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A B S T R A C T

Soil structure formation is among the most important processes in river floodplains which are strongly influ-
enced by alluvial dynamics. In the context of river restoration projects, a better understanding of soil structure
formation in habitats adjacent to the river can help to prevent damages caused by riverbank erosion. Ecosystem
engineers such as pioneer herbaceous plants and earthworms likely contribute to soil structure formation even
despite less favourable environmental conditions. This study aims to assess the capacity of the herbaceous
perennial and native species Phalaris arundinacea and earthworm communities to promote a stable soil structure
in alluvial sediments, in particular fresh alluvial deposits, in the short term. Delimited plots were set-up in a
restored floodplain adjacent to the Thur River in NE Switzerland and exposed to natural alluvial dynamics for
19months. Four treatments were replicated in a randomised complete block design: (i) plots with Phalaris ar-
undinacea as only vegetation, (ii) plots with all vegetation constantly removed, (iii) and (iv) the earthworm
community reduced by mustard treatment, otherwise as (i) and (ii), respectively. Soil structure formation was
analysed at the end of the experiment using different indicators: aggregate stability, field-saturated hydraulic
conductivity and the porosity calculated from X-ray CT reconstructions of freeze cores. Phalaris arundinacea was
capable of improving the porosity and aggregate stability of both alluvial sediments present at the beginning of
the experiment but also of sediments freshly deposited during the observation period. The latter indicates a
structuring effect within only one vegetation period. Earthworm abundance was as a whole very low, most likely
due to the large proportion of sand. There was a small earthworm effect on soil structure formation, and only in
combination with Phalaris.arundinacea. Our findings highlight the ability of Phalaris arundinacea in efficiently
structuring sandy alluvial sediments in the short term even under strong alluvial dynamics. Phalaris arundinacea
can therefore play a key role in the early stage of river restoration projects. Thus, facilitating the colonisation by
such native pioneer herbaceous plants is a suitable step to improve the success of river restoration projects.

1. Introduction

Interactions between hydrologic and pedologic processes strongly
control ecosystem services and the ecological balance in semi-terrestrial
systems. In the past, these processes were investigated within their
specific research domain and without considering the feedback me-
chanisms (Ma et al., 2017). For instance, soil development, e.g. the
formation of a stable soil structure can be accelerated, inhibited or al-
tered by hydrologic processes (Lin et al., 2005, 2015; Bätz et al., 2015;

Schomburg et al., 2018). Soil structure formation is especially im-
portant in ecosystems that are constantly rejuvenated through exo-
genous dynamics, such as floodplains (Guenat et al., 1999; Bullinger-
Weber et al., 2012; Mardhiah et al., 2014). In the course of alluvial
dynamics, unconsolidated shore sediments can be eroded and/or de-
posited along the river bank that bury the existing soils (Gurnell and
Petts, 2006; Greenwood et al., 2013; Gianni et al., 2016; Partington
et al., 2017). Improving the structural stability of floodplain soils is
required with regard to today's river management policies in several
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countries, including Switzerland. For much of the past 150 years, rivers
have been cannelised in reaction to the need to protect anthropogenic
settlements from floods and to the rising demand for suitable agri-
cultural land, caused by the large growth of the population (Bundesamt
für Umwelt BAFU, 2008, 2017). During the last two decades, river
management strategies have slowly shifted from prioritising human
requirements towards ecological aspects (Malmqvist and Rundle, 2002;
Tockner and Stanford, 2002). Management goals were defined, among
others, for the restoration of floodplains as biodiversity hotspots
(Naiman and Décamps, 1997; Malmqvist and Rundle, 2002), and for
the creation of inundation areas reducing the flood risk in settlement
areas (Bundesamt für Umwelt BAFU, 2015). In the course of these river
restoration projects, river channels should be widened and embank-
ments removed. Floodplains adjacent to restored rivers are, in contrast
to those next to cannelised ones, often subject to severe inundations.
Besides river shore erosion and depostion of alluvial sediments, recur-
ring floods can modify the hydraulic properties of alluvial deposits
through rearranging particles and clogging macro-pores thereby in-
creasing surface runoff (Bottinelli et al., 2010; Greenwood et al., 2013).
On one hand, these processes can lead to strong alterations of the
floodplain itself, such as land gain/loss (Junk and Welcomme, 1990) or
the introduction of non-native plants (Hayashi et al., 2011), or threaten
anthropogenic infrastructure downstream through obstruction of water
ways and drainage ditches (Acreman et al., 2003). On the other hand,
frequent flooding impedes the development of stable conditions in
floodplain habitats and thus the natural succession of species (Bätz
et al., 2015; Graf-Rosenfellner et al., 2016). A soil structure, stabilised
by a spatial arrangement of macro-pores and aggregates composed of
mineral and organic particles (Tisdall and Oades, 1982; Brussard and
Kooistra, 1993), promotes stable conditions in floodplain habitats by
reducing soil erosion (Diaz-Zorita et al., 2002; Velasquez et al., 2007;
Mardhiah et al., 2014) and facilitating water infiltration (Ehlers, 1975;
Pérès et al., 1998). The entanglement of smaller micro-aggregates of
microbial origin into water-stable macro-aggregates is a process parti-
cularly involving soil macro-biota (Tisdall and Oades, 1982; Brown
et al., 2000; Six et al., 2002; Kong and Six, 2010). In ecosystems of
temperate latitudes, plants and earthworms act as soil engineers and
can strongly contribute to soil structure formation by creating water-
stable macro-aggregates (Lavelle et al., 1997; Tanner, 2001; Blouin
et al., 2013). Aggregates formed by plants are physically compressed
during root network extension and/or cemented by root exudates and
associated rhizobacteria (Degens et al., 1994; Angers and Caron, 1998;
Czarnes et al., 2000). Earthworms stabilise aggregates by mixing mi-
neral and organic material during burrowing and casting and aggluti-
nate ingested particles with mucus and saliva upon passage through
their digestive tract (Blanchart et al., 1997; Brown et al., 2000; Lavelle
and Spain, 2001). Along with aggregate formation, hydraulic properties
of the soils can positively affect water infiltration and reduce surface
water runoff (Gurnell and Petts, 2006). Moreover, a branched and ro-
bust network of earthworm tunnels can reduce soil erosion rates
by>50% (Shuster et al., 2002; Shipitalo et al., 2004; Jouquet et al.,
2011). Pioneer plants and earthworms have the potential to improve
the soil structural stability of floodplain soils. Pioneer plants generally
show a large physical resistance to alluvial dynamics (Gurnell and Petts,
2006; Gurnell, 2014; Bätz et al., 2014), whereas earthworms tolerate
waterlogging conditions in the soil for several weeks through physio-
logical adaptations (Plum and Filser, 2005; Le Bayon et al., 2013,
2017). In the course of current river restoration projects, willows (Salix
ssp.) are commonly planted to stabilise the riverbanks, as they grow
relatively fast, are well adapted to alluvial dynamics, and are highly
efficient in trapping sediments with their roots and thus promoting soil
aggregation (Gurnell and Petts, 2002; Crouzy and Perona, 2012; Perona
et al., 2012). Willows can help to establish post-pioneer riparian forests
in habitats flooded every 2–3 years (Corenblit et al., 2009). On the
other hand, stronger alluvial dynamics in close proximity to the river
retard the engineering effect of willows (Gurnell, 2014; Bätz et al.,

2014, 2015) and require a more efficient contribution to soil structure
formation. Fast-growing herbaceous pioneer plants, such as Phalaris
arundinacea and earthworms might be more competitive and promote
initial soil structure formation. Such a short-term engineering effect
would need to comprise the ability to improve the aggregate stability,
the macroporous network and the hydraulic properties of sediments to
which they are exposed and of sediments which are deposited during
frequent flood events. However, characterising soil structure formation
under such conditions in the field is challenging, as the abundance of
plants and earthworms and the accumulation or loss rates of sediments
are highly variable in space and time. Moreover, micro- and mesocosm
experiments are suitable to determine the efficiency of each individual
organism on soil structure formation, but the effects of strong alluvial
dynamics cannot be accurately reproduced. A possibility is to install
semi-controlled plots in the field and expose them to natural floods.
This innovative approach combines the strengths of field and laboratory
experiments, as the treatments can be controlled and develop dyna-
mically under natural alluvial dynamics. However, patterns of soil
structure formed by plants and earthworms are difficult to analyse in
unconsolidated sandy soil material generally found in close proximity
to the river (Walling and Collins, 2016; Liu et al., 2018), as the soil
structure may collapse when applying conventional soil coring. Liernur
et al. (2017) demonstrated freeze coring coupled with X-ray computed
tomography (X-ray CT) as a non-destructive method well suited for the
analysis of the soil structure in low-cohesive soils. Freezing of the soil
matrix largely preserves the soil's structural integrity except for the
matrix adjacent to the freezing lance (Humpesch and Niederreiter,
1993; Franchini and Zeyer, 2012; Liernur et al., 2017). Recently, X-ray
CT has been used to determine soil structure formation through the
analysis of the soil's macro-porosity, as well as the length, volume and
connectivity of root galleries and earthworm tunnels (e.g. Capowiez
et al., 2011, 2015; Amossé et al., 2015). The aim of this study is to
analyse the short-term effects of the pioneer herbaceous plant P. ar-
undinacea and earthworms on soil structure formation of alluvial sedi-
ments and recent deposits under strong alluvial dynamics, e.g. flooding,
erosion and deposition of sediments. To this end, we exposed delineated
plots containing treatments of P. arundinacea and earthworms to the
alluvial dynamics in a restored river floodplain and assessed the short-
term soil structure formation by means of innovative methods, e.g.
freeze coring and X-ray CT over a period of 19months. We hypothesise
that pioneer vegetation and earthworms contribute to initial soil
structure formation in the alluvial sediments and recent deposits by
improving their macro-porosity, structural stability and hydraulic
properties during this short period.

2. Materials & methods

2.1. Experimental design

The field experiment was conceptualised as a randomised complete
block design (Fig. 1). Four different treatments were set up in plots with
two replicates assigned to each of three blocks (4×2×3=24 plots in
total). The assignment of treatments to the plots differed from one block
to another (Fig. 1). Four different treatments were designed: 1) with P.
arundinacea, with earthworms (+P+EW), 2) with P. arundinacea,
without earthworms (+P−EW), 3) without P. arundinacea, with
earthworms (−P+EW), and 4) without both P. arundinacea and
earthworms (−P−EW). Sampling and on-site experiments were per-
formed at different depths that were defined specifically for each
method. This allowed data analysis at different layouts: i) one and two-
factor analyses for data available at the block level (earthworm com-
munity, effect analysis of plants and earthworms on sediment accu-
mulation), and ii) analysis of data available for treatments and depths.
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2.2. Construction and maintenance of field plots

In February/March 2015, plots were installed in close proximity to
the Thur River (3–8m at a discharge rate of 46.8m3 s−1 corresponding
to the yearly average) at the Schaffäuli site (Fig. 1), located in NE
Switzerland close to Niederneunforn (NNF, 8°77′12″ E, 47°59′10″ N).
The Schaffäuli site represents the largest current river restoration pro-
ject in Switzerland (Schirmer et al., 2014). A 2 km long section of the
river was restored in 2002 by removing the embankments. Since then,
strong alluvial dynamics have led to several inundations each year of
the adjacent floodplain and caused erosion and deposition of un-
consolidated alluvial sediments. Inundations are of natural origin, as
the Thur River is not regulated by any artificial reservoirs along its
course of 130 km. Due to a nivo-pluvial hydrologic regime, floods
principally occur in late spring during snow melt and in late summer
after heavy rainfall in the catchment area (Fournier et al., 2013). The
plots were installed in a zone which was sparsely colonised by pioneer
vegetation due to frequent floods in summer 2014 and in January 2015.
Phalaris arundinacea was the predominant herbaceous soil engineering
plant, other abundant species were Urtica dioica and the non-native
species Impatiens glandulifera. Total thickness of the sediments at the
installation site, that had been accumulated since the widening of the
river in 2002, was around 80 cm at the beginning of the experiment.
Each plot measured 1.5×1.5m, and was delimited by PVC walls ex-
tending to a soil depth of 40 to 50 cm and to about 10 cm above the soil
surface at the time of installation. PVC walls minimised root extension,
prevented migration of earthworms into or from adjacent plots and the
surrounding sediments and promoted the accumulation of sediments
within each plot. Treatments were initially created and maintained
through the periodic removal of either plants or earthworms (removal
experiment). For devegetated plots, shoots of all plants were removed
by trimming biweekly in 2015 and 2016 except during the winter
season, and for plots with vegetation, the shoots of all plants except P.
arundinacea were removed. Also during the vegetation periods, P. ar-
undinacea shoots cut from outside of the experimental plots were ap-
plied in equal amounts to all plots without vegetation every two months
and after each major flood, in order to provide a nutrient resource for
earthworms and to minise differences in evaporation from plots with
and without vegetation. The abundance of earthworms was reduced by
using the hot-mustard extraction method, described in Lawrence and

Bowers (2002), in May and October 2015. After pre-moistening the soil
by extensive sprinkling with river water, two 24 L portions of a sus-
pension of 6% pre-soaked mustard seeds in river water were applied
with a watering can. Earthworms appearing at the soil surface during
15min between the two mustard applications and within 30min after
the second application were collected and preserved in 70% ethanol for
later identification. Finally, the plots were again extensively rinsed with
river water. The latter was also done for all plots without mustard
treatment. Once set up, the experiment was exposed to the natural al-
luvial dynamics for 19months. After each flood event, the thickness of
the sediment accumulation and the rate of erosion was estimated by
measuring the distance between soil surface and the upper rim of the
separations walls at 12 locations inside each plot. Sediment loss and
gain rates were averaged to one value for each plot. The magnitude of
each flood event was determined based on the maximum daily dis-
charge, which was monitored at the Niederneunforn gauging station at
5min intervals 500m downstream of the site (Canton Thurgau river
gauging station no: F2900, coordinates: 8°46′57.78″ E, 47°35′20.76″ N,
altitude: 372m a.s.l.). Additionally, groundwater levels were monitored
at a 30-minute interval by using a piezometer which was installed in
close proximity to the plots. The data logger was out of service in the
period between the 08.04.2015 and the 15.05.2015. However, dis-
charge data from the Niederneunforn gauging station did not indicate
any obvious groundwater level rise during this period. The experiment
ended in October 2016 after 19months of exposure with a final sam-
pling of plants and earthworms, and conducting soil analyses. P. ar-
undinacea was cut and dried at 65 °C for 48 h. In addition, plant litter
was collected from each plot (naturally produced litter on plots with
vegetation, and the one remaining from the last addition on plots
without vegetation), dried and weighed. The abundance of earthworms
was assessed for all plots using the same application as described above.
The method was applied to three standard-size subplots (0.5× 0.5m)
per plot, using standard amounts of 6% mustard suspension in river
water, i.e. 2 portions of 5 L per subplot. Subsequently, handsorting was
applied on a 0.2× 0.2 square in the center of each subplot. Earthworms
were weighed individually, identified at species level following the
identification key of Blakemore (2008) and assigned to its ecological
category (Bouché, 1972). Unidentifiable juveniles were just grouped
and weighed.
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Fig. 1. Schematic spatial arrangement of the field experiment at the Schaffäuli site along the Thur River. Altitude was approximately 373.5 m a.s.l. P stands for P.
arundinacea and EW for earthworms. Example picture of block nr. 2 and the location of the site in Niederneunforn, Switzerland.
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2.3. Hydraulic properties

The infiltration capacity of the soil was measured using a Guelph
Permeameter (model 2800K1, Soilmoisture Equipment Corporation)
(Reynolds and Elrick, 1985). Two measurements were performed per
plot, one at 10 cm and one at 30 cm depth. The aim was to perform one
measurement in a sediment which was deposited during the experi-
mental period and another one in a sediment deposited before the ex-
periment was set up. Cylindrical holes of 3 cm radius were prepared for
each measurement in the respective depths using an auger, and water-
saturated before starting the infiltration test. The double-head method
was applied for each hole, i.e. one measurement was conducted with a
first head hight of 5 cm (H1) and a second head hight of 10 cm (H2)
(Reynolds et al., 2002). The scale was read at the inner reservoir of the
device. Fall rate was noted in intervals of 30 s until a steady state fall
rate was reached after four identical consecutive measurements. The
field saturated hydraulic conductivity (Kfs) was calculated from the
infiltration tests according to the Eqs. (1)–(5) (Appendix A) (Reynolds
et al., 2002). In case that the results of the double head method showed
invalid, i.e. negative values for Kfs, calculations were performed ac-
cording to the single head method separately for both head heights
using Eq. (6) (Appendix A) and the results were averaged (Reynolds
et al., 2002).

2.4. Soil monolith excavation

One soil monolith from each plot was excavated using the freeze
core method described in Humpesch and Niederreiter (1993). For this
purpose, a tubular metal lance of 50 cm in length and 4 cm in diameter,
in which a spiral pipe was installed and which was hollow in the center,
was used. The metal lance was carefully hammered into the soil at an
undisturbed location in each plot (i.e. without installed sensors and not
too close to a PVC wall to avoid edge effects). 30 L of liquid nitrogen
were continuously injected over 45min into the spiral cooling down the
metal lance. During this period, the surrounding soil matrix froze
around the lance via thermal conductivity. Immediately afterwards, the
core was mechanically excavated using a hydraulically controlled crane
fixed by a tripod (Fig. 2a). The metal lance was subsequently melted
from the core with a heating stick which was inserted into the hollow.
Freeze cores were stored in styrofoam boxes at −20 °C for further
treatments.

2.5. X-ray CT analysis

Freeze cores were prepared for X-ray computed tomography (X-ray
CT) by storing them in cylindrical PVC tubes of 35.5 cm in diameter,
65 cm in height and 0.8 cm in thickness which were closed at both ends
(Liernur et al., 2017). The remaining space between the freeze core and
the PVC tube was filled with styrofoam chips in order to prevent
movements of the core during the scanning process. A LightSpeed VCT
(GE Medicalm Systems) medical scanner was used for the scanning. The
scanner rotates around the PVC tube and emits X-ray beams on a
1.2 mm focal spot reaching a peak energy of 120 keV and a tube current
of 500mA. Data were acquired by a 64 channel detector and an axial
pitch of 0.625mm. Recent X-ray CT analyses of freeze cores and soil
mesocosms were already performed using the same settings (Turberg
et al., 2014; Amossé et al., 2015; Liernur et al., 2017). Image projection
of the sequence was defined on a grid of 512× 512 pixels and adapted
to the transaxial field of view. This led to a voxel size of in average
0.55×0.55×0.3 voxels per image. Treatment of the raw images was
performed using the programs imageJ (Schneider et al., 2012) and
Avizo version 9.3.0 (FEI, 2016) (Fig. 2b). Cylindrical substacks of image
sequences were produced in ImageJ based on the predefined depth of
soil samples (see Section 2.6). In a second step, substacks of the recent
alluvial deposits were created according to the thickness measured after
their deposition. Image sequences of each substack were afterwards

implemented in Avizo. The void representing the macro-pores formed
by cracks and macro-biological activity was separated from the mineral
and organic matrix applying a binarisation. Binarisation was performed
using the default Otsu-algorithm (Otsu, 1979) which was already ap-
plied to determine the void of soil matrices in recent studies (Iassonov
et al., 2009; Liernur et al., 2017) (Fig. 2c). The macro-porosity of the
matrix was analysed using the material statistics function provided in
Avizo which calculates the void/matrix ratio of each image slide.
Afterwards, a skeleton of the binarised data was produced by the auto-
skeleton function allowing the total number and length of the segments
and the number of nodes to be calculated. An estimation of the pore
connectivity was calculated as the ratio between the number of seg-
ments and the number of nodes. However, pushing the metal lance into
the soil significantly affects the structural integrity of the freeze cores
(Strasser et al., 2015; Liernur et al., 2017). Therefore, a buffer zone
around the metal lance needed to be defined, in order to consider only
the undisturbed matrix for the analyses. The image-set of each core was
visually checked for anisotropic lines, indicating a compaction or dis-
placement of the matrix along the metal lance. The area containing
anisotropic lines was excluded from the analysis by defining a cylind-
rical buffer area around the metal lance (Fig. 2d). This buffer area was
defined individually for each substack of an image sequence, ranging
from 1.8 to 3.2 cm distance from the metal lance.

2.6. Additional soil sampling

Using an auger, soil samples were collected from three chosen lo-
cations within each plot at the following depths: 0–7.5 cm, 7.5–22.5 cm,
22.5–37.5 cm and 37.5–52.5 cm. The depth 0 was defined as the top
surface at the start of the experiment. Sediments deposited during the
observation period were not sampled. For each plot, the samples taken
at the same depth were pooled for later analysis. Texture of the com-
posite soil samples was determined using the pipette method (Gee and
Bauder, 1986). Soil aggregates were collected in the same four pre-
defined depths. Since freezing and thawing of a soil matrix can break
down soil aggregates and reorientate soil particles, soil samples were
not directly taken from the freeze cores (Singer et al., 1992; Dalal and
Bridge, 1996). Aggregate stability was analysed by determining the
proportion of water-stable macro-aggregates which is a classic and ro-
bust indicator for estimating soil structural stability (Six et al., 2000).
Macro-aggregates between 250 and 2000 μm size were considered and
plunged into demineralised water for 5min (Kemper and Rosenau,
1986) using an automatic sieve-immersion apparatus described in
Murer et al. (1993).

2.7. Statistical data processing

Data were processed using different implementations of analyses of
variance (ANOVA) and adapted to the layout of the experiment.
Earthworm data were analysed using a one-way ANOVA. Effect ana-
lyses of P. arundinacea and earthworms on the thickness of sediment
accumulations during the 1.5 years exposure period were performed
using a two-way ANOVA for 2×2 factorial designs. The variability of
the field-saturated hydraulic conductivity, total segment length, por-
osity and pore connectivity within the treatments and the depths of the
plots were analysed using ANOVAs for randomised complete block
designs. The variability of the field-saturated hydraulic conductivity,
total segment length, porosity and pore connectivity were defined as
response variables. The treatments and the depths were set as predictor
variables. The predictor “treatment” had four levels (+P−EW, −P
+EW, +P+EW, −P−EW) and the predictor “depth” had four levels
for the analysis of precedent sediments (0–7.5 cm, 7.5–22.5 cm,
22.5–37.5 cm, 37.5–52.5 cm) and three levels for the analysis of recent
alluvial sediments deposited during the observation period (sediment
deposit summer 2016, sediment deposit 21.11.2015, initial sediment).
Since the experimental design was not orthogonal, ANOVAs were
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calculated using the sum of squares type III. Prior to the analyses, re-
quirements for normality and homoscedasticity were checked by means
of the Shapiro-Wilk test and the Bartlett test. As the total segment
length failed the criteria for normality, data were logarithmised prior to
the ANOVA. Post-hoc analyses at the main factor levels were performed
using Tukey's HSD test. Hypotheses were tested at an α=0.05 sig-
nificance level, accepting the risk at a p-value < 0.05. Statistical
analyses and data visualisations were conducted in R version 3.5.1 (R
Core Team, 2013) using the packages “easyanova” (Arnhold, 2013) for
ANOVAs, as well as “ggplot2” (Wickham, 2009) and “gridExtra”
(Auguie, 2016) for graphs.

3. Results

3.1. Alluvial dynamics

During the 19months of exposure period, four flood events occurred
leading to a considerable deposition of alluvial sediments (Table 1):

largest sediment depositions resulted from the flood occurring on
21.11.2015 (on average 8.1 cm). Three consecutive events in summer
2016 led to smaller sediment accumulations, despite higher discharge
rates. Only during the event in november 2015, sediment deposition
varied within the treatments: in plots containing P. arundinacea, sig-
nificantly larger amounts of sediment were deposited compared to the
other treatments. (p-value < 0.05) (Table 1). In addition, plots were
completely waterlogged during three more days (30.03.2015,
01.06.2015 and 31.01.2016) by rising groundwater levels (Fig. 3) As
the plots were not flooded by incoming surface water at these three
dates, no further sediments were deposited.

3.2. P. arundinacea and earthworms

Mean biomass of P. arundinacea in +P−EW plots was 2123 gm−2.
In the presence of earthworms, the biomass of P. arundinacea (mean
value of 1968 gm−2) was moderately reduced, but the effect was
however not significant (Fig. 4a). Mean litter biomass was similar for

7.6 cm
17.8 cm

3.5 cm

54.8 cm

a) b)

c)

Fig. 2. Freeze core excavation in the field a), and image analysis of X-ray CT scans. b) Shows the binarisation of a substack volume according to the Otsu algorithm
for automatic thresholding. Identified voids which were separated from the mineral matrix are shown in blue. c) Shows the cylindrical buffer zone around the metal
lance which was defined visually. Matrix and voids located inside the cylindrical mesh were not considered for porosity analysis. (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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+P+EW and +P−EW (mean values around 220 gm−2) (Fig. 4b).
Thus, the removal of earthworms did not have any significant effect on
the litter biomass. Almost 75% of the earthworms found in the treat-
ments were juveniles. More than 80 % of the juveniles could not be
assigned to their ecological category, especially for anecic and epigeic
species for which juveniles were almost indistingushable. Total abun-
dance and biomass of earthworms were 2.5 times higher in the +P
+EW treatment than in the treatments without vegetation (Table 2).
Results were similar for the total number of juveniles, but not for adults.
Proportions for ecological groups did not vary significantly between the
treatments, except for juvenile-anecics and adult-endogeics (Table 2).

3.3. Hydraulic properties of the soil

Values for field saturated hydraulic conductivity were between
8.45e−4 and 2.49e−6 cm s−1 and indicated a large variability within
the main factor levels of “treatment” and “depth” (Fig. 5). There were
no significant single effects of “treatment” and “depth” to explain the
variability of the field saturated hydraulic conductivity. Interaction
effects were not significant either.

3.4. Soil texture and aggregate stability

Soil texture class was similar among the plots and was identified as
loamy sand (IUSS Working Group WRB, 2006). Mean proportions were
78.96 ± 5.95% for sand, 14.67 ± 4.96% for silt and 6.37 ± 1.40%
for clay. Soil texture did not show any significant correlation to the
values for aggregate stability in this study (p-value < 0.6,
rpearson= 0.045). Thus, soil texture could be omitted as a predictor
variable in the effect analysis. Nevertheless, soil texture indicated a
depth gradient with an increasing proportion of the sand fraction and a

decreasing proportion of the clay fraction in the topsoil (not shown).
The contribution of “depth” to explain the variablility of aggregate
stability was highly significant (p < 0.001) (Table 3). On the other
hand, there was no significant “treatment” effect. The effect of the in-
teraction between “treatment” and “depth” was not significant either,
but the p–value (p=0.07) was close to the threshold level of accep-
tance. Therefore, multiple comparisons at the main factor levels were
nevertheless performed. Within the levels of “depth”, aggregate stabi-
lity was lowest in 37.5–52.5 cm, increasing gradually to the soil surface.
Regarding interaction terms, aggregate stability was significantly
higher in the +P−EW treatment in the uppermost layer compared to
the undermost layer. Values for the layers between 7.5 and 37.5 cm
ranged in between (Fig. 6; Table 3). Considering the +P+EW treat-
ment, aggregate stability was greatest in the second uppermost layer
and lowest in the undermost. Treatments without vegetation did not
show any significant modification of the aggregate stability within the
depth profile.

3.5. X-ray CT

3.5.1. Soil layer analysis
Soil macroporosity and total segment length of macropores were

significantly affected by “depth” (p-values < 0.05). Both variables
were largest in the two first uppermost layers and lowest in the two
undermost layers Furthermore, total segment lengths in the two up-
permost layers were similar as were those in the 3rd and 4th layer, and
porosity was maximum in the second uppermost layer (Fig. 7). By
contrast, the treatments did not explain the variability of the two re-
sponse variables at all. However, interaction terms between “treat-
ment” and “depth” were significant (p-values < 0.05) (Table 3). In the
+P+EW treatment, total segment length was highest in the second

Table 1
Accumulation of sediment deposits at four sedimentation events (± SE) in cm for each treatment. P stands for P. arundinacea, EW for earthworms. Omnibus effects
represent results of the Two-way ANOVA comparison test at an α=0.05 significance level accepting the risk at a p-value < 0.05. n.s. denominates non-significant
effects. P. arundinacea:earthworm represents interaction effects between the vegetation and earthworms.

Date of sediment
deposit

Max. discharge
[m3 s−1]

Thickness of the sediment deposit according to treatments [cm] ± SE Omnibus effects

+P−EW −P+EW +P+EW −P−EW P. arundinacea Earthworm P. arundincea:earthworm

21.11.2015 554 8.6 ± 1.7 6.1 ± 1.3 10.2 ± 2.1 4.8 ± 1.4 p < 0.05 n.s. n.s.
13.05.2016 633 6.1 ± 0.9 3.2 ± 0.5 6.1 ± 1.5 4.9 ± 1.4 n.s. n.s. n.s.
17.06.2016 715 4.1 ± 0.7 3.3 ± 0.8 4.1 ± 0.7 3.5 ± 1.1 n.s. n.s. n.s.
05.08.2016 516 0.9 ± 0.3 1.6 ± 0.3 0.9 ± 0.3 0.9 ± 0.3 n.s. n.s. n.s.

Fig. 3. Groundwater level at the site monitored by a piezometer in the period between February 2015 and October 2016 in close proximity to the plots. The grey
rectangle comprises the altitude of the plots above sea level.
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uppermost layer followed by the uppermost one (Fig. 7). In the
+P−EW treatment, total segment length decreased along the depth
gradient, whereas porosity was significantly increased in the uppermost
und the 3rd layer. For treatments without vegetation neither total
segment length nor porosity varied with soil depth (Table 3). In contrast
to total segment length and porosity, “treatment” significantly affected
pore connectivity (p-value < 0.05), in addition to a highly significant
“depth” effect (p-value < 0.001). Furthermore, interaction terms be-
tween “treatment” and “depth” were significant (Table 3). The presence
of P. arundinacea significantly improved the pore connectivity within
the four levels of “treatment”. Pore connectivity significantly decreased

within the depth profile within the four levels of “depth”. Pore con-
nectivity in the two uppermost layers was higher than below in plots
with P. arundinacea and in those of the −P+EW treatment (Table 3).

3.5.2. Analysis of new alluvial sediments
Sediments deposited during the exposure period were analysed for

two events: 1) the flood on 21.11.2015 and 2) the sum of three floods in
summer 2016 (Fig. 7), as each individual event did not result in a
sufficient sediment accumulation to be detected by X-ray CT image
analyses. The pre-existing sediment ranging to the soil surface at the
beginning of the experiment was summarised as “initial sediment” for

Fig. 4. Vegetation biomass (a) and litter biomass (b) determined after the exposure period of 19months. P stands for P. arundinacea and EW for earthworms.

Table 2
Abundance and biomass of earthworms± SE collected in October 2016. P stands for P. arundinacea and EW for earthworms. Letters a and b represent results from
Tukey's HSD tests for one-way ANOVA between the treatments at an α=0.05 significance level accepting the risk at a p-value < 0.05.

Ecological category Treatment

+P−EW −P+EW +P+EW −P−EW

Earthworm abundance ± SE (individuals plot−1)
Juveniles
Epigeic 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0
Endogeic 0 ± 0a 1 ± 1a 2 ± 1a 0 ± 0a

Anecic 0 ± 0a,b 0 ± 0a,b 1 ± 1a 0 ± 0b

Unidentified 7 ± 2a 5 ± 2a 14 ± 4a 6 ± 2a

Total 7 ± 2a,b 6 ± 2b 17 ± 5a 6 ± 2b

Adults
Epigeic 0 ± 0a 1 ± 1a 0 ± 0a 0 ± 0a

Endogeic 1 ± 0a,b 0 ± 0a 2 ± 1b 0 ± 0a,b

Anecic 1 ± 0a 0 ± 0a 1 ± 0a 1 ± 0a

Unidentified 1 ± 1a 0 ± 0a 1 ± 0a 1 ± 0a

Total 3 ± 1a 1 ± 1a 4 ± 1a 2 ± 1a

Juveniles+ adults
Epigeic 0 ± 0a 1 ± 1a 0 ± 0a 0 ± 0a

Endogeic 1 ± 0a 1 ± 1a 4 ± 2a 0 ± 0a

Anecic 1 ± 1a 0 ± 0a 2 ± 1a 1 ± 0a

Unidentified 8 ± 2a 5 ± 2a 15 ± 5a 7 ± 2a

Total 10 ± 3a,b 7 ± 3b 21 ± 5a 8 ± 3b

Earthworm biomass ± SE (g plot−1)
Juveniles
Total 2.25 ± 0.64a,b 2.02 ± 0.68a,b 4.12 ± 1.08a 0.82 ± 0.22b

Adults
Total 2.70 ± 1.10a,b 0.71 ± 0.50a 3.97 ± 0.79b 1.27 ± 0.55a,b

Juveniles+ adults
Total 4.96 ± 1.54a,b 2.73 ± 0.93a 8.09 ± 1.47b 2.09 ± 0.75a
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the respective plots. Results from the analyses of variance for rando-
mised complete block designs were almost identical for the total seg-
ment length and the porosity of the analysed sediments. For both
parameters, the factor “treatment” was significant (p-value < 0.05)
and the factor “depth” was highly significant (p-value < 0.001)
(Table 4). Both total segment length and porosity of the sediments were
significantly higher in plots containing P. arundinacea. The deposits of
21.11.2015 exhibited both the highest porosity and total segment
length, whereas these variables were lowest in the most recent deposit.
Also, interaction terms between “treatment” and “depth” were sig-
nificant (p-value < 0.05). The presence of P. arundinacea significantly
increased the total segment length and the porosity in the deposit from
the 21.11.2015 and in the initial sediment (Table 4). The contribution
of “treatment” to explain the variablility of the pore connectivity was
highly significant (p-value < 0.001), whereas “depth” and interaction
terms did not show any significant contribution (Table 4). However,
since the p-value for interaction terms was close to the level of accep-
tance, multiple comparison tests at the main factor level were never-
theless performed. In summary, pore connectivity was the highest in
plots with P. arundinacea, whatever the sediment deposition.

4. Discussion

The contribution of P. arundinacea and earthworms to soil structure
formation in plots installed in a highly dynamic floodplain habitat was
successfully analysed by coupling freeze coring and X-ray CT. The re-
sults clearly demonstrated the effect of P. arundinacea and earthworms
in the plots, even though the structural integrity of the freeze cores was
not completely warranted (Strasser et al., 2015; Liernur et al., 2017)
and plant root galleries and earthworm tunnels could not clearly be
distinguished with the resolution provided by the medical scanner.

4.1. Short-term engineering effect of P. arundinacea

P. arundinacea as a pioneer herbaceous plant efficiently structured
the two uppermost layers of the initial sediment by improving the pore
network, the pore connectivity and the stability of the soil aggregates
within 1.5 years. Additionally, these plants were also capable of im-
proving these parameters in the new sediment deposit originating from
21.11.2015. Thus, P. arundinacea required only one year, corresponding
to one single vegetation period, to improve the soil structure in a recent
alluvial deposit. In our study, this efficiency of P. arundinacea despite
strong impairment by alluvial dynamics was highlighted for the first
time. Chantigny et al. (1997) already showed that P. arundinacea can
significantly contribute to aggregation in agricultural soils in less than

three years. In recent micro- and mesocosm experiments, P. arundinacea
and other pioneer herbaceous plants were able to significantly improve
aggregate stability and macro-porous networks of soils and sediments
within several weeks (Milleret et al., 2009; Fonte et al., 2012; Kohler-

Fig. 5. Boxplots showing the variability of the hydraulic conductivity (Kfs)
according to treatments and depths. P denominates P. arundinacea and EW
earthworms.

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.” stands for not significant. WSA stands for water stable aggregates, Seglen
for segment length, P for P. arundinacea and EW for earthworms. Letters a, b, c
and d represent results from Tukey's HSD posthoc analysis among the treat-
ments at an α=0.05 significance level accepting the risk at a p-value < 0.05.
“:” represents interaction effects between two predictor variables.

Predictor variables and
levels

Response variables

%WSA Seglen Porosity Pore
connectivity

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

Multiple comparisons of “treatments”
+P−EW a a a a
−P+EW a a a b
+P+EW a a a ab
−P−EW a a a b

Multiple comparisons of “depth”
0.0–7.5 cm a a ab a
7.5–22.5 cm a a a a
22.5–37.5 cm ab b bc b
37.5–52.5 cm b b c c

Multiple comparisons of “treatments” within “depth” levels
0.0–7.5 cm
+P−EW a a a a
−P+EW b b b b
+P+EW ab a a a
−P−EW b b b b

7.5–22.5 cm
+P−EW a ab a a
−P+EW a b b bc
+P+EW a a ab ab
−P−EW a b b c

22.5–37.5 cm
+P−EW a a a a
−P+EW a a a a
+P+EW a a a a
−P−EW a a a a

37.5–52.5 cm
+P−EW a a a a
−P+EW a a a a
+P+EW a a a a
−P−EW a a a a

Multiple comparisons of “depth” within “treatment” levels
+P−EW
0.0–7.5 cm a a a a
7.5–22.5 cm ab ab b a
22.5–37.5 cm ab b a b
37.5–52.5 cm b c b b

−P+EW
0.0–7.5 cm a a a a
7.5–22.5 cm a a a a
22.5–37.5 cm a a a ab
37.5–52.5 cm a a a b

+P+EW
0.0–7.5 cm ab ab a a
7.5–22.5 cm a a a a
22.5–37.5 cm ab b a b
37.5–52.5 cm b b a b

−P−EW
0.0–7.5 cm a a a a
7.5–22.5 cm a a a a
22.5–37.5 cm a a a a
37.5–52.5 cm a a a a
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Milleret et al., 2013). However, the physical conditions, e.g. the tem-
perature and soil moisture contents during the latter experiments were
stable and herbaceaous plants were not exposed to waterlogged con-
ditions or to drought and were not exposed to sediment deposition.
Both stress factors can damage plant seedlings and inhibit the progress
of soil structure formation in close proximity to rivers (Bätz et al.,
2015). Therefore, it is even more unexpected that the progress in soil
structure formation became clearly visible after one year only. In con-
trast, the most recent deposits from summer 2016 and the two under-
most layers of the initial sediments were not significantly structured by
P. arundinacea. Most likely, six months were not sufficient to structure a
fresh alluvial deposit.

4.2. Short-term engineering effect of earthworms

In contrast to P. arundinacea, earthworms contributed to soil
structure formation only to a small extent within 1.5 years. In presence
of earthworms, pore connectivity was positively affected in the two
uppermost layers and the aggregate stability showed a slight increase in
the second uppermost layer. The second uppermost layer corresponded
to the zone preferentially resided by endogeic and anecic earthworms.
In general, earthworms are known to be highly efficient soil engineers
that significantly improve the structural stability of soils (Brown et al.,
2000; Six et al., 2002). However, environmental conditions at the Thur
River were most likely less favourable for earthworms, e.g. large pro-
portions of sand, low organic matter contents and high water level
fluctuations in the soil can result in a low total abundance and thus to
their engineering capacity. Total abundance was up to 10 times lower
compared to other floodplain habitats in Switzerland which were
sampled with the same method (Bullinger-Weber et al., 2007, 2012;
Salomé et al., 2011; Fournier et al., 2012). On one hand, the textural
composition of the sediments was most likely problematic for earth-
worms. Large proportions of coarse sand (around 80% in this case) lead
to skin and intestinal damages of earthworms during burrowing ac-
tivity, most likely explaining the low presence of endogeics and anecics
(Edwards and Bohlen, 1996; Curry and Schmidt, 2007). Results of a
recent study indicate that the endogeic speices A. chlorotica pre-
ferentially chose the finer textured alluvial sediment, when sediments
of different textural composition are superimposed. On the other hand,
numerous studies report that the abundance of earthworms is crucially
reduced in presence of strong alluvial dynamics (Ausden et al., 2001;
Plum and Filser, 2005; Ivask et al., 2007). Nevertheless, earthworms
have developed physiological and morphological adaptations to survive

water-saturated conditions for a certain time (Plum and Filser, 2005;
Zorn et al., 2008) or produce water-resistant cocoons (Roots, 1956;
Plum and Filser, 2005). Most likely, larger communities of earthworms
could not be developed as a consequence of the high proportion of sand.

4.3. Interactions between P. arundinacea and earthworms

The abundance of earthworms was increased by factor 2.5 in pre-
sence of P. arundinacea. Conversely, biomass of P. arundinacea was not
affected by the presence of earthworms. Earthworms could benefit from
the shadowing effect of the vegetation which generally moderates the
soil temperature and retards the desiccation of the soil in dry periods.
Habitats in close proximity to rivers, which are mostly sparsely covered
by vegetation, are often subject to severe summer droughts (Naiman
et al., 2000; Nilsson and Berggren, 2000; Bätz et al., 2014). On the other
hand, plants provide OM inputs through above-ground litter biomass
and through root exudates belowground which can be beneficial for
earthworms (Yavitt et al., 2015). These inputs are especially important
in coarse textured soils or under nutrient poor soil conditions (Laossi
et al., 2010; Blouin et al., 2013). However, the contribution of earth-
worms to soil structure formation in the vegetation treatments was
difficult to assess, as the single effects of P. arundinacea massively ex-
ceeded the effects of earthworms. As a consequence, neither aggregate
stability measurements nor X-ray analyses revealed any interaction ef-
fects between P. arundinacea and earthworms. Generally, findings of
recent meso- and microcosm studies strongly suggest that several plant
and earthworm species can contribute concomitantly to soil structure
formation (Zangerlé et al., 2011; Fonte et al., 2012; Kohler-Milleret
et al., 2013). Several plants use earthworm tunnels for root network
extension and preferentially colonise their nutrient enriched casts and
burrow walls (Spiers et al., 1986; Zaller and Arnone, 1999, Decaëns
et al., 2011). Earthworms take advantage of easy decomposable OM
released by plant roots as an energy source or feed directly on small
dead plant roots (Gilbert et al., 2014; Sanchez-de Leon et al., 2014;
Yavitt et al., 2015).

4.4. Effects of P. arundinacea and earthworms on the field saturated
hydraulic conductivity

Values for field saturated hydraulic conductivity were comparable
to those from other studies measured in sandy soils (Rodgers and
Mulqueen, 2004; Lewis, 2016; Rezaei et al., 2016). This soil property
was not modified by the treatments despite extension of the macro-

Fig. 6. Boxplots showing the aggregate stability according to the treatments and the depths. P stands for P. arundinacea and EW for earthworms.
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porous network, especially in plots containing P. arundinacea. Gen-
erally, hydraulic conductivity is a parameter which can vary over or-
ders of magnitude across short distances. Hydraulic properties can be
significantly improved in the presence of plants and earthworms,
leading to an increased water infiltration rate (Gurnell and Petts, 2006;
Jouquet et al., 2011; Guéi et al., 2012). This can result in a decrease of
soil erosion by> 50% during precipitation events, as surface water
runoff is strongly reduced (Shuster et al., 2002; Shipitalo et al., 2004).
In the plots at the Thur River, hydraulic properties were potentially
altered by alluvial dynamics in the plots. Flood events can restructure
the pore system and clog macro-pores through the deposition of fine
sediment particles (Bottinelli et al., 2010; Gianni et al., 2016). Fur-
thermore, the textural composition of the sediments in dynamic
floodplain habitats strongly varies in space and time.

4.5. Future challenges for management strategies of near natural and
restored floodplains

In the course of current river restoration projects in Switzerland,
simple and efficient solutions are sought to stabilise the river shore. Our
results indicate that P. arundinacea is a highly efficient soil engineer in
areas which are strongly threatened by alluvial dynamics. Furthermore,
P. arundinacea contributed immediately to soil structure formation and
significantly increased the macro-porous system and the structural
stability of aggregates after only one year. However, the frequency and
magnitude of flood events at the Thur River in 2015 and 2016 were
lower compared to the years before. In the recent past, a larger amount
of intermediate and strong flood caused stronger erosion and the de-
position of large sediment layers in the Thur River floodplain (Schirmer
et al., 2014; Schomburg et al., 2018). One single event can bury seed-
lings of herbaceous plants and interrupt the progress of soil structure
formation. Furthermore, fluctuating groundwater levels can also
strongly affect the vegetation leading to conditions in the rhizosphere

Fig. 7. Boxplots showing the total segment length according to the treatments and the depths. P stands for P. arundinacea and EW for earthworms.

A. Schomburg, et al. Catena 180 (2019) 41–54

50



alternating between water saturation and drought. In 2015 and 2016
which were marked by hot and dry summer periods, the plots were only
saturated three times by rising groundwater levels without surface

water entering the floodplain. Nevertheless, Schomburg et al. (2018)
clearly demonstrated that fluctuating groundwater levels strongly
control the development of plant communities and thus their capability
to contribute significantly to soil structure formation. On one hand, the
herbaceous vegetation community is strongly affected by alluvial dy-
namics. On the other hand, it can rapidly recover in case of destruction,
by means of viable seeds that are transported and deposited at the river
shore during flood events (Gurnell, 2007; Corenblit et al., 2009).
However, not only seeds of native herbaceous plants are deposited, but
also non-native species being able to become invasive. Some of the
invasive species can even have negative effects on the soil structure in
floodplain habitats. The Himalayan Impatiens glandulifera, which was
also found at the Thur River can outcompete native species (Chapman
and Gray, 2012) and is able to trap sediments with their shallow root
system. However, increased soil erosion rates were recorded in habitats
settled by I. glandulifera as the plants die in late autumn due to their
intolerance towards cold temperatures (Greenwood et al., 2018). The
bare soil is thus unprotected towards floods in the winter season
(Skálová et al., 2011).

5. Conclusions

This study investigated the effect of the herbaceous pioneer plant
species P. arundinacea and earthworms on soil structure formation
under consideration of strong alluvial dynamics in a restored floodplain
section within a period of 19months. The coupling of freeze coring and
X-ray CT provided clear results about the recent development of a soil
structure in controlled field plots. The article highlights the novelty that
P. arundinacea can significantly improve soil structure of recent alluvial
sediments within only one year. Earthworms alone did not improve the
soil structure within the exposure period, most likely due to the large
proportion of sand in the deposits. They however promoted the effect of
soil structure formation in presence of P. arundinacea. Reciprocally, P.
arundinacea increased the total abundance of earthworms. Thus, our
results strongly suggest that herbaceous plants, such as P. arundinacea,
can play a key role for the initial soil structure formation in near-nat-
ural and restored floodplains in the short-term. The colonisation of river
shores by pioneer herbaceous plants and earthworms thus should be
promoted to improve the success of river restoration projects.
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Appendix A. Formula for the calculation of the field saturated hydraulic conductivity from the infiltration test performed using the
Guelph Permeameter

= −K G Q G Qfs 2 2 1 1 (1)

=

− + −

G H C
π H H H H a H C H C(2 ( ) ( ))1

2 1

1 2 2 1
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1 2 2 1 (2)

Table 4
Results for the analyses of variance for randomised split-plot designs for recent
alluvial deposits. Significant overall and interaction effects were specified by a
p-value < 0.05. “n.s.” stands for not significant. WSA stands for water stable
aggregates, Seglen for segment length, P for P. arundinacea and EW for earth-
worms. Letters a and b represent results from Tukey's HSD posthoc analysis for
the treatments at an α=0.05 significance level accepting the risk at a p-
value < 0.05. “:” represents interaction effects between two predictor vari-
ables.

Predictor variables and levels Response variables

Seglen Porosity Pore connectivity

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

Multiple comparisons of “treatments”
+P−EW a a a
−P+EW b b b
+P+EW a a a
−P−EW b b b

Multiple comparisons of “depth”
Sediment deposit summer 2016 b b a
Sediment deposit 21.11.2015 a a a
Initial sediment ab ab a

Multiple comparisons of “treatments” within “depth” levels
Sediment deposit summer 2016
+P−EW a a a
−P+EW a a b
+P+EW a a a
−P−EW a a b

Sediment deposit 21.11.2015
+P−EW a a a
−P+EW b b b
+P+EW a a a
−P−EW b b b

Initial sediment
+P−EW ab a a
−P+EW b b b
+P+EW a a a
−P−EW b b b

Multiple comparisons of “depth” within “treatment” levels
+P−EW
Sediment deposit summer 2016 b b a
Sediment deposit 21.11.2015 a a a
Initial sediment b a a

−P+EW
Sediment deposit summer 2016 a a a
Sediment deposit 21.11.2015 a a a
Initial sediment a a a

+P+EW
Sediment deposit summer 2016 b b a
Sediment deposit 21.11.2015 a a a
Initial sediment a ab a

−P−EW
Sediment deposit summer 2016 a a a
Sediment deposit 21.11.2015 a a a
Initial sediment a a a
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Y representing the inner reservoir constant of 2.16, R1 and R2 the steady state fall rates of water in the reservoir at head height H1 and H2,
respectively, and a the radius of the well. Equations for shape factors C1 and C2 depend on the soil texture-structure category which were adapted
according to Elrick et al. (1989) and Zhang et al. (1998). Decisions for the shape factor equations were made based on the soil texture analyses of the
sediments.
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Here α* represents the macroscopic capillarity length parameter that also depends on the soil texture-structure category. Values are provided by
Elrick et al. (1989).

Appendix B. Example of an image slice projected in Avizo. Grey-shades represent the soil matrix and organic matter, black colours the
void corresponding to pores (a). The blue colour represents the void after binarisation (b) that represents the porosity calculated relative
to the soil matrix using the material statistics function provided in Avizo
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