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A B S T R A C T

Soil structure formation in alluvial soils is a fundamental process in near-natural floodplains. A stable soil
structure is essential for many ecosystem services and helps to prevent river bank erosion. Plants and earth-
worms are successful soil engineering organisms that improve the soil structural stability through the in-
corporation of mineral and organic matter into soil aggregates. However, the heterogeneous succession of dif-
ferent textured mineral and buried organic matter layers could impede the development of a stable soil structure.
Our study aims at improving the current understanding of soil structure formation and organic matter dynamics
in near natural alluvial soils. We investigate the effects of soil engineering organisms, the composition, and the
superimposition of different alluvial deposits on the structuration patterns, the aggregate stability, and organic
matter dynamics in in vitro soil columns, representing sediment deposition processes in alluvial soils. Two
successions of three different deposits, silt–buried litter–sand, and the inverse, were set up in mesocosms and
allocated to four different treatments, i.e. plants, earthworms, plants+ earthworms, and a control. X-ray
computed tomography was used to identify structuration patterns generated by ecosystem engineers, i.e. plant
root galleries and earthworm tunnels. Organic matter dynamics in macro-aggregates were investigated by Rock-
Eval pyrolysis. Plant roots only extended in the top layers, whereas earthworms preferentially selected the buried
litter and the silt layers. Soil structural stability measured via water stable aggregates (%WSA) increased in the
presence of plants and in aggregates recovered from the buried litter layer. Organic matter dynamics were
controlled by a complex interplay between the type of engineer, the composition (silt, sand, buried litter) and the
succession of the deposits in the mesocosm. Our results indicate that the progress and efficiency of soil structure
formation in alluvial soils strongly depends on the textural sequences of alluvial deposits.

1. Introduction

Soils of near natural floodplains constitute an important pillar to the
preservation of biodiversity in floodplain ecosystems. At small spatial
scales, floodplain soils differ considerably in their physicochemical
properties, forming a large variety of terrestrial habitats (Malmqvist
and Rundle, 2002). Besides, they fulfil a broad range of ecosystem
services, ranging from carbon sequestration, nutrient and pollutant
cycling, up to flood and erosion control (Diaz-Zorita et al., 2002;
Acreman et al., 2003; Bronik and Lal, 2005). Focusing on pedogenesis,
floodplain soils, such as Fluvisols or Fluvic Arenosols (IUSS Working

Group WRB, 2015), are composed of different alluvial sediments that
are superimposed due to recurring flood events (Nanson and Croke,
1992; Marriot, 1998). Alluvial deposits may differ considerably in their
thickness and composition, e.g. in their texture, as well as in their or-
ganic matter (OM) content and bulk chemistry, depending on the flood
magnitude and the sediment origin (De Vivo et al., 2001; Coppola et al.,
2010). Soil physicochemical parameters can thus abruptly change in a
soil profile, whenever a previous topsoil horizon is overlaid by a more
recent alluvial deposit (Kercheva et al., 2017). Moreover, litter over-
topping topsoil horizons can be buried before being mixed with the soil
matrix depending on the season, OM type and decomposition rates, and
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soil biota activity. Consequently, strong alluvial dynamics with regular
flood events over a year may either wash away or leave sediment be-
hind thus completely resetting the pedogenesis (Malmqvist and Rundle,
2002). The stabilisation of floodplain soils is then often hindered and
mediated by a complex interplay between soil physicochemical para-
meters, soil engineering organisms, and surface-water–groundwater
dynamics (Guenat et al., 1999; Plum and Filser, 2005; Bullinger-Weber
et al., 2007, 2012; Fournier et al., 2012; Schomburg et al., 2018b,
2019). The vegetation composition and ecosystem services in flood-
plains are positively affected by stable conditions in the soil, which can
be promoted by its structural stability and by the extension of the soils'
macro-porous system (Bronik and Lal, 2005).

Plants and earthworms are among the most successful soil en-
gineering organisms at the macro-biological scale in temperate eco-
systems (Lavelle et al., 1997; Tanner, 2001; Blouin et al., 2013; Le
Bayon et al., 2017). By mixing mineral particles and soil organic matter
(SOM), they form soil macro-aggregates, which significantly improve
soil's structural stability (Brown et al., 2000; Six et al., 2002; Kong and
Six, 2010). Plants physically entangle mineral and organic soil particles
through rooting and releasing root exudates, which act as a glue or
stimulate rhizobacteria (Degens et al., 1994; Angers and Caron, 1998;
Czarnes et al., 2000). Earthworms agglutinate soil particles along
burrow walls or in casts, as they select organic and mineral components
and enrich ingested material with mucus and saliva produced in their
digestive system (Blanchart et al., 1997; Brown et al., 2000; Lavelle and
Spain, 2001; Curry and Schmidt, 2007). Both plants and earthworms
also have great potential for improving the structural stability in
floodplain soils, as some species rapidly colonise young soils and tol-
erate periodic flood events (Gurnell and Petts, 2002, 2006; Thonon and
Klok, 2007; Le Bayon et al., 2013, 2017; Schomburg et al., 2018b,
2019).

However, soil structuration patterns (i.e. the way to form aggregates
and pore space) created through plant rooting and through earthworms'
burrowing and casting activities are still rarely investigated and poorly
understood in floodplain soils. Secondly, the unique development of
floodplain soil layers has never been considered in the analysis of soil
structure formation. Specifically, the combined consideration of the
superposition of several alluvial deposits of different texture in addition
to the influence of buried litter is unique to our study. In the field, such
structuration patterns are difficult to appraise due to spatial hetero-
geneity of superimposed alluvial deposits. Hence, standardising these
parameters in the laboratory using mesocosms may be a useful way to
investigate soil structuration patterns through plant rooting and
earthworm activities. Root galleries and earthworm tunnels in micro-
and mesocosms can be visualised and analysed using X-ray computed
tomography (X-ray CT; Pierret et al., 1999, 2002; Capowiez et al., 2011,
2015; Amossé et al., 2015; Schomburg et al., 2019). X-ray CT is a non-
destructive tool used to create a 3D structure of a scanned matrix, and
thus, analyses its macro-porous network (Helliwell et al., 2013; Turberg
et al., 2014). By doing so, X-ray CT has emerged as a contemporary
method to indirectly assess soil structure formation (Vogel et al., 2002;
Vervoort and Cattle, 2003; Lin et al., 2005). Similarly to structuration
patterns, OM dynamics and in particular the mechanisms of its mixing
with mineral particles are strongly controlled by the heterogeneous
layout of floodplain soils. The origin of OM in soil aggregates can
however be distinguished through the analysis of its thermal stability
by the way of indices representing immature OM (I-index) and OM
thermal stability (R-index) (Albrecht et al., 2015; Sebag et al., 2016;
Matteodo et al., 2018; Schomburg et al., 2018a).

As floodplains are essential components of many important eco-
system services, such as water regulation (Acreman et al., 2003) and are
prone to riverbank erosion (Diaz-Zorita et al., 2002), understanding the
processes of soil stabilisation is crucial. In the present study, our main
hypothesis is that the type of soil engineer, the composition of the de-
posits (sediment and litter) and how they are superimposed strongly
control the structuration patterns and the structural stability of soil

aggregates. Hence, we investigate the combined effects of different al-
luvial deposits, their superimposition, and also the role of soil en-
gineering organisms on the formation of soil aggregates and in OM
dynamics. For this purpose, we use a mesocosm approach and simulate
a natural floodplain soil through the superposition of two alluvial se-
diments strongly differing in their texture and separated by a layer of
buried litter material. We expect that a finer soil texture (e.g. silt)
would overall favour structuring processes by plants and earthworms
and that a buried litter layer would be a catalyst for the formation of
soil aggregates.

2. Material and methods

2.1. Experimental design

To test our hypothesis, we set up an experimental invitro mesocosm
design based on the one proposed by Schomburg et al. (2018a). Two
alluvial sediment deposits (a silty and a sandy one) were superposed
and separated by a layer of litter material (LOM layer) following two
different superimpositions (Fig. 1): i) the silty sediment overtopping the
sandy one (TopSi configuration with silt.top, LOM, sand.bottom) and ii)
vice versa (TopSa configuration with sand.top, LOM, silt.bottom). Both
configurations were allocated to four different treatments with five
replicates each: i) the plant treatment (P), ii) the earthworm treatment
(EW), iii) the combined plant and earthworm treatment (P+EW), and
iv) the control (NT) (2×4×5=40 mesocosms in total). This ex-
perimental design generated two different layouts for the data analysis:
i) a one-factor design for the data that was available at the mesocosm
level (plant biomass and weight gain of earthworms, see Section 2.4);
the studied factor was the “treatment” with four levels (P, EW, P+EW,
NT); ii) a split-plot design for the data measured at the split plot level;
the main unit factor was represented by the “treatments” and the split-
plot factors were the three kinds of material (silt, sand, LOM) within the
mesocosms. In addition, the position of each material within the me-
socosm was defined by its “layer”: silt.top, silt.bottom, sand.top,
sand.bottom, LOM (which is always the second layer; Fig. 1). Using this
definition, the split-plot factor had five levels. The response variables

Fig. 1. The two mesocosms' experimental designs with silt (silt.top), overlying
an organic matter layer (LOM) and a sand layer (sand.bottom) (TopSi) and sand
(sand.top), overlying an organic matter layer (LOM) and a silt layer (silt.-
bottom) (TopSa).
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measured at the split-plot levels were the total segment length analysed
by X-ray computed tomography (see Section 2.3), the percentage of
water-stable macro-aggregates (%WSA, see Section 2.4), and the R-
index for OM dynamics (see Section 2.5).

2.2. Mesocosm set up

Mesocosms were set up in cylindical PVC tubes of 35 cm in height
and 14.5 cm in diameter. Sand, silt, as well as litter and small branches
of willow trees (Salix viminalis) for the LOM layer were sampled in the
willow bush area (Fournier et al., 2012) in the restored section of the
Thur River in Niederneunforn (8°77′12″ E, 47°59′10″ N), Thurgau
Canton, Switzerland. Both sediments were recent alluvial deposits of a
(i) Calcaric Fluvisol and a (ii) Calcaric Fluvic Arenosol (IUSS Working
Group WRB, 2015). Soil physicochemical parameters and the methods
used for their respective analysis are listed in Table 1. Before filling the
tubes, sediments and litter material were dried at 40 °C for 72 h in order
to preserve the SOM fraction. Sediments were sieved mechanically at
1mm using a vibrating sieving apparatus. The fraction between 1 and
2mm was neglected in order to destroy pre-existing macro-aggregates
and to remove the coarse sand fraction that may cause intestinal da-
mage to earthworms' digestive tracts (Shipitalo and Protz, 1988).
Sampling of ecosystem engineers and preparation of PVC tubes were
performed similar to the design presented by Schomburg et al. (2018a).
Each PVC tube was filled up with 2.5 kg of both sediments, which were
mixed with 1.5 g of dried and shredded catgrass (Cyperus zumula) in
order to supply food to earthworms during the experiment. The first
sediment was filled stepwise into the tube and rewetted to field capacity
after each 2 cm of filling. This sediment was superposed by 10 g of
willow tree branches and leaves of similar size corresponding to 5 cm of
filling height. This layer was again covered by the other sediment and
vice versa.

The endogeic earthworm Allolobophora chlorotica and the canary
grass Phalaris arundinacea were chosen as soil engineers. Both of them
were the most abundant species at the Thur River floodplain and thus
representative to analyse soil structure formation in alluvial soils. For
the plant treatment (P), a seedling of Phalaris arundinacea (8–10 g initial
weight) was planted during sediment filling. For the earthworm treat-
ment (EW), five adult individuals of the endogeic Allolobophora chlor-
otica, sampled one day before setting up the treatments and preserved
at 4 °C, were placed in the LOM layer to allow them to choose their
“preferred” sediment. The total weight of earthworms was checked to
be similar after gut defection for all EW treatments. Combined treat-
ments were prepared, containing both plants and earthworms
(P+ EW). Treatments without any soil engineer represented the con-
trol (NT).

All mesocosms were incubated over a period of 8 weeks under
controlled conditions in a climate chamber at 18 ± 3 °C, 65%

humidity, 16/8 hour day-night time rhythm (Schomburg et al., 2018a).
Soil moisture content was controlled twice a week over the total weight
of the mesocosms. In case of a soil moisture deficit, mesocosms were
rewetted using a fog irrigation nozzle in order to preserve aggregates
created at the soil surface.

2.3. X-ray computed tomography (X-ray CT)

2.3.1. Mesocosm scanning
After eight weeks of incubation, mesocosms were prepared for X-ray

CT analysis. Plant stems were cut off at the edge and mesocosms closed
at both ends. The remaining space between the closure cap and the
sediment was filled up with styrofoam chips, in order to prevent
movement of the sediment layers during the scanning process.
Mesocosms were scanned using a LightSpeed VCT (GE Medicalm
Systems) medical scanner. The device was equipped with a rotating
scanner emitting X-ray beams on a 1.2mm focal spot with a peak en-
ergy of 120 keV and a tube current of 500mA. Data acquisition was
based on a 64 channel detector and an axial pitch of 0.625mm. These
settings were already predefined for the analysis of soil and peat sam-
ples in recent studies (Turberg et al., 2014; Amossé et al., 2015; Liernur
et al., 2017; Schomburg et al., 2019). Each image of the sequence was
projected on a 512× 512 pixel grid and adapted to the transaxial field
of view, defining a cubic voxel size of 0.3× 0.3× 0.3mm on all 2D
reconstructed CT images. On average, 1200 CT images were generated
per mesocosm.

2.3.2. Image analysis
Raw images were treated using imageJ (open source software)

(Schneider et al., 2012) and Avizo, version 9.3.0 (FEI, 2016). Raw
images of each mesocosm were imported in imageJ and converted into
one image sequence. Substacks were created individually for each
image sequence and contact zones between the sediments and the PVC
tubes were cut out. Image sequences were subsequently implemented in
Avizo. Binarisation was performed in order to separate the mineral and
organic matrix from the void representing plant root galleries, earth-
worm burrows, pores and cracks. Interactive thresholding was used, as
the provided algorithms for automatic thresholdings did not accurately
represent the features of interest (i.e. voids related to macro-biological
engineering activity). Automatic thresholding using factorisation
tended to overestimate root galleries in some image sequences, but did
not vary significantly from interactive thresholding levels when con-
sidering all image sequences (Appendix 1c, d). In a first step, a specific
threshold value was defined for each image sequence. The arithmetic
mean of all individual threshold values applied on each image sequence
was then calculated and set to 31,778. Binarisation was performed
again on each image sequence using the arithmetic mean of the
threshold levels. Since all scans were conducted with exactly the same
measuring configuration, mean values did not lead to a significant over-
or under-estimation of the voids (Appendix 1c). Porosity was calculated
on the ratio of the thresholded void and the remaining soil material.
Skeletonisation of the voids was subsequently performed on the bi-
narised 3D images using the auto-skeleton function with a smoothing
coefficient of 0.5 and 10 iterations (Fig. 2). The total number of seg-
ments and nodes and the total segment length, calculated through
skeletonisation, were used as an indicator for macro-biological struc-
turing activity in each material. All indicators were normalised per dm3

due to a slight variation in the total volume of each material.

2.4. Sampling of aggregates and soil engineers

Mesocosms were opened after CT scanning. Plant roots were sam-
pled by hand, carefully washed with tap water, oven-dried for 48 h and
weighed. Earthworms were collected and weighed after gut defection.
Macro-aggregates of 250–2000 μm in size (Tisdall and Oades, 1982)
were sampled by hand individually in each layer by sieving over

Table 1
Initial soil physicochemical parameters measured in silty and sandy alluvial
sediments before starting the incubation experiment. Grain size distributions
were obtained using a LS 13 320 Laser Diffraction Particle Size Analyzer
equipped with an APS Auto Prep Station (Beckman Coulter); pH values were
measured using a combined pH meter/conductometer (914 pH Meter/con-
ductometer, Metrohm, Herisau) with a soil/water ratio of 1:2.5; TOC contents
are calculated from Rock-Eval pyrolysis and total carbonate contents were
obtained using a Bernard Calcimeter described by Vatan (1967).

Soil parameter Silty sediment Sandy sediment

Silt content (%) 56.00 4.50
Sand content (%) 34.50 92.50
Clay content (%) 9.50 3.00
pHwater 7.45 8.25
TOC content (%) 1.48 0.32
Total carbonate content (%) 37.00 30.00
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2000 μm and then 250 μm (Schomburg et al., 2018a). Aggregate sta-
bility was determined over the proportion of water stable macro-ag-
gregates (%WSA) in relation to the total amount of macro-aggregates
collected from each layer. %WSA was determined according to the
method described in Kemper and Rosenau (1986), using a modified
automatic sieve-diving apparatus (Murer et al., 1993). Water-stable
macro-aggregates and material from the control treatments were air-
dried over an entire week and finely crushed for Rock-Eval pyrolysis.

2.5. Rock-Eval pyrolysis

OM dynamics during its incorporation into soil aggregates and its
thermal stability were assessed using a Rock-Eval 6 pyrolyser (Vinci
Technologies), which is described in Lafargue et al. (1998) and Behar
et al. (2001). About 50–60mg of finely crushed material from water-
stable macro-aggregates was stepwise pyrolysed in an inert atmosphere
and subsequently combusted using an artificial air supply. Released
hydrocarbons were monitored by a flame ionisation detector (FID) and
graphed as the “S2 thermogram”, representing the sum of all released
hydrocarbons. The analysis of the S2 thermogram provided information
on OM bulk chemistry and thermal stability in soils and sediments
(Disnar et al., 2003; Hetényi et al., 2005; Sebag et al., 2006). In this
study, the area under the S2 curve was subdivided into to five areas (A1
to A5) with predefined temperature ranges: 200–340 °C for A1 (labile
biopolymers), 340–400 °C for A2 (resistant biopolymers), 400–460 °C
for A3 (immature geopolymers), and A4 and A5, which stands for re-
fractory geopolymers (> 460 °C). These areas were used for the calcu-
lation of the R-index and I-index (Sebag et al., 2016). I-index was re-
lated to the thermally more labile fraction of OM and measures its
degree of preservation as follows:

= +I index A A
A

log 1 2
310 (1)

R-index was related to the whole OM content and measured the
contribution of thermally more stable fractions as follows:

= + +R index A A A3 4 5
100 (2)

The Rock-Eval I- and R-indices are independent from CaCO3 and
total organic carbon (TOC) contents. Moreover, the R-Index plotted
against I-index is an indicator for the OM stability in aggregates. This
diagram is a useful tool to describe complex processes by taking into
account only two synthetic parameters: it graphically represents the
complex transformations of soil organic constituents, even if their
chemical composition is not precisely known (Sebag et al., 2016). These
authors calibrated>1000 soil samples from different soil horizons and
indicated a strong correlation between I-index and R-index in non-
disturbed soils, where changes in labile OM fraction drive the bulk
thermal stability. Thus, the I/R diagram was shown to be pertinent to
interpret the presence of OM in soil aggregates, especially in biogenic
structures formed by soil engineering organisms (Schomburg et al.,
2018a). The R-index representing OM thermal stability has been shown
to be an especially powerful indicator for the degree of OM stabilisation
in the bulk soil and in soil aggregates (Matteodo et al., 2018;
Schomburg et al., 2018a).

2.6. Statistical data processing

All statistical analyses and data visualisations were performed in R
(R Core Team, 2013) version 3.5.1. The package “easyanova” was used
(Arnhold, 2013) for the split-plot data. The packages “ggplot2”

Fig. 2. Visualisation of 3D binarised elements for all treatments in both configurations performed in Avizo. Binarised items are illustrated by the red lines re-
presenting root galleries, earthworm burrows, pores and cracks. TopSi stays for the succession silt - buried litter - sand, TopSa for the succession sand – buried litter -
silt. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Wickham, 2009) and “gridExtra” (Auguie, 2016) were used for data
visualisation.

2.6.1. One-way analysis of variance (ANOVA)
Data collected at the level of the mesocosm (biomass and weight

change) were analysed with a one-way analysis of variance (ANOVA).
Normal distribution and variance homogeneity of the data were pre-
viously verified using the Shapiro-Wilk test and the Bartlett test. If
significant, multiple comparisons at the main factor levels were iden-
tified using Tukey's HSD post-hoc test.

2.6.2. Analyses of variance for randomised split-plot designs
The role of the composition of the deposit, its superimposition, and

the presence of soil engineers on the structuration patterns, soil struc-
tural stability and OM dynamics (see hypothesis in the Introduction
section) were analysed using three analyses of variance for randomised
split-plot designs. Three robust indicators for the structuration patterns
(total segment length from X-ray CT), the degree of structuration in-
dicated by water stable macro-aggregates (Six et al., 2000), and the R-
index representing OM thermal stability in soil aggregates (Schomburg
et al., 2018a) were defined as response variables. Two predictor vari-
ables were defined for each analysis: the factor “treatment” with four
levels (P, EW, P+EW, NT) and the factor “layer” with five levels
(silt.top, silt.bottom, sand.top, sand.bottom, LOM). The factor “layer”
thus contained information about both the composition of the deposit
and the position within the mesocosm. This information could not be
analysed using two different predictor variables due to missing statis-
tical independency. ANOVAs were performed using the sum of squares
type III. Criteria for normality and homoscedasticity were checked prior
to the analyses using the Shapiro-Wilk test and the Bartlett test. As the
total segment length and the R-index failed the criteria for normality,
data were logarithmised. Subsequent multiple comparison tests at the
main factor levels were performed using Tukey's HSD test. Hypotheses
were tested at an α=0.05 significance level, accepting the risk at a p-
value < 0.05.

3. Results

3.1. Soil engineers

All earthworms survived and gained on average at least 20% weight
in the TopSi configuration (Table 2). In the TopSa configuration,
earthworms tended to lose weight in the EW treatment while they

Table 2
Root biomass and earthworm weight gain (EW weight gain) after the incuba-
tion in the two configurations TopSi and TopSa (mean ± SE). Negative values
correspond to weight loss of earthworms. P stays for plant, EW for earthworm,
P+EW for plant+ earthworm and NT for control. ΔPlant+Root biomass
indicates differences in plant+ root biomass within eight weeks of incubation.
Letters a and b stand for differences between the treatments in EW weight gain,
root biomass and ΔPlant+Root biomass representing results from Tukey's HSD
tests for one-way ANOVA at an α=0.05 significance level, accepting the risk at
a p-value < 0.001.

Treatment EW weight gain (%) Root biomass (g) ΔPlant+Root biomass
(g)

TopSi
P 2.50 ± 2.10a 6.55 ± 3.50a

EW 32.28 ± 12.90a

P+EW 24.40 ± 9.32a 0.83 ± 0.46a 4.83 ± 3.91a

NT

TopSa
P 1.69 ± 0.77a 16.89 ± 3.63b

EW −8.96 ± 8.20a

P+EW 13.81 ± 14.05a 1.61 ± 0.89a 9.13 ± 5.12a,b

NT

Table 3
Results for the analyses of variance for randomised split-plot designs.
Significant overall and interaction effects were specified by a p-value < 0.05.
“n.s.” stays for not significant. Letters a, b, c and d represent results from
Tukey's HSD posthoc analysis at an α=0.05 significance level accepting the
risk at a p-value < 0.001. “:” represents interaction effects between two pre-
dictor variables.

Predictor variables and levels Response variables

Total segment length %WSA R-index

Overall and interaction effects
Treatment p < 0.001 p < 0.05 n.s.
Layer p < 0.001 p < 0.001 p < 0.001
Treatment: Layer p < 0.001 p < 0.05 p < 0.001

Multiple comparisons of treatments
Plant b ab a
Earthworm a b a
Plant+ earthworm a a a
Control b c a

Multiple comparisons of layers
silt.top b ab c
silt.bottom bc ab c
sand.top bc b a
sand.bottom c c a
LOM a a b

Multiple comparisons of treatments within layer levels
silt.top
Plant ab a ab
Earthworm a a ab
Plant+ earthworm ab a a
Control b a b

silt.bottom
Plant a b a
Earthworm a a b
Plant+ earthworm a a a
Control a b a

sand.top
Plant a a b
Earthworm a bc a
Plant+ earthworm a ab b
Control a c b

sand.bottom
Plant a a a
Earthworm a a a
Plant+ earthworm a a a
Control a a a

LOM
Plant b a a
Earthworm a a b
Plant+ earthworm a a a
Control b a a

Multiple comparisons of layers within treatment levels
Plant (P)
silt.top b ab b
silt.bottom b b ab
sand.top b a a
sand.bottom b b a
LOM a a a

Earthworm (EW)
silt.top b ab c
silt.bottom bc a d
sand.top c bc a
sand.bottom c c b
LOM a ab cd

Plant+ earthworm (P+EW)
silt.top b b b
silt.bottom b a b
sand.top b ab a
sand.bottom b b a
LOM a b b

Control (NT)
silt.top b a d
silt.bottom b ab c
sand.top b b ab
sand.bottom b b a
LOM a a bc
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seemed to gain weight in the P+EW treatment, but the differences
were not significant. Values for root biomass were similar in all treat-
ments containing plants in both configurations except for P+ EW
treatment in the TopSi configuration, in which root biomass tended to
be reduced. Plant biomass (shoots and roots) significantly increased in
the P treatment in the TopSa configuration compared to the P and the
P+EW treatment in the TopSi configuration (p-value < 0.001).

3.2. X-ray computed tomography (X-ray CT)

Macroporosity, total segment length, and the number of segments
were strongly correlated (rpearson > 0.94). Therefore, total segment
length was defined as a robust indicator to analyse the structuration
patterns (see Section 2.6). The contribution of the predictors “treat-
ment” and “layer” to explain the variability of the total segment length
was highly significant (p-value < 0.001) (Table 3). Furthermore, in-
teraction terms between “treatment” and “layer” were highly sig-
nificant (p-value < 0.001) (Table 3), indicating that the effect of
“treatment” varied within the five levels of “layer”. Multiple compar-
isons at the main factor level within “treatment” indicated that the
treatments EW and P+EW significantly increased the total segment
length. Within the level of “layers”, total segment length was greatest in
LOM, followed by silt.top. Total segment length was lowest in the
sand.bottom layer (Tables 3, 4). Regarding interaction terms, earth-
worms significantly increased the total segment length in the silt.top
and in the LOM layer. Plants tended to increase the total segment length
in the top layers only, but interaction terms were not significant (Tables
3, 4).

3.3. Aggregate stability

The percentage of water-stable macro-aggregates was significantly
affected by both predictors tested. The overall effect of “layer” was

highly significant (p-value < 0.001) and the effect of “treatment” was
significant (p-value < 0.05). Interaction terms between “treatment”
and “layer” were also significant (p-value < 0.05) (Table 3). Multiple
comparisons at the main factor level within the four levels of “treat-
ment” indicated that aggregate stability is generally highest in P+ EW
followed by P and EW (Tables 3, 4). Multiple comparisons at the main
factor level within the five levels of “layer” highlighted the greatest
aggregate stability in the LOM-layer followed by the silt layers re-
gardless of its position, and the top.sand and the bottom.sand layer.
Regarding interaction terms, the presence of earthworms significantly
improved aggregate stability in the silt.bottom layer, whereas the pre-
sence of plants positively contributed to aggregate stability in the
sand.top layer (Tables 3, 4).

3.4. Rock-Eval pyrolysis

R-index values ranged between 0.55 and 0.67 and I-index values
between 0.12 and 0.25. R- and I-indices were strongly correlated in silty
sediment (rpearson=0.97 and 0.72) and less in the LOM layer in both
configurations (rpearson=0.67). No clear correlation was found in the
respective sand layers (Fig. 3). OM thermal stability represented by the
R-index was significantly affected by “layer” (p-value < 0.001)
(Table 3). “Treatment” did not have any significant effect on OM
thermal stability. Interactions terms between “treatment” and “layer”
were highly significant (p-value < 0.001) (Table 3). Within the five
levels of “layer”, R-index values were greatest in the sand layers, fol-
lowed by the LOM and the silt layers (Tables 3, 4). Regarding interac-
tion terms, the effect of EW varied strongly within the five levels of
“layer”: EW significantly increased the R-index in the sand.top layer
and decreased the R-index in the silt.bottom and the LOM layers
(Table 4, Fig. 3). Plants alone (P) and earthworms (EW) significantly
decreased the R-index in the silt.top layer compared to P+EW. R-index
values for P+EW treatments tended to range between values for P and
EW in the sand.top, sand.bottom and the LOM layer (Fig. 3).

4. Discussion

4.1. Behaviour of ecosystem engineers

As assumed in the main hypothesis, the treatment, the composition
and superimposition of the layers strongly affected the structuration
patterns in the mesocosms. Plant and earthworms' bioturbation activ-
ities are thus strongly controlled by the physico-chemical properties of
the deposits.

Roots of the pioneer plant P. arundinacea spread out only in the top
layers, although they could reach the bottom of the mesocosm within a
similar timeframe as observed in a preliminary experiment (data not
shown). Regardless of the configuration, roots did not enter the un-
derlaying LOM layer suggesting that this layer was either unfavourable
for rooting, or that sufficient amounts of nutrients and water were
available above. The root biomass was smaller in silty sediments
compared to sandy ones. As sand retains less water and nutrients, plants
had to extend their roots to reach water and nutrient sources, probably
provided at the top of LOM layers. Contrary to our expectations, a fine
sediment texture and buried litter might delay the structuration pro-
gression whereas coarse sandy deposits favour a fast colonisation by
roots. The water availability could probably also be decisive but was
not investigated in the present study.

The earthworms A. chlorotica were found either in the silt or in the
LOM layer, independent of the configuration. This highlights their
preference for food resource and finer soil textures (Table 1) (Edwards
and Bohlen, 1996). Lavelle et al. (1997) underlined that endogeics
prefer to move into topsoil layers that may explain why A. chlorotica
dug in sand in TopSa configuration. Moreover, this worm is a pioneer
species commonly abundant in disturbed soils, for instance in the very
pioneer area in floodplains composed of bare soils with gravels

Table 4
Mean values± SE for robust indicators selected for soil structural stability,
structuration patterns, and OM dynamics. Values are given for the four levels of
“treatment” within the five levels of “layer”. WSA: water stable macro-ag-
gregates; P: plant, EW: earthworm, P+EW: plant+ earthworm, NT: control.

Layer &
treatment

Total segment
length
(mm dm−3)

WSA (%) R-index I-index

silt.top
P 1979 ± 1412 10.68 ± 0.84 0.57 ± 0.01 0.20 ± 0.02
EW 5668 ± 1263 9.53 ± 2.17 0.58 ± 0.01 0.18 ± 0.01
P+EW 3416 ± 1000 9.87 ± 2.86 0.59 ± 0.01 0.18 ± 0.01
NT 114 ± 112 9.17 ± 0.95 0.56 ± 0.01 0.22 ± 0.01

silt.bottom
P 90 ± 67 7.55 ± 2.05 0.60 ± 0.01 0.17 ± 0.01
EW 2878 ± 1126 12.50 ± 2.92 0.56 ± 0.01 0.22 ± 0.01
P+EW 2639 ± 1186 14.02 ± 2.99 0.59 ± 0.02 0.19 ± 0.01
NT 92 ± 73 7.99 ± 1.39 0.59 ± 0.01 0.17 ± 0.01

sand.top
P 1017 ± 223 13.39 ± 4.58 0.62 ± 0.01 0.18 ± 0.02
EW 1013 ± 140 7.39 ± 2.03 0.68 ± 0.05 0.17 ± 0.03
P+EW 1515 ± 438 10.72 ± 3.10 0.63 ± 0.01 0.20 ± 0.01
NT 109 ± 50 4.67 ± 3.08 0.63 ± 0.01 0.24 ± 0.01

sand.bottom
P 30 ± 16 6.07 ± 4.02 0.62 ± 0.03 0.21 ± 0.03
EW 193 ± 53 4.35 ± 2.43 0.63 ± 0.03 0.15 ± 0.02
P+EW 167 ± 41 7.65 ± 1.94 0.63 ± 0.01 0.18 ± 0.01
NT 24 ± 18 4.77 ± 1.42 0.63 ± 0.01 0.20 ± 0.01

LOM
P 29,966 ± 7269 13.87 ± 4.13 0.61 ± 0.02 0.18 ± 0.02
EW 34,651 ± 8008 11.72 ± 2.94 0.57 ± 0.01 0.21 ± 0.02
P+EW 34,401 ± 3806 10.83 ± 1.21 0.59 ± 0.02 0.17 ± 0.02
NT 23,140 ± 4083 10.31 ± 2.23 0.61 ± 0.03 0.16 ± 0.03
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colonised by herbaceous vegetation (Fournier et al., 2012; Amossé
et al., 2015). Bouché (1972) also mentioned that A. chlorotica is found
in urban human-perturbed environment (e.g. building sites) that are
returning to their equilibrium states. Amossé et al. (2015) and Vergnes
et al. (2017) also observed this species in Anthrosols and Technosols.

Focusing on the combination treatment P+ EW, total segment
length was surprisingly not increased compared to P and/or EW alone.
Our main hypothesis is that mutual beneficial effects might not have
been possible to be visualised with X-ray CT, as each soil engineer could
have taken advantage of their respective structures. Plants are known to
use earthworm burrows for rooting, as burrow-linings are enriched in
available nutrients and provide easier pathways for root network ex-
tension. Burrow walls but also casts are furthermore hotspots of nu-
trients, making them preferentially colonised by plant roots (Spiers
et al., 1986; Zaller and Arnone, 1999; Decaëns et al., 2011). However,

in our study, the distinction of root galleries and earthworm burrows
was not possible with the resolution of the X-ray CT. Further research is
still needed regarding this topic by using higher resolution technics.

4.2. Aggregate stability

The percentage of water-stable macro-aggregates varied sig-
nificantly among the treatments and within the layers. Aggregate sta-
bility is generally thought to be positively correlated to the proportion
of silt and clay and negatively correlated to the proportion of sand
(Lavelle et al., 1997; Duiker et al., 2003; Kaiser et al., 2012).

In our study, the highest aggregate stability was found in the LOM
layer. OM components are efficient bonding agents that agglutinate soil
particles (Tisdall and Oades, 1982; Guggenberger et al., 1996; Kong
et al., 2005; Jouquet et al., 2008). Moreover, they stimulate fungal and

Fig. 3. R-index plotted against I-index as an indicator for OM thermal stabilisation in aggregates.
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bacterial activities as well as an active root growth, all of them being
biological aggregate formation agents (Six et al., 2002). In the P
treatment, OM can thus favour the presence of bacteria and fungi in the
vicinity of plant roots, thus enhancing the formation of aggregates in-
side LOM layer. In the presence of earthworms, these effects are
probably enhanced due to the mucus released by A. chlorotica when
passing through the LOM layer.

Focusing on sediment layers, A. chlorotica did not increase aggregate
stability, except for the silt.bottom layer. Earthworms usually increase
aggregation processes (Fonte and Six, 2010), but sometimes not (Fonte
et al., 2012; Lubbers et al., 2017). Indeed, A. chlorotica is known to
decrease aggregate stability (Milleret et al., 2009b) and our result
confirm the importance of taking into account the community compo-
sition of earthworms instead of one single species. The location of or-
ganic matter (onto the soil surface or directly mixed in the soil matrix)
is also an important feature regarding soil bioturbation, especially for
endogeic species (Le Couteulx et al., 2015). The presence of an LOM
layer may have disturbed the ecological behaviour of A. chlorotica.

Combining earthworms and plants slightly increased aggregate
stability, which was mainly due to the fact that plants and earthworms
were almost never present in the same sediment, except for the silt.top
layer. However, the contribution of P. arundinacea was the highest on
aggregation, especially in the sand.top layer. Plant roots were thus the
most efficient binding agents as also reported by Fonte et al. (2012) and
Kohler-Milleret et al. (2013).

4.3. OM dynamics

4.3.1. Mechanisms of OM incorporation into soil aggregates
In near-natural soils, the strong correlation between R- and I-indices

has two main origins: on the one hand, mineralisation of OM leads to a
decrease in I-index values and simultaneously to an increase of R-index
values (Albrecht et al., 2015). On the other hand, strong interactions
between OM and mineral matter results in a specific range shift of R-
index and I-index values (Sebag et al., 2016), especially in soil ag-
gregates, as already reported by Schomburg et al. (2018a).

In our study, except in the TopSa configuration where root exudates
favoured bindings, R-index and I-index were not correlated in sandy
textures, possibly because the low specific surface of fine sand particles
minimize OM-sandy grains' interaction. On the contrary, R-index and I-
index were correlated in the silt and LOM layer. This reinforces our
findings on aggregate stability and thus highlighting the involvement of
soil engineers. Root exudates promote OM mineralisation by stimu-
lating microbial activities and A. chlorotica, mostly found in the silt and
LOM layers, enhanced the mixing both materials into biogenic ag-
gregates.

4.3.2. OM thermal stability
Contrary to our expectations, OM thermal stability was increased in

sandy sediments, while it is usually the highest in the presence of fine
sediment textures such clay and silt (Sollins et al., 1996; Bronik and Lal,
2005).

In our experiment, the OM thermal stability in aggregates formed by
roots was low mainly due to exudates that contain easy decomposable
OM. Such labile OM generally underlies fast microbial decay, unless
OM is physically protected by mineral particles (Sollins et al., 1996).
The fine mineral fraction can occlude labile OM, enabling its efficient
protection against microbial decay, which can improve the persistence
of labile OM in the soil (Schmidt et al., 2011). In our case, the silty
texture was not fine enough to assume this role.

In the presence of earthworms, R-index values were generally con-
stant in the sand layers, but increased in the silt and the LOM layers,
regardless of the configuration. Thus, earthworms increased the
thermal stability of OM in the silt. In the sand, earthworms only asso-
ciated mineral and organic particles without improving its thermal
stability. We, therefore, assume that earthworm movements only

displaced OM without passing through their digestive tract.
Earthworms generally avoid digesting the sandy soil fraction as it
causes intestinal damages in their gut system (Curry and Schmidt,
2007). Nevertheless, earthworm movements seem powerful enough to
mix sand particles with OM from the underlying LOM layers. This hy-
pothesis is supported by the R-index value which was similar in the
sand and the LOM layer in the TopSa configuration. On the other hand,
earthworms generally promote OM sequestration into soil aggregates,
especially in finer soil textures (Lavelle, 1988; Frouz et al., 2015; Angst
et al., 2017). In the silt, earthworms excreted easier decomposable OM,
such as mucus and saliva, which agglutinated soil particles during the
gut transit. Simultaneously, earthworms incorporated more recalcitrant
compounds from the bulk soil, such as lignin, into their casts (Lavelle
et al., 1997), corresponding to thermally resistant OM (Disnar et al.,
2003).

In most of the layers, in which plants and earthworms were con-
comitantly present, R-index values for P+ EW treatments ranged be-
tween values for P and EW. Similar observations for the thermal sta-
bility of OM were reported by Schomburg et al. (2018a) in a mesocosm
experiment. However, these authors could not distinguish whether
these values resulted from (1) an interaction between plants and
earthworms during OM transformation into aggregates as proposed by
Zangerlé et al. (2014) or (2) if they resulted from a positive feedback
between both engineers, individually modifying the thermal stability of
OM. However, recent studies reported that plants inhabited earthworm
casts to take advantage of the enriched amount of nutrients (Spiers
et al., 1986; Zaller and Arnone, 1999; Decaëns et al., 2011). Conversely,
earthworms prefer feeding on root-derived carbon and easy decayable
OM from fine roots and incorporate this carbon into soil aggregates
(Gilbert et al., 2014; Sanchez-de Leon et al., 2014; Yavitt et al., 2015).

4.4. Limitations of the mesocosm approach

Combining X-ray CT and Rock-Eval pyrolysis was suitable for ana-
lysing structuration patterns of soil engineers and OM thermal stability
in soil aggregates in an artificially constructed floodplain soil. The ex-
perimental design was an innovative approach and provided highly
useful data, but several aspects need to be addressed in greater detail.
Hence, results obtained for the P+EW treatment were difficult to in-
terpret. Using Rock-Eval pyrolysis, a mixed signature was found, which
either represented interaction or an additive effect of engineer specific
indices. Plant root galleries and earthworm burrows could not be dif-
ferentiated using X-ray CT, at least not with the intermediate resolution
provided by the medical scanner. Increasing the resolution of the X-ray
CT scanner constitutes a significant challenge because it requires a
smaller diameter of the samples and is very expensive. In the present
study, downscaling the size of the mesocosm was not compatible with
earthworm requirements in terms of living space and would have led to
a loss of information about the structuration patterns. Alternatively,
subsampling might have impacted aggregate sampling and collection of
ecosystem engineers. Nevertheless, the use of high resolution X-ray CT
is probably one of the key approaches for an increased understanding of
plant-earthworm interactions. Furthermore, several studies indicate
that aggregate stability cannot be significantly improved in short-term
mesocosm experiments (Bossuyt et al., 2005; Milleret et al., 2009a).
Extending the incubation period might, however, result in clearer data,
e.g. increased stability of aggregates formed by earthworms, or more
distinctive OM signatures which can be easier identified by Rock-Eval
pyrolysis.

5. Conclusions

Soil structuration and mechanisms of OM stabilisation in plants and
earthworms' soil aggregates were identified through a mesocosm design
using a superimposition of different materials layers, similar to what
occurs during flood events in a near-natural floodplain. We employed a
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novel combination of X-ray CT and Rock-Eval pyrolysis in our analysis.
We showed that structuration patterns and aggregate stability depend
on the soil engineer and the composition as well as the superimposition
of the layers. Buried litter layers provide OM inputs that promote initial
soil aggregate formation. However, if the overtopping layer supplies a
sufficient nutrient stock for soil engineering organisms, buried litter
delays this process. Thus, the structural stability can vary significantly
with depth in an alluvial soil. Moreover, OM dynamics and thermal
stabilisation result from a complex interplay between soil engineers and
the initial composition of deposits, and could not be attributed to
general effects of one specific soil engineer. Our results suggest that the
superimposition of layers (sand on top of an organic layer followed by
silt) might be the best configuration of a floodplain soil to develop. This
soil structure formation is favoured by plants and is most the most ef-
ficient to promote OM sequestration by earthworms in the subsoil.
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Appendix A

Appendix 1. Comparison between different binarisation methods for the treatments performed in Avizo. Thresholded voids are coloured in blue. a) shows the raw
image, b) the individual threshold value specifically selected for this image, c) the arithmetic mean of all threshold values for each image set, and d) the automatic
thresholding using factorisation.
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