized effect sizes for the distribution of water-stable aggregate size classes. Hedges’ g* of the exudate addition treatments compared to the

water control. Bars indicate the standard error of the effect size estimate. Dotted lines mark thresholds of −0.8 and 0.8 below or above which, respectively, effect

sizes are considered as high.

and bulk soil samples can be described well via a moisture factor.
Soil moisture is assumed to affect aggregation by slaking and
by its influence on SOM decomposition rates and thereby the
microbial decay of gluing agents. Although we did not measure
soil moisture within the individual sampling regions, we assume
drier conditions in the bulk soil compared with the rhizosphere,
which presumably favored the development of stable aggregates
(Caron et al., 1992). The hypothesis of higher amounts of water
within the rhizosphere is in accordance with the findings of
Carminati et al. (2010).

Importance of the Choice of Exudate
Addition Rates
Moderate exudate additions induced a trend of decreased
OC content in samples from both soil depths (Table 3;
Figure 2), significantly increased DOM abundance in the
subsoil rhizosphere (Tables S2, S3; Figure S2), and negatively
affected macroaggregation in the topsoil rhizosphere (Figure 5).
Although we did not measure soil respiration to determine the
possible priming effects in our study, these findings may indicate

the occurrence of such an effect and hence the decomposition
of native SOM in response to the addition of moderate exudate
concentration. Root exudation by tree seedlings (with rates
similar to that of our moderate treatment) was found to
strongly enhance SOM decomposition and N mineralization
(Bengtson et al., 2012). It is hypothesized that the relatively low
amounts of labile C stimulate the synthesis of enzymes that
decompose SOM (Bengtson et al., 2012), possibly to mine for
nutrients (Dijkstra et al., 2013). This corroborates the findings
of a study applying artificial root exudates over a range of
concentrations, which found that the activity of enzymes that
degrade fast-cycling N compounds was generally increased by
artificial root exudates within the upper 10 cm of the soil
(Meier et al., 2017). Surprisingly, in unfertilized soils, the
most pronounced effect was triggered by the lowest exudate
addition rate, which resembles our moderate treatment. Tian
et al. (2016) found SOM within macroaggregates to be less
protected against decomposition induced by glucose addition
than that associated with microaggregates. Thus, OM acting
as a gluing agent of macroaggregates appears to be prone
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FIGURE 7 | State variables [(A) total microbial biomass, (B) fungal biomass, (C) concentration of gluing agents, (D) change in total OC, (E) water saturation], and

(F) binding strength as functions of distance from the artificial root at the end of incubation. For total carbon change in case of the high exudate addition treatment the

scale is multiplied by a factor of 0.1.

to enhanced degradation after the moderate addition of root
exudates, explaining the tendency toward disaggregation and
breakup into smaller microaggregates in the topsoil (Figure 5).
The model results confirm the observed decline in total OC
due to moderate exudate addition treatment in the topsoil
rhizosphere. In the subsoil rhizosphere, however, the model

predicts an increase in total OC after moderate exudate additions.
This indicates a higher potential for the accumulation of SOC due
to the addition of root exudates in deeper soil layers than in the
topsoil.

In contrast, as discussed above, the high exudate addition
treatment strongly enhanced macroaggregation in the subsoil
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rhizosphere (Figure 5) and tended to do so in the topsoil
(Figure 6). Furthermore, it strongly increased the OC and
N concentrations of the rhizosphere in the subsoil (Table 3),
indicating that the addition of such high amounts of labile
C saturates the system. When exposed to very high C
addition rates, soil microbes might preferentially utilize this
abundant and easily available substrate (negative priming effect)
instead of undertaking the above mentioned metabolic effort
to decompose native SOM (Blagodatskaya and Kuzyakov, 2008;
Bengtson et al., 2012; Wang et al., 2015). The high exudate
addition treatment did not lead to increased amounts of DOM
(Tables S2, S3; Figure S2), which proves that even these high
concentrations were either sorbed to soil minerals or taken up
by microbes to a large extent instead of remaining in a free
state.

Microbial biomass (total microbial PLFA content) did not
increase in response to the moderate treatment in the topsoil
(Figure 3A). This confirms the observations of Drake et al.
(2013) for exudates at similar concentrations. After high exudate
additions, total PLFA content increased in soils sampled from
either depth (Figures 3A, 4A). Priming effects after high
additions of labile C are often accompanied by increases in
microbial biomass (Huo et al., 2017), whereas trace amounts
of substrates presumably only activate microorganisms (shift
from dormant to active), thereby accelerating their metabolism
but not inducing microbial growth, a mechanism referred to as
the “triggering effect” (De Nobili et al., 2001; Mondini et al.,
2006).

Our model scheme includes measured microbial pools as
well as mechanisms necessary to describe change in substrate
preference, which are both required to model priming effects
(Georgiou et al., 2015). The predicted decline in topsoil OC
content in response to moderate exudate additions indicates
a positive priming or triggering effect. In contrast, SOC
accumulation at high exudate additions may be the result of a
negative priming effect, although experiments including isotopic
labeling would be needed for proof.

Thus, both the experimental and modeled data suggest that
different addition rates of root exudates induce opposing effects.
This is in line with a meta-analysis by Blagodatskaya and
Kuzyakov (2008), who found the relationship between substrate
addition rate and priming to be nonlinear: The authors reported
that low concentrations of labile C additions induced a linear
increase in primed CO2-C efflux in agriculturally managed
topsoils, whereas it decreased exponentially and eventually even
became negative for high C addition rates. Hence, the choice of
application rates in artificial root experiments is crucial regarding
their interpretation and explanatory power. In previous artificial
root exudate studies, addition rates were often not clearly
attributable to natural root exudation rates or concentrations
and possibly were chosen deliberately higher to certainly trigger
measurable effects (Traoré et al., 2000; Keiluweit et al., 2015;
Steinauer et al., 2016). We recommend for future studies to apply
a range of exudate addition rates, including those representing
natural soluble root exudation. That way, valuable and applicable
knowledge on the effects of soluble root exudates on C dynamics
can be gathered.

CONCLUSION

This study provides evidence that biotic aggregation in
subsoils is promoted by increased provision of easily available
OM in the rhizosphere. Our experimental data show that
sufficient amendment with soluble root exudates induces biotic
macroaggregation and C storage in subsoil horizons. This reveals
a high potential for C sequestration via the physical protection of
SOM in subsoils.

Furthermore, our study demonstrates that the impact of
soluble root exudates on SOC storage and structural development
differs substantially between the topsoil and subsoil. These effects
tend to be divergent for different concentrations of exudates
potentially due to the occurrence of positive and negative priming
effects.

The proposedmodel of biochemical and biophysical processes
involved in rhizosphere aggregation predicts the existence of
different gradients with distance from the root and suggests
future developments for the experimental design with spatial
explicit measurements of moisture, bulk density, and aeration to
simulate differences in conditions with depth.

For future studies, we recommend to test our results
in different soil types by applying a range of exudate
addition rates, including those representing natural soluble root
exudation.
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