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• Numerical flowmodelling is used to an-
alyse water fluctuations in a floodplain
soil.

• Full and partial water saturation can af-
fect macro-biological soil engineering.

• Fluctuating water levels can indirectly
affect topsoil structure stability.

• Fluctuating water levels can positively
affect root size and root abundance.

• Topsoil structure stability can be im-
proved under more favourable soil
parameters.
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Ecosystem services provided by floodplains are strongly controlled by the structural stability of soils. The development
of a stable structure in floodplain soils is affected by a complex and poorly understood interplay of hydrological,
physico-chemical and biological processes. This paper aims at analysing relations between fluctuating groundwater
levels, soil physico-chemical and biological parameters on soil structure stability in a restored floodplain. Water level
fluctuations in the soil are modelled using a numerical surface-water–groundwater flow model and correlated to
soil physico-chemical parameters andabundancesofplants andearthworms. Causal relations andmultiple interactions
between the investigated parameters are tested through structural equationmodelling (SEM). Fluctuatingwater levels
in the soil did not directly affect the topsoil structure stability, but indirectly through affecting plant roots and soil pa-
rameters that in turn determine topsoil structure stability. These relations remain significant for mean annual days of
complete andpartial (N25%)water saturation. Ecosystem functioningof a restoredfloodplainmight already be affected
by thefluctuationof groundwater levels alone, andnot only through completefloodingby surfacewater during aflood
period. Surprisingly, abundances of earthwormsdidnot showany relation to other variables in the SEM. Thesefindings
emphasise that earthworms have efficiently adapted to periodic stress and harsh environmental conditions. Variability
of the topsoil structure stability is thus stronger driven by the influence offluctuatingwater levels onplants than by the
abundanceof earthworms. This knowledgeabout the functionalnetworkof soil engineeringorganisms, soil parameters
and fluctuating water levels and how they affect soil structural stability is of fundamental importance to define man-
agement strategies of near-natural or restored floodplains in the future.
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1. Introduction

The development and preservation of a stable soil structure are fun-
damental aspects to ensure the functioning of an ecosystem (Bronik and
Lal, 2005). The soil structure of young and dynamic or recently restored
ecosystems, such as floodplains, is highly susceptible to external inter-
ferences. Regular flooding, erosion and sediment deposition can result
in the decrease of soil structural stability or reset initial soil stabilisation
processes (Junk and Welcomme, 1990; Bätz et al., 2015; Graf-
Rosenfellner et al., 2016). However, the conservation of biodiversity in
floodplains is directly linked to the structural stability of the floodplain
soil, developing a mosaic of various floodplain habitats (Malmqvist
and Rundle, 2002). Ecosystem services such as nutrient and pollutant
recycling, flood and erosion control, carbon storage as well as surface
and groundwater purification are promoted by stable conditions in
floodplains (Brooks and Shields, 1996; Diaz-Zorita et al., 2002;
Acreman et al., 2003; Bronik and Lal, 2005). Soil structure stability has
been shown to be improved mainly by soil organisms' activities. In
floodplain ecosystems, physical processes such as the alternation of des-
iccation and remoistening of the soil matrix are an additional factor
driving its structural stability (Angers and Caron, 1998; Bronik and Lal,
2005). Furthermore, soil structure stability is directly influenced by var-
ious soil physico-chemical parameters, such as the soil texture (Tisdall
and Oades, 1982; Sollins et al., 1996; Bullinger-Weber et al., 2007), car-
bonate and organic matter contents (Tisdall and Oades, 1982; Chorom
et al., 1994; Haynes and Naidu, 1998; Kong et al., 2005). To a large ex-
tent, soil physico-chemical parameters can also influence soil organisms
structuring the soil, especially through pHvalues (Ivask et al., 2007) and
soil texture (Bullinger-Weber et al., 2007; Fournier et al., 2012). On the
macro-biological scale, plants and earthworms are among themost suc-
cessful soil ecosystem engineers in temperate ecosystems, being able to
efficiently improve soil structure stability through the formation of
water-stable macro-aggregates (Brown et al., 2000; Kong and Six,
2010). Plants physically enmesh soil particles or provide inputs of or-
ganic matter through root exudates that cement particles and/or stimu-
late the production of bonding agents by soil microbes (Degens et al.,
1994; Angers and Caron, 1998). Earthworms build up soil aggregates
through burrowing and casting as they move into the soil, and aggluti-
nate organic and mineral particles with mucus and saliva produced in
their digestive system (Blanchart et al., 1997; Brown et al., 2000;
Lavelle and Spain, 2001). Both plants and earthworms are considered
as particularly efficient in floodplains due to their wide-ranging strate-
gies to tolerate harsh environmental conditions (Gurnell and Petts,
2002, 2006; Thonon and Klok, 2007; Crouzy and Perona, 2012; Perona
et al., 2012). Nevertheless, plant abundance and earthwormpopulations
generally tend to be reduced in habitats frequently threatened by floods
(Plum and Filser, 2005). So far, the effect of flood frequency on plants
and earthworms has been described indirectly through sampling at
varying distances to the river (Salomé et al., 2011; Bullinger-Weber
et al., 2012; Fournier et al., 2015), or by monitoring and counting the
number of flood events impacting the studied habitats (Ausden et al.,
2001; Zorn et al., 2005; Gurnell and Petts, 2006; Ivask et al., 2007;
Corenblit et al., 2009). With the methods applied so far, information
concerning the response of ecosystem engineers towards floods is re-
stricted to conditions in which soils are completely submerged. How-
ever, soil moisture contents below full saturation have also been
shown to affect ecosystem engineers, as presented by Wever et al.
(2001) and Davis et al. (2006) for earthworms and for plants
(Henszey et al., 2004). Given that the degree of saturation in the soil is
heavily influenced by the depth to groundwater, water table fluctua-
tions could be an important control on the development of soils. A shal-
low depth to groundwater is likely to occur far more frequently than a
flood event submerging the surface (Fig. 1). As ecosystem engineers
are most widespread in the upper 20 cm of soil, representing the
major part of the drilosphere and the rhizosphere (Lavelle et al., 1997;
Tanner, 2001), water saturation through rising groundwater in this
zone might already have a significant impact on their abundance and
their capacity to improve the topsoil structure stability. To our best
knowledge, there have not been any investigations analysing the rela-
tions between fluctuating groundwater levels, ecosystem engineers
and soil parameters with regard to the stability of the topsoil structure.
As the occurrence of ecosystem engineers and the development of the
topsoil structure in a floodplainmight be the result of the high temporal
variability of groundwater fluctuations over seasons and years,
groundwater- and soil moisture monitoring needs to be carried out
over a time span of several years in order to estimate its mean impact
at an intermediate time scale. For a number of reasons, numerical
models simulating the spatial and temporal dynamics of surface water
(SW)–groundwater (GW) interactions in the river, the underlying aqui-
fer and thefloodplain can provide crucial information in this endeavour:
I) awell calibrated flowmodel is a physically-based interpolator that al-
lows quantifying groundwater fluctuations in space and time. Conse-
quently, II) profiles of water saturation can be analysed at any point
within the simulated floodplain. Numerical models can therefore com-
plement the available observation data to a degreewhich is not possible
employing additional monitoring equipment. However, the uncer-
tainties of the numerical model need to be considered. A modelling ap-
proach to link the different variables to soil stability is further required.
Structural equation modelling (SEM) has been described as a pertinent
statisticalmethod for the identification of causal effects among variables
as well as direct and indirect linear relations (Bollen, 1989). More re-
cently, SEMwere improved for the analyses of more complex causal re-
lations and multiple interactions (Grace and Bollen, 2006, 2008;
Shipley, 2016). Using SEM, causal relations of biological factors and
soil structure have been demonstrated for different ecosystems by
Rillig et al. (2002) and Chaudhary et al. (2009). In this study, we aim
to identify the relations between fluctuating water levels, plants, earth-
worms, soil parameters, and their combining effects on soil structural
stability through SW-GW flow modelling and SEM. We hypothesise
that (I) water level fluctuations in soils can explain the degree of topsoil
structure stability through the distribution patterns of ecosystem engi-
neers and/or the soil physico-chemical parameters. We assume con-
comitantly that (II) partial and complete water saturation might
directly impact topsoil structure stability and indirectly ecosystem engi-
neers' abundance. We furthermore expect to identify (III) direct effects
of ecosystem engineers and soil parameters on the topsoil structure sta-
bility, including interactions between them.

2. Material and methods

2.1. Study site

The studywas conducted at the “Schaffäuli” floodplain site along the
restored section of the Thur River close to Niederneunforn (NNF, 8°77′
12″ E, 47°59′10″ N) in the Canton Thurgau, Switzerland (Fig. 2;
Schirmer et al., 2014). The Thur River is the longest river in
Switzerland without any regulation by artificial reservoirs or natural
lakes over the entire water course length of approximately 130 km
(Fournier et al., 2013). However, the river is canalised and embanked
along most of its course. The source of the river is located in the
limestone-dominated Säntis massif at 2500 m a.s.l. with a catchment
area of 1750 km2 (Samaritani et al., 2011). The hydrologic regime is
nivo-pluvial. For the period 1910–1999 discharge at theNeunforn gaug-
ing station (Canton Thurgau river gauging station no: F2900, coordi-
nates: 8°46′57.78″ E, 47°35′20.76″ N, altitude: 372 m a.s.l.) was
between 3 and 1100 m3 s−1 with a mean annual discharge of
46.8m3 s−1 (Horat and Scherrer AGHydrologie undHochwasserschutz,
1999). Flood events frequently occur during the snow melt period in
spring and after intense rainfall events in autumn leading to inunda-
tions of the floodplain (Fournier et al., 2013). Maximum discharges at
the Andelfingen gauging station, 10 kmdownstreamof NNF (Swiss Fed-
eral Office for the Environment river gauging station no: 2044,



Fig. 1. Example of surface water–groundwater interactions in a floodplain. The white triangles represent the water level relative to water discharge. During intermediate surface water
level, groundwater submerges the trench and saturates the topsoil of the alluvial terrace, without surface water directly inundating the trench and the alluvial terrace, as it is blocked
by levee I and II. Only at high surface water level (flood), the trench is directly flooded by surface water; the alluvial terrace is inundated through rising groundwater.

1612 A. Schomburg et al. / Science of the Total Environment 639 (2018) 1610–1622
coordinates: 8°40′55.08″ E, 47°35′47.46″ N, altitude: 770 m a.s.l.) were
measured in 1910 (1190 m3 s−1), in 1978 (1060 m3 s−1) and in 1999
(1150 m3 s−1) (Horat and Scherrer AG Hydrologie und
Hochwasserschutz, 1999). The last large flood event measured at the
station Neunforn occurred in 2013 and peaked at 1017 m3 s−1, leading
to sediment accumulations of up to 30 cm. As a result of the flood in
1999, the “Schaffäuli” site was restored by removing the embankments
of the right river bank over a section of 1.5 km (Fig. 2). Since then, the
adjacent floodplain has been equipped and systematically monitored
for surface water and groundwater flow aswell as for vegetation devel-
opments (e.g. Vogt et al., 2009; Schirmer et al., 2014). Since the restora-
tion, the dynamics of both erosion and sedimentation increased
strongly, and a gravel bank of temporally and spatially varying extent
formed downstream of the embanked zone. Diem et al. (2014) identi-
fied four zones (K1 to K4) of distinct hydraulic conductivities within
the “Schaffäuli” study site:

(1) The highly permeable alluvial gravel island/riverbank section
that is located along the restored section (K1= 6 × 10−2 m s−1),

(2) slightly less permeable sediments in the alluvial forest and river-
bed surrounding the alluvial gravel island (K2=2× 10−2m s−1)
(reduction of 66% compared to K1),

(3) equally permeable alluvial sediments encompassing the alluvial
forest along the embanked section (K3 = 1 × 10−2 m s−1) (re-
duction of 85% compared to K1), and
Fig. 2.Map of the different sampling locations. The flow direction of the Thur River is indicated
The embanked river section is located on the right border of the river upstreamof theK2 zone, a
K-zones are separated by the dotted lines. The spatial extent of the numerical flow model is in
references to colour in this figure legend, the reader is referred to the web version of this artic
Orthophotos reproduced with permission of swisstopo (BA17095).
(4) less permeable sediments of the embankment all along the left
river bank (K4 = 4 × 10−3 m s−1) (reduction of 95% compared
to K1).

2.2. Field sampling design and soil sampling

Nine sampling plots were selected in the restored floodplain section
with varying distances to the river (12–53 m). The surface area of each
plot was adapted to the local extent of the vegetation and subsequently
normalised to a square-shaped standard area of 25 m2. The locations of
sampling plots are illustrated in Fig. 2. The vegetation and soils were de-
scribed and sampled in each plot in July 2015, including five replicates
that were randomly taken within each plot. Soil types were described
as Calcaric Fluvic Arenosols, Calcaric Fluvisols or Calcaric Fluvic
Cambisols (IUSSWorking GroupWRB, 2015). Vegetation was recorded
in relevees according to themethod of Braun-Blanquet (1964). The per-
centage of herbs and shrubs covering the soil surfacewas estimated and
subsequently used for the calculation of the root size and root abun-
dance factors (see Section 2.3). During soil description, composite soil
samples and macro-aggregates N 250 μm (Tisdall and Oades, 1982; Six
et al., 2004) were uniformly taken from each replicate individually
due to numerous soil layers originating from past flood events. Topsoil
layers represented an alternation of A(k) and C(k) horizons for Fluvisols
andArenosols and of A(k) and Bw(k) for Cambisols. The thickness of the
by the big arrow within the river, GW flow directions are indicated by the smaller arrows.
nd the restored river section starts between the upstream limits of the K1 and theK2 zones.
dicated by the dashed orange line. Coordinate system: WGS84. (For interpretation of the
le.)
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A(k) horizons was limited to maximally 3 cm, so representative sam-
pling could not be performed on horizons separately. The depth of all
samples was limited to the upper 20 cm of soil representing the major
part of the drilosphere and the rhizosphere. Soil samples and macro-
aggregates were dried at 40 °C in an oven for 72 h, homogenised and
sieved at 2 mm.

2.3. Sampling of ecosystem engineers

Plant roots and earthworms were sampled in October 2015 and de-
scribed at the same sites at which soil sampling was performed. Plant
root size and abundance were used as indicators in the upper 20 cm
of soil and described according to the guidelines for soil description
(IUSS Working Group WRB, 2006). Digits between 1 (predominantly
very fine roots b 0.5 mm in diameter) and 4 (predominantly coarse
roots of N5 mm in diameter) were assigned for the root size. Digits be-
tween 0 (no roots) and 4 (with N200 in the total number of roots
smaller than 2 mm or with N20 in the total number of roots larger
than 2 mm) were assigned for the root abundance (IUSS Working
Group WRB, 2006). Obtained digits were subsequently normalised by
the proportions of shrub and herbaceous plant roots that were deter-
mined during the vegetation relevee. The normalised values represent
root size and root abundance factors, andwere used as explanatory var-
iables in the subsequent statistical analysis.

Earthworms were extracted in autumn 2015 using the hot mustard
extraction on a 0.5 × 0.5 m square combined with the hand-sorting
method on a soil cube of 0.2 × 0.2 × 0.2 m dug out in the center of the
plot (Bouché and Aliaga, 1986; Lawrence and Bowers, 2002). The ex-
tracted earthworms were stored in 70% ethanol. Adult earthworms
were weighed, identified to species level according to the identification
key of Blakemore (2008) and classified according to their ecological cat-
egories (Bouché, 1972). Juveniles were just grouped andweighed. Total
and mean earthworm abundance (individuals per m2) was calculated
for each sampling site.

2.4. Analysis of soil physico-chemical parameters

Soil texturewas determined using the pipette-Robinsonmethod. For
soil chemical parameters, pH was measured using a combined pH
Meter/conductometer (914 pH Meter/conductometer, Metrohm, Heri-
sau) with the soil/water ratio of 1:2.5. Cation exchange capacity (CEC)
and base saturation (Bs) were analysed using a buffered barium chlo-
ride solution (pH 8.5) that was further diluted 500 times and analysed
for K,Mg, Ca and Na using an Inductively Coupled Plasma–Optical Emis-
sion spectrometer (ICP-OES Optima 2100 DV, Perkin Elmer). Total car-
bonate content (CaCO3 tot) was measured using a Bernard Calcimeter
described in Vatan (1967). The amount of active carbonates (CaCO3

act) was determined according to the method of Drouineau (1942). Or-
ganic carbon and total nitrogen contents were measured using a CHN
analyser (CHN-O Analyzer, Flash 2000, Thermo Scientifics).

2.5. Soil structure stability analysis

The degree of topsoil structure stability was identified by the analy-
sis of aggregate stability which is used as the main indicator for soil
structure stability (Six et al., 2000). The percentage of water-stable ag-
gregateswas determined formacro-aggregates of 250–2000 μmsize ac-
cording to the method described in Kemper and Rosenau (1986). A
modified automatic diving apparatus equipped with sieves of 250 μm
mesh size was applied for this analysis (Murer et al., 1993).

2.6. Hydrological flow model

2.6.1. Model setup
As a typical example of a surface water- groundwater system, SW

and GW are characterised by dynamic exchange fluxes at the NNF site.
The potential for flooding is therefore not only controlled by river flow
and riverbed topography, but also by GW levels and the hydraulic con-
ductivity (K [L/T]) of the riverbed and the underlying aquifer (Winter
et al., 1998; Brunner et al., 2009; Schilling et al., 2017b). As exchange
fluxes cannot be easily measured, physically-based, fully-coupled simu-
lations of SW and GWwere useful for the dynamic computation of ex-
change fluxes and flooding under consideration of all the relevant
hydrological and physical parameters. For this purpose, the physically-
based and fully-coupled SW-GW flow model HydroGeoSphere (HGS)
(Therrien et al., 2010; Brunner and Simmons, 2011; Kurtz et al., 2017)
that has been successfully applied to simulate complex river-aquifer
systems (e.g., Banks et al., 2011; Karan et al., 2014; Schilling et al.,
2014, 2017a, 2017b; Tang et al., 2015, 2017), was used to simulate the
NNF site. HGS allows the coupled simulation of SW flow based on the
diffusion-wave approximation of the 2-D Saint Venant equation and of
variably-saturated GW flow based on the Richards equation and the
van Genuchten parametrisation. Specific details on the underlying
equations and parameters can be found in the HGS manual (Aquanty
Inc., 2016).

The spatial extent of the simulated area is 0.37 km2. The aquifer in
NNF is approximately 6 m thick and consists of glacio-fluvial sandy
gravels (Vogt et al., 2009; Vogt et al., 2010; Diem et al., 2014). The
aquitard is composed of a lacustrine clay and its vertical limits were es-
timated by Diem et al. (2014). Following the procedure described by
Käser et al. (2014), the horizontal numerical grid for the NNF site was
generated using AlgoMesh (HydroAlgorithmics Pty. Ltd.) and
GridBuilder (McLaren, 2011), and consisted of 8642 approximately
equilateral finite elements. Within the river, the elements had an aver-
age side length of 7 m, in the alluvial forest of the restored section 15m
and in the alluvial forest of the embanked section 25 m. Vertically, the
modelwas discretised into 10 grid layerswith proportional thicknesses:
1.3% of the total vertical extent for each of the four topmost layers, 13%
for each of the following four layers, and 23.8% for the bottom two
layers. The fine vertical discretisation close to the surfacewas employed
to guarantee numerical integrity in solving the highly non-linear
Richards equations for unsaturated flow in the soil.

Compared to embanked river sections, both the riverbed topography
and its hydraulic conductivity can be highly transient in the natural and
restored river sections. This is due to the pronounced erosion and depo-
sition processes in these sections (Gianni et al., 2016; Partington et al.,
2017). The riverbed topography of such systems is thus associated
with structural uncertainties which, however, can be reduced using ap-
proaches such as high-resolution through-water photogrammetry
(Feurer et al., 2008; Brunner et al., 2017; Schilling et al., 2017a). At the
NNF site, a digital elevation model (DEM) dating from 01 Feb. 2015
with a horizontal resolution of 0.5 m was available for the floodplain
and the embanked section from the Amt für Raumentwicklung Kanton
Zürich (http://www.geolion.zh.ch/geodatensatz/show?gdsid=298,
accessed 03 Aug. 2017). However, for the restored river section, no
high-resolution riverbed DEMwas available. The topography of the riv-
erbed for that sectionwas therefore linearly interpolated betweenmea-
sured cross-sections.

2.6.2. Boundary and initial conditions
Transient simulations of four years (2013, 2014, 2015 and 2016)

were carried out based on daily changing boundary conditions
(Fig. 3). The Thur River was implemented as a second-type (specified
flux) boundary condition using discharge measurements from the
Neunforn gauging station (Fig. 3b). The small existing data gaps were
bridged based on discharge data from the nearby Andelfingen gauging
station. River outflow was simulated using a critical depth boundary
condition. Precipitation was conceptualised as a specified nodal flux
boundary condition using measurements from the NNF rain gauge
(MeteoSchweiz, station: NIE, coordinates: 8°47′ E, 47°36′ N, altitude
= 440 m a.s.l., Fig. 3a). Evapotranspiration was not simulated. During
flood events it is not important (see Diem et al., 2014). Nevertheless,

http://www.geolion.zh.ch/geodatensatz/show?gdsid=298


Fig. 3. Time series of (a) precipitation (daily sums, MeteoSchweiz, station: NIE), (b) River Thur discharge (daily averages, Canton Thur, station F2900) and (c) GW levels of the most
upstream piezometer (daily averages, Canton Thur, station: G2905). These time series were used to define the boundary conditions of the numerical flow model.

Table 1
Parameter values used for the numerical flowmodel.

Parameter Value Source

Saturated hydraulic conductivity (K) K1 = 6 × 10−2 m s−1

K2 = 2 × 10−2 m s−1

K3 = 1 × 10−2 m s−1

K4 = 4 × 10−3 m s−1

Diem et al. (2014)

Porosity (n) 0.2 Diem et al. (2014)
van Genuchten α 3.48 m−1 Li et al. (2008)
van Genuchten β 1.75 Li et al. (2008)
Rill storage height 0.1 m Calibrated
Manning's coefficient 0.0525 s m−1/3 Calibrated
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during shallow groundwater conditions evapotranspiration could con-
stitute a noteworthy flux. However, given the good hydraulic connec-
tion with the river, water leaving the system through
evapotranspiration will be immediately replaced by infiltrating river
water. Inflow of GW on the upstream model boundary (South-East)
was implemented as a specified headboundary condition using hydrau-
lic head measurements (Fig. 3c) from the most upstream piezometer
(see Fig. 2). Closely following the conceptualisation of Diem et al.
(2014), outflow of GW on the downstream model boundary (North-
East) was implemented as a fixed-head boundary condition of
370.2 m a.s.l., and GW outflow on the lateral model boundaries
(South-West and North-East) was defined as a specified flux boundary
condition (nodal volumetric flux of−10 m3 day−1). The inflow of river
water to the restored river section wasmonitored at the Neunforn river
gauging stationwith a 5-minute interval. Groundwater levelswithin the
floodplain were monitored along two transects and multiple additional
piezometers scattered throughout the floodplain at a 15-minute inter-
val (see Fig. 2 for the detailed locations of the different observation
points). The value of the different hydraulic parameters used for the nu-
merical flow simulations of the NNF site are listed in Table 1. The two
surface flow parameters “rill storage height” and “Manning's
coefficient” were calibrated to reduce the residual between the simu-
lated and measured surface water depth at the Neunforn gauging
station.

2.7. Mean annual days of water saturation (MADOWS)

For each sampling plot, vertical water saturation profiles were ex-
tracted from the numerical flow model and used as an indicator for
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groundwater level fluctuations. The water saturation was averaged to
one daily value for the upper 20 cm of the soil (i.e., the topsoil). For
each year, the number of days with complete water saturation (100%)
and partial water saturation (N85%, N70%, N55%, N40%, N25%) were
counted. Complete water saturation can be either a result of a direct in-
undation by surface water or of groundwater saturation through rising
surfacewater levels (Fig. 1). Based on these counts per year, one average
value for the mean annual days of water saturation per saturation level
(MADOWS100, MADOWS85, MADOWS70, MADOWS55, MADOWS40
and MADOWS25) was calculated for the period 2013–2016.

2.8. Statistical analysis

2.8.1. Variance analysis
Differences between the water saturation levels were analysed with

a one-way analysis of variance (ANOVA). Requirements for ANOVA ap-
plication (normal distribution and variance homogeneity) were tested
in advanceusing the Shapiro-Wilk test and the Levene test, respectively.
Group specific differenceswere subsequently determined using Tukey's
HSD posthoc analysis. Differences were considered significant at a P b

0.001 level.

2.8.2. Structural equation modelling (SEM)
Full structural equation models (SEMs) were set up in two steps to

estimate direct and indirect effects of variables on the degree of soil
structure and to determine complex causal relations among these vari-
ables (Bollen, 1989; Grace and Bollen, 2006; Shipley, 2016). A priori,
conceptual models in form of two directed acyclic graphs (DAGs,
Shipley, 2016) were established under consideration of biologically
plausible and relevant hypotheses and pathways (Fig. 4a, b). The direc-
tion separation (d-separation) method was then applied to verify the
plausibility of the pathways drawn in the DAGs based on Fischer's C
test and the corrected Akaike information criterion (AICc) (Shipley,
2016). Topsoil structure stability (labelled by “y”, Fig. 4a, b) was deter-
mined as the response variable in all models with regard to the hypoth-
eses (see Section 1). Six models were run with MADOWS as the main
predictor variable separated according to complete (MADOWS100)
and partial water saturation (MADOWS85, MADOWS70, MADOWS55,
MADOWS40, MADOWS25) (labelled by x1). Observations for soil
physico-chemical properties and ecosystem engineers were assembled
as composite variables (Grace and Bollen, 2006, 2008). Composite vari-
ables are endogenous variables that are statistically similar to a predic-
tor variable in multiple regressions. They represent a weighed
combination of their associated variables and neglect variables that
are not statistically significant. Soil physico-chemical properties were
assembled as the composite variable “soil parameters” (labelled by
η3), root size and root abundance factors for herbaceous and shrub
roots were assembled as the composite variable “plants” (labelled by
η1), and abundances of earthworms of different ecological categories
were assembled as the composite variable “earthworms” (labelled by
η2). For soil texture, which was assembled into “soil parameters”, clay
content was neglected in order to avoid statistical dependencies
among predictor variables. Path analyses of the relations suggested in
the conceptual models (i.e., in the DAGs) were performed using SEM
with maximum likelihood estimation for Chi-squared analysis
(Shipley, 2016). Path coefficients were calculated for each predicted re-
lation in order to define each relation's individual strength. Path coeffi-
cients are labelledwith the letters β, γ, ι, κ andλ and grouped according
to their associated variable or composite variable (Fig. 4a, b). SEM was
performed using the “lavaan” package (Rosseel, 2012) in R (R
Development Core Team, 2017). Providing specific details on themath-
ematics involved in the SEM method and the “lavaan” package is be-
yond the scope of this article. For a more detailed description of the
SEM method and the “lavaan” package, see Bollen (1989), Grace and
Bollen (2006, 2008), Rosseel (2012) and Shipley (2016). An initial anal-
ysis of the SEMs did not indicate a good model fit when including the
composite variables “plants” and “earthworms” in a DAG simulta-
neously. Therefore, the influence of MADOWS, soil parameters, plants
and earthworms on topsoil structure stability was tested in two sepa-
rate models for the composite variables “plants” and “earthworms”.
The analysis of causal relations and path coefficients of soil parameters
and MADOWS on topsoil structure stability is not restricted when run-
ning two separate models for the analysis of the influence of plants
and earthworms.

3. Results

3.1. Topsoil structure stability and soil parameters

The mean percentage of water-stable aggregates was around 30% in
the floodplain, but ranged between values of 8 and 62% (Table 2). The
percentages of silt and sand, and the base saturation showhigh standard
deviations indicating a large variability within the plots. Standard devi-
ations for CEC, total and active carbonates, TOC contents and pH values
do not show a large variability between the sampling plots (Table 2).

3.2. Mean annual days of water saturation (MADOWS)

Simulated mean water saturation in the topsoil, averaged over the
simulated 4 years (2013–2016), ranged from 25 to 30%. Average annual
valueswere slightly increased for 2013 and 2014 compared to 2015 and
2016 (data not shown). Themean annual dayswith completewater sat-
uration (MADOWS100)was b10 averaged over all plots, and ranged be-
tween 0 and 25 days for the individual plots (Fig. 5). The mean number
of dayswith partialwater saturation tended to be increased stepwise by
the factors 1.5 for MADOWS85 and MADOWS70, but was not statisti-
cally significant. The mean annual days N55% water saturation
(MADOWS55) was significantly higher than for MADOWS100 (P b

0.001), but not for MADOWS85 and MADOWS70. MADOWS40 was al-
most 3 times higher compared to MADOWS55, but only differed signif-
icantly from MADOWS70, MADOWS85 and MADOWS100 (P b 0.001).
MADOWS25was N350 days for all plots during the entiremodelling pe-
riod and differed significantly from MADOWS100 – MADOWS40 (P b

0.001).

3.3. Ecosystem engineers

Mean values for root size and root abundance factors (see
Section 2.3) were greater for herbs than for bushes (Table 2). Root size
and root abundance factors indicated a strong variation for both herbs
and bushes. Both factors could not be calculated for shrubs in three sam-
pling plots, as no bushes were recorded in the corresponding relevees.

Mean earthworm abundance of all ecological categories was 157 in-
dividuals (ind) m−2. Total abundances of earthworms showed a broad
range of variation, ranging from 0 ind m−2 to N750 ind m−2. Endogeics
showed the highest mean abundance in all plots followed by anecics
and epigeics. Epigeics and anecics were completely absent in several
sampling plots, but contributed to almost 30% (epigeics) and 50%
(anecics) to the total abundance of earthworms in others. Percentage
of endogeics tended to be equally distributed in all sampling plots.

3.4. Structural equation modelling SEM

Full structural equationmodels could be fitted for complete and par-
tial water saturation, as presented in Fig. 6a, b for MADOWS100. Path
coefficients for partialwater saturation are presented in Table 3. Accord-
ing to the SEM, the composite variables “soil parameters” and “plants”
have a significant positive effect on the topsoil structure stability with
path coefficients of 0.68 and 0.31. The silt content has the strongest pos-
itive impact on the composite variable “soil parameters” (path coeffi-
cient of 0.98), followed by CEC and TOC. Sand content and the pH
value have strong negative impacts (path coefficients of −0.81 and
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Table 2
Descriptive statistical values for topsoil structure stability, plants, earthworms and soil pa-
rameters with n = 45 observations. “ind” stands for individuals and “CEC” for cation ex-
change capacity.

Parameters Mean min max Standard deviation

Water stable aggregates (%) 29.91 8.53 62.20 12.64
pH 7.97 7.53 8.35 0.18
Silt content (%) 31.54 3.80 71.10 22.95
Sand content (%) 63.16 27 94.10 23.65
CEC (cmolc kg−1) 16.36 8.31 29.62 4.87
Base saturation (%) 70.89 42.79 94.69 12.08
Total CaCO3 (%) 28.94 27.10 30.09 0.64
Root size factor herbs 0.53 0.03 1.00 0.36
Root size factor shrubs 0.12 0.00 0.30 0.11
Root abundance factor herbs 0.62 0.09 1.75 0.47
Root abundance factor shrubs 0.29 0.00 2.40 0.75
Abundance epigeics (ind m−2) 10.21 0.00 123.80 27.47
Abundance endogeics (ind m−2) 73.66 0.00 503.04 114.00
Abundance anecics (ind m−2) 60.39 0.00 414.00 77.52
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−0.40). The remaining observed soil physico-chemical properties did
not contribute significantly to “soil parameters”. The root size and root
abundance factors for both shrubs and herbaceous plants have strong
effects on the composite variable “plants”, with positive path coeffi-
cients for shrubs and negative ones for herbs. No significant influence
of the composite variable “earthworms” on the topsoil structure stabil-
ity was found.While MADOWS100 did not show a significant direct in-
fluence on topsoil structure stability, it did on “plants” (path coefficient
of 0.33) and on “soil parameters” (path coefficient of −0.50).
MADOWS100 thus had an indirect effect on topsoil structure stability
by positively influencing “plants” and negatively influencing “soil pa-
rameters”, which in turn both showed a positive impact on topsoil
structure stability. Significance levels of causal relations and values of
path coefficients did not show large variations when running the
model with MADOWS85, MADOWS70, MADOWS55 and MADOWS40
(Table 3). Significant effects of mean annual days of partial water satu-
ration on “soil parameters” and “plants” disappeared only for
MADOWS25, indicating that the average water saturation during a
year (see Section 3.2) in the topsoil neither controlled topsoil structure
stability nor explained occurrence of soil parameters and distribution
patterns of ecosystem engineers.
Fig. 5. Barplots showing modelled values for the mean annual days of water saturation
(MADOWS) in the first 20 cm of soil for 100% (MADOWS100), for N85% (MADOWS85),
for N70% (MADOWS70), for N55% (MADOWS55), for N40% (MADOWS40) and for N25%
(MADOWS25) water saturation. Error bars represent standard deviations of values for n
= 45 observations. Letters a, b, c and d represent results from Tukey's HSD tests for one-
way ANOVA at significance level P b 0.001.
4. Discussion

4.1. Applicability of the SW-GWmodel

In many respects, the application of a SW–GW flowmodel was suit-
able to analyse the influence of fluctuatingwater levels on topsoil struc-
ture stability, ecosystem engineers and soil parameters. Over the
simulated period (2013–2016), for example, two sampling plots were
visually submerged only once in four years by a flood event and only
considering SW would thus have led to the assumption that these
plots are not regularly and often influenced by alluvial dynamics. How-
ever, based on our SW-GW flow simulations, it was revealed that in all
sampling plots, GWoften rosewithin the upper 20 cmof soil, which im-
pacted ecosystem engineers similar to flooding by SW. The SW-GW
simulations thus allowed reproducing the influence of fluctuating
water levels much more holistically than pure flood observations or
SW simulations, which would have clearly underestimated the effects
of water level fluctuations on the topsoil structure stability. However,
numerical SW-GW flow simulations are themselves subject of uncer-
tainty due to the heterogeneous, and often unknown nature of the sub-
surface. In our current study, uncertainties in groundwater levels of up
to 20 cm were observed, but the simulated water levels corresponded
well with the observed ones during the crucial periods of low and aver-
age river water discharge. Higher uncertainties were observed during
high and extreme discharge periods, e.g., during floods. As the water
levels during high- and extreme-flow periods can rise up to 1 m above
terrain, the investigated topsoil would be fully saturated even under
consideration of 20 cm of uncertainty. The impacts of these flow
model uncertainties are therefore minimal for the purpose of our anal-
ysis. Evapotranspiration was not included in the model simulation. In
this particular configuration of boundary conditions and hydraulic
properties, the explicit simulation of evapotranspiration would not
have significantly changed the water table dynamics and thus the sub-
sequent statistical analysis: there is a direct hydraulic connection be-
tween the floodplain and the river, so evapotranspired water would
have been replaced by riverwater. Given that thehydraulic conductivity
of the site is very high and the spatial scales small, evapotranspiration
would immediately be compensated by the increased inflow from the
river, thus having minimal influence on water table dynamics. The last
major flood event at NNF in early 2013 dramatically changed the river-
bed morphology, and information on the morphology of the floodplain
before this event are not available. As the morphology of the river and
the floodplain is a critical factor for flooding and for the exchange flow
dynamics between SW and GW, sufficiently accurate flow simulations
of years prior to 2013 could not be carried out. During the simulated pe-
riod (2013–2016), only smaller flooding events occurred, which did not
significantly modify the rivermorphology. For the simulated period, the
SW-GW flow model was nevertheless an appropriate approach to de-
termine more specifically groundwater level fluctuations in soil. To
the best of our knowledge, this study is the first of its kind which anal-
yses the relations between fluctuating groundwater levels, ecosystem
engineers and soil parameters with regard to the stability of the topsoil
structure.

4.2. Effect of fluctuating groundwater levels on topsoil structure stability

The results from the SEMs indicated that neither the number of days
with complete, nor the number of days with partial water saturation in
the upper 20 cm of soil directly influenced topsoil structure stability.
However, both scenarios indicated strong influences on soil parameters
and plants that, in turn, influence topsoil structure stability. Complete
and partialwater saturation thus showed nodirect, but a strong indirect
effect on topsoil structure stability. As reported by Bullinger-Weber
et al. (2014), the percentage of water-stable macro-aggregates de-
creases with increasing flood frequency. However, in our study, a direct
relation between SW-GW interaction and the topsoil structure stability
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Table 3
Values for path coefficients for partial water saturation in the topsoil. MADOWS stands for
mean annual days of water saturation. Path coefficients correspond to the pathways pre-
sented in Fig. 2. Non-significant path coefficients are indicated by n.s.

Path coefficient MADOWS

N85% N70% N55% N40% N25%

β1 n.s. n.s. n.s. n.s. n.s.
β2 0.43 0.47 0.44 0.47 n.s.
β3 n.s. n.s. n.s. n.s. n.s.
β4 −0.49 −0.43 −0.47 −0.48 n.s.
γ1 0.63 0.64 0.63 0.65 0.47
γ2 n.s. n.s. n.s. n.s. n.s.
γ3 n.s. n.s. n.s. n.s. n.s.
ι1 0.26 0.25 0.25 0.24 0.26
κ1 n.s. n.s. n.s. n.s. n.s.
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was not significant, neither for the number of days with complete, nor
with partial water saturation. Floods usually have a destructive impact
on soil structural stability, as scour forces at the soil surface lead to top-
soil erosion (Cierjacks et al., 2011). In our study, the number of days
with complete water saturation partly corresponding to floods was
low during the modelled period and thus might not have affected the
topsoil structure stability. Occurring more frequently than full inunda-
tions, GW table fluctuations partly saturating the topsoil did, however,
not influence its structural stability either. The fluctuation of groundwa-
ter levels is smooth and physical forces do not have a destructive effect
on soil structure stability compared to floods. Conversely, desiccation
and remoistening of soil aggregates were even shown to improve
their structural stability (Shipitalo and Protz, 1988; Decaёns, 2000;
Shipitalo and Le Bayon, 2004). Fluctuating GW levels thus can also
have an overall effect of improving structural stability in topsoil. Against
our expectations, even a relatively low partial water saturation
(i.e., MADOWS40) exerted a significant negative influence for soil pa-
rameters and positive influence for plants. The effect disappeared only
at MADOWS25, which ranged slightly below the average water satura-
tion of 25–30%. Low rates of water saturationwere expected for the plot
with sandy soils, but not for soils that contain larger proportions of finer
soil texture. The floodplain soils thus appear to be efficiently drained, in-
dependent of the amount of finer soil particles, which allows them to
rapidly dewater after a high-water event. This reasoning is supported
by Liernur (2016) and Liernur et al. (2017), who, in the same sampling
plots, measured extraordinary high water infiltration rates that were
linked to a well-structured macro-porous system extending to a depth
of 50 cm and thus favouring drainage capacity of the topsoil. This
draining pathway likely explains the low mean contents of annual
water saturation (i.e., below 30% for all sampling plots).

4.3. The effect of soil parameters on topsoil structure stability

According to the SEMs, topsoil structure stability was strongly influ-
enced by soil parameters,mainly by the soil texture, pH and TOC values,
as well as cation exchange capacities. Several studies have already
shown a positive correlation between the fine soil fraction and the soil
structure stability (Sollins et al., 1996; Bronik and Lal, 2005; Bullinger-
Weber et al., 2007). On the other hand, aggregates composed of coarser
material are considered less stable than those composed of finer mate-
rial (Guenat et al., 1999; Kaiser et al., 2012). In the latter case, the inter-
action between the fine sand fraction and organic matter is of great
importance for soil aggregate formation (Bronik and Lal, 2005). It is
therefore not surprising that the TOC content showed a significant pos-
itive effect on soil aggregation in this study. Organic matter which is in-
corporated into soil aggregates chemically binds to mineral particles or
is occluded into soil aggregates and improves the structural stability of
soils (Tisdall and Oades, 1982; Chorom et al., 1994; Tisdall, 1996;
Haynes and Naidu, 1998; Kong et al., 2005). The importance of pH
values and cation exchange capacity found in this study has also been
found in previous studies, whereby the effect on soil structure stability
is rather indirect: increased pH values can enhance microbial activity
and clay dispersion (Haynes and Naidu, 1998; Chorom et al., 1994),
whereas cation exchange capacity can reduce repulsive forces of nega-
tively charged fine soil particles (Tisdall, 1996). Calcium carbonates
did not show any effect on soil aggregates in this study, although they
usually act as a cementing agent which agglutinates soil particles
(Bronik and Lal, 2005). The influence of carbonateswas likely not signif-
icant as neither total nor active carbonate values indicated any variation
between the sampling plots (data not shown). The majority of the soil
physico-chemical parameters are mutually interrelated: for example,
an increased silt content usually causes a higher cation exchange capac-
ity compared to a sandy soil. This could be a reason for the extraordinary
strong relation between MADOWS and soil parameters found in this
study. Especially during flood events, alluvial sediments are deposited
in thefloodplain area,whose texture usually depends on theflowveloc-
ity (Cierjacks et al., 2011; Graf-Rosenfellner et al., 2016).

4.4. The effect of plants on topsoil structure stability

Root size and root abundance factors (see Section 2.3) showed a sig-
nificant positive effect on topsoil structure stability, andwere positively
affected by MADOWS. “Herbs” had a negative effect on the composite
“plants” in contrast to “shrubs”, whose effect was strongly positive. As
already highlighted in several studies, plants highly contribute to soil
aggregation through their root system and thus improve the structural
stability in soils: on one hand, soil particles are physically enmeshed
during the extension of the root system in the rhizosphere. On the
other hand, plant roots release root exudates that directly agglutinate
soil particles or stimulate rhizospheric microorganisms, improving the
structural stability of soils (Degens et al., 1994; Angers and Caron,
1998; Blanchart et al., 2004; Fonte et al., 2012). However, MADOWS
had a positive effect on “plants”, particularly on shrubs. Pioneer shrubs,
such aswillows, arewell adapted to periodicwater saturation and to re-
curring floods over their branched root system (Crouzy and Perona,
2012; Perona et al., 2012; Bätz et al., 2014). In close proximity to the
river, plots were dominated by pioneer herbaceous plants whose root
system is similar to those of shrubs in terms of functioning. However,
SEM results indicated that the proportion of herbs decreased with in-
creasing flood frequency. In plots more distant to the river, pioneer her-
baceous plant species are replaced by other herbaceous plants
assembled to an alluvial forest alliance. There, especially the abundance
of shrubs decreases. This can be explained by the almost closed canopy
in the post-pioneer riparian forest which established under a decreasing
effect of flood frequency allowing a development of more stabilised
habitats with less frequent disturbances (Corenblit et al., 2009).

4.5. The effect of earthworms on topsoil structure stability

In the SEMs, earthworm abundance surprisingly did not show any
influence on topsoil structure stability and was not explained by
MADOWS or soil parameters. These results are somewhat contradictory
to the current state of the literature, as many earthworms, especially
endogeics and anecics, are known to efficiently structure soils (Schäfer
and Schauermann, 1990; Brown et al., 2000; Kong and Six, 2010) and
show large dependencies on soil properties and variable soil moisture
contents. Anecics are less tolerant to frequent disturbances and prefer
habitats with more stable environmental conditions, larger soil depth
and a finer soil texture (Guenat et al., 1999; Bullinger-Weber et al.,
2012; Le Bayon et al., 2017). However, the abundance of anecics is not
restricted to the upper 20 cm of soils in which the generally low water
content increases the risk of desiccation. This factmight be one explana-
tionwhy soil properties of the upper 20 cmdid not have a significant in-
fluence on their abundance, and why the topsoil structure stability was
not affected by anecics. Surprisingly similar, SEMs did not show any sig-
nificant relations of endogeics and epigeics on topsoil structure stability
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or interferences through soil parameters and MADOWS either. Espe-
cially endogeics are considered to be very important for soil aggregation
(Brown et al., 2000). A potential reason for the absence of a significant
influence according to SEM could be the fact that the occurrence of
endogeics did not show large variability between the sampling plots,
which could be a result of their higher tolerance to varying environmen-
tal conditions (Ivask et al., 2007). Epigeics are to a lesser extent affected
by soil properties because they do not get directly in touchwith the soil.
Epigeics rather live on top of the soil feeding on litter rather than rum-
mage the soil matrix or contribute to topsoil structure stability
(Shipitalo and Protz, 1988; Bullinger-Weber et al., 2007; Eijsackers,
2010; Salomé et al., 2011).Water saturated soils, in general, have a neg-
ative impact on earthworms' abundance (Plum and Filser, 2005; Zorn
et al., 2008). However, the mean annual water saturation in the topsoil
was only around 25–30%, and days with higher water saturations were
low due to the efficient drainage of the soils (Liernur, 2016). The period
during which earthworms were stressed by rising water levels in the
soil over the measurement period was thus low over considering the
course of a year. Furthermore, earthworms have developed efficient
strategies to avoid water saturated conditions in soil or survive in
water saturated soils for a short time: anecics try to escape the habitat
as they are less tolerant to water saturated soils (Plum and Filser,
2005). Endogeics can tolerate water-saturated conditions up to several
weeks through physiological adaptations: A. chlorotica and
A. caliginosa for example stay in diapause by reducing metabolic activi-
ties during a flood period and recover as soon as a flood period has
ended (Plum and Filser, 2005; Zorn et al., 2008). Duringwater saturated
conditions in soil, the population of epigeics almost entirely collapses,
but recovers rapidly due to their high re-succession rate and their co-
coons that can outlast water saturated conditions for several months
(Roots, 1956; Plum and Filser, 2005). Water saturated conditions thus
have a strong direct impact on abundance of epigeics – but this effect
could not be reproduced by the SEMs due to their extraordinary high
and rapid re-colonisation rate.

4.6. Scopes and limitations of SEM to our experimental design

The application of SEM was suitable for the analysis of direct rela-
tions and complex multiple interactions of different variables in this
study. The indirect effect of fluctuating groundwater levels on topsoil
structure stability over plants and soil parameters could be highlighted,
but would have been remained concealed with regression modelling
only. SEMwas thus an appropriateway to analyse the data and visualise
complex causal relations between the variables in our study. The rela-
tions of the composite variables “plants” and “earthworms” could not
be implemented in the same SEMs due to the insufficient model fit,
which resultedmost likely from the limited number of samples. Equally
a result of the lownumber of replicates, the predictor variableswere not
enlarged with additional parameters, such as the biomass of earth-
worms (Grace and Bollen, 2008; Shipley, 2016). Furthermore, the differ-
ent time scales of the variables made it complicated to implement the
variables in the same SEMs at first glance. The characteristic timescale
associated with soil parameters, for example, are significantly longer
compared to the population dynamics of earthworms. However, soil de-
velopment in floodplains is a continuous process, as major flood events
periodically burrow former topsoils and superpose them with thick
layers of alluvial sediments. The last major flood event impacting all
habitats dates back to 2013, shortly before the beginning of our simula-
tion period. As only a handful of smaller flood events but no further
major one influenced the habitats, it can be assumed that topsoil struc-
ture and parameter development sampled and analysed in this study
has developed rather smoothly from 2013 on forward. The same applies
to plants and earthworms that have recolonised the topsoil after this
event. The relatively calm period between 2013 and 2016 has enabled
the development of rather stable plant and earthworm populations
that fluctuate between seasons and years, but have not completely
collapsed since 2013. The populations at the moment of sampling thus
reflected the result of community dynamics of the past years. Therefore, it
can be considered as a decisive factor for the modelling outcome that all
predictor variables were shifted to a similar time scale during the investi-
gated time period. The SEM thus properly describes relations and functions
for the simulated time period between 2013 and 2016. However, one can-
not inferwhether the found relations also hold true for a different period or
another floodplain ecosystem with stronger or weaker alluvial dynamics.
Nevertheless, our results strongly suggest that the found relations are as-
signable to similar alluvial systems unless soil development is reset or com-
munities of ecosystem engineers collapse due to major flood events.

5. Conclusions

The combination of numerical flow simulations using a physically-
based, fully-coupled SW-GW model with SEM allowed identifying
causal relations andmultiple interactions between the topsoil structure
stability, ecosystem engineers, and soil properties under complete and
partial water saturation of the topsoil. Neither complete nor partial
water saturation had a direct influence on topsoil structure stability,
but an indirect influence by affecting distribution patterns of plant
roots and soil parameters that had, in turn, a significant effect on topsoil
structure stability. The distribution of earthworm populations was nei-
ther significant for topsoil structure stability nor affected by soil param-
eters and fluctuating GW levels. Fluctuating GW levels thus control
abiotic factors in the plots as well as the distribution patterns of plants
and their capability to structure the topsoil in our study. However,
earthworm populations are much more independent from fluctuating
GW levels and abiotic conditions of their habitats compared to plants,
as they developed adaptation strategies which allow them tolerating
harsh environmental conditions. Analysing GW levels in soil was more
appropriate than purely observing flood frequencies, as partial water
saturation in soil already had an effect on soil properties, plants and in-
directly on topsoil structure stability. These effects would have been
underestimated if only complete water saturation of the soil had been
considered. The modelled period between 2013 and 2016 was a conve-
nient period to study topsoil parameters and ecosystem engineers,
without any major flood event burrowing the topsoil or extinguishing
populations of ecosystem engineers. Therefore, the question remains
open whether our results are specific for the modelled period and the
floodplain at NNF. However, it is very likely that the influences of the
different predictor variables on topsoil structure stability as found in
our study are also applicable to comparable near-natural or restored
floodplain systems. It can generally be stated that analysing relations
between SW-GW dynamics and soil engineering organisms in flood-
plains is of crucial importance to evaluate the maintenance of ecosys-
tem services for improving management strategies for near-natural
floodplains and the success of floodplain restoration projects.
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