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Flow properties of soils are helpful to describe the soils’ response on mechanical
loading, which occurs naturally (e.g., caused by growing roots or drilling earthworms)
or anthropenically (e.g., in the course of management practices like tillage) In order to
determine the effect of bacterial or plant exudation induced changes of soil strength and
soil’s flow behavior soil samples of the Bt horizons of a haplic Luvisol were saturated
with pure water or with aqueous solutions of biological model substance. We chose
xanthan gum as a bacterial exudate which represents the chemical alteration of soil
microorganism, while polygalacturonic acid has been used as a root’s mucilage analog.
Surface tension and viscosity of these aqueous solutions were determined, and soil
samples’ flow properties were obtained with the help of rheometry. By applying amplitude
sweep tests to the soil samples soil stability related parameters were determined [loss
(G") and storage (G') moduli, representing the plasticity or elasticity of soils, respectively]
or calculated [namely, the loss factor (ratio of G” and G’), Integral Z (a strain-stress
dependent sum-parameter) and the linear viscoelastic range (where no changes in soil
structure occur)]. We hypothesized that (I) flow properties of used model substances
differ from those of pure water and, (ll) biological model substances influence the
water content at defined matric potential caused by e.g., altered surface tension, thus
influencing parameters that were related to soil stability. Furthermore, (lll) the impact of
biological model substance depends on the shear rate that is applied to achieve the soil’s
deformation because some biological model substances show non-Newtonian flow. So
far and to our knowledge this is the first rheological work on soils that evaluates the
effect of differing shear rates on elastic and plastic deformation statistically. We found
the impacts of biological model substances on soils’ flow properties to be not only
dependent of origin (plan or bacterial), concentration and matric potential, but also on
deformation intensities. Due to chemical particularities of PGA a deformation induced soil
stabilization was observed. Leading to the conclusion that deformation processes e.g.,
in the rhizosphere are much more complex than previously thought.
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INTRODUCTION

Biological processes like plant roots’ or soil microorganisms’
exudation result in chemically and physically alterations of soil
properties. For example, plant roots’ mucilage exudation (Tisdall
and Oades, 1979) or biological reallocation or transformation
(e.g., caused by earthworms or microorganisms, Hoang et al.,
2016; Banfield et al., 2017) of organic compounds results in
changes in chemical parameters [e.g., CaCO3 production, SOC
accumulation (Jones et al., 2009), changes in pH and redox
(Uteau et al., 2015) or in altered ion concentrations (Carvalhais
et al,, 2011)], and coincides with altered physical properties,
like aggregation (Six et al., 2004). These physical alterations
result in,

(I) decreased soil stability, for example, caused by
microorganisms that oxidize gluing compounds (like
particulate organic matter, Six et al., 2004) or neutralize
cementing agents (like CaCO3) by HY release or by applying
shear stresses to the soil at moist conditions, for example
caused by a growing root.

(II) increased stabilities directly caused by the exudation,
likegluing effects or an increased surface tension of the
soil solution and therewith indirect effects on wetting
properties which diminishes the disrupting impact of
swelling (Hallett and Young, 1999; Chenu et al., 2000)
Two exemplary substances for cementing and gluing are
Xanthan gum and polygalacturonic acid. The former is an
anionic polysaccharide that is often used as a food additive
(Zhang et al., 2008). It is produced by fermentation or
by exudation of Xanthomonas campestris bacterium. The
basic chemical structure of Xanthan gum (C35H49059) is a
linear linked 83-D glucose backbone with a trisaccharide side
chain on every other glucose. A well-known characteristic
is its pseudo-plasticity (i.e., shear thinning). Acid sugars
are found on root surfaces and on cells walls. They occur
as monomers or polymers. One polymer, for example,
is polygalacturonic acid (PGA), which occurs as chains
and is the main constituents of root mucilage (Manunza
et al, 1997). For example, PGA-chains linked by Ca?"
act as model of the soil root interface, because it exhibits
a fibrillary structure similar to that of natural mucilage
(Manunza et al., 1997). Both substances form gels, having
the potential to alter the pore-size distribution in soils.
Furthermore, since both substances are negatively charged
at most soil conditions (not too acidic soil) they are bond
to negative charged clay particles by polyvalent cations like
Ca’t and Mg?+.

Soil stability defines not only the trafficability of soils (Riggert
et al., 2017) but also plant root growth processes (Bengough and
Mullins, 1990). As shown by Markgraf et al. (2006), rheometry
delivers a set of parameters that are related to microstructural
soil stability of which the most important are (Figure 1): The
shear stress, which is required for soil deformation and which
represents the capability of the soil to withstand the deformation.
The storage modulus, G’, which is a measure for the elasticity of a
soil. It represents the energy that is available to reverse the gradual
increase of soil distortion, while the loss modulus G” equals the

dissipated energy (Mezger, 2014). The deformation where G’
equals G” is called cross-over. With deformations larger than
the cross-over the viscous behavior of the samples overweighs
the elastic component. The samples’ structural integrity is
irreversibly destroyed which may result in creeping or flowing,
depending on the water content of the sample (Markgraf and
Horn, 2006; Holthusen et al., 2010; Mezger, 2014). Markgraf
et al, 2012 introduced a semi-quantitative parameter which
is calculated according to Equation (1) and named Integral z,
abbreviated to I, in this manuscript.

cross—over n =1
= (1=G"G Dy (1)
Since Iz is integrated over the deformation, the flow behavior
at small deformations is mostly neglected but influenced by
larger strains which leading to higher similarity of values for Iz
(Holthusen et al., 2017). The linear viscoelastic (LVE) region, and
Iz are derived parameters from G’ and G”. Within the LVE region
there are no significant changes in the structure of the sample.
Soil stability is linked to hydraulic capacities like the pore-size
distribution or the water content (Riggert et al.,, 2017) and to
intensities like (un-)saturated hydraulic conductivity (Fazekas
and Horn, 2005; Riggert et al., 2017).

Alterations of flow properties (e.g., viscosity and surface
tension) of the soil solution potentially result in altered hydraulic
capacities and intensities (Holthusen et al,, 2012) influencing
not only the soil strength but the plant-roots’ water uptake, and
consequently, the productivity of agriculturally used soils. For
example, the surface tension influences the amount of plant-
available water, and, due to adhesive forces also the soil stability.
The viscosity influences intensities like the (un-) saturated
hydraulic conductivity: The flow of water is described by Darcy’s
law. The volume of water that flows in a defined time through a
given area decreases linearly with increasing viscosity, and vice
versa. An increased viscosity results in decreased plant water
uptake per unit of time.

The aim of this study was to quantify biological alterations of
flow properties and of parameters related to microstructural soil
stability as derived from amplitude sweep tests.

We hypothesized that (I) flow properties of used model
substances differ from those of pure water and, (II) biological
model substances influence the water content at defined
matric potentials caused by altered flow properties, and with
that, parameters related to soil stability as derived from
amplitude sweep tests. Furthermore, (III) the impact of
biological model substance depends on the shear rate that
is applied to achieve the soils’ deformation because some
biological model substances show non-Newtonian flow. So
far and to our knowledge this is the first rheological work
on soils that evaluates the effect of differing shear rates on
elastic and plastic deformation (represented as loss factor)
statistically.

MATERIALS AND METHODS

Soil Material

Disturbed soil material was excavated in September 2014 from
two layers (Bt-1 from 0.45 to 0.55m, and Bt-2 from 0.55 to
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FIGURE 1 | Exemplary curves for linear viscoelastic range (LVE), storage modulus (G'), loss modulus (G”), and their ratio (loss factor, G” G”1) as well as the cross
over.

TABLE 1 | Sand, silt, clay, as well as, soil organic carbon (SOC) contents in g
kg*1 soil, as well as, pH, and electrical conductivity (€C) in pS cm~" of the four
pits where soil cores were excavated from a loess-derived Luvisol, Klein-Altendorf
near Bonn, Germany.

Pit Depth Sand Silt Clay SOC pH eC
m gkg1 - nScm=1

24 0.45-0.55 71.4 780 149 4.0 7.0 83
24 0.55-0.65 66.1 730 204 5.8 7.03 74
40 0.45-0.55 54.7 650 295 4.5 6.99 100
40 0.55-0.65 44.8 710 245 3.4 7.1 83
57 0.45-0.55 59.8 770 170 3.9 7.02 81

57 0.65-0.65 44.6 740 215 41 7.0 71

74 0.45-0.55 58.9 660 281 4.0 6.98 104
74 0.65-0.65 40.0 700 260 3.8 7.02 7

0.65m) of a Bt horizon from a haplic Luvisol (IUSS Working
Group WRB, 2006) in four repetitions (i.e., from four pits) of a
totally randomized trial (Kautz et al., 2014) at the experimental
area of Campus Klein-Altendorf (50°37'9” N 6°59'29” E,
University of Bonn, Germany). The site is characterized by
a maritime climate with temperate humid conditions (9.6°C
mean annual temperature, 625 mm annual rainfall). Main soil
properties are listed in Table 1. The Bt horizon is characterized
by accumulated clay, leached from the A-horizon (0-0.27 m)
and the E horizon (0.27-0.41 m). Chicory (Cichorium intybus L.
“Puna;” 5kg ha™! seeding rate) had been grown in these trials
for the last three years. With its herringbone or monopodial
branching root systems Cichorium intybus L. penetrates deep
into the subsoil exploring for water and nutrient supply (Kautz
etal., 2012).

Determination of Flow Properties of
Aqueous Solutions of Biological Model

Substances

Dynamic viscosity of aqueous solutions of biological model
substances and of water were determined with a rheometer
(MCR300, Anton Paar, Stuttgart, Germany) and a standardized
cone-plate measuring system (0.5° cone angle, gap size = 50 um)
with a shear rate ramp ranging from 10 to 1,000 s~'. Within
this shear rate rampe 29 sampling points were considered.
Viscosity was calculated using the rheometers’ software RheoPlus
(Anton Paar, Stuttgart, Germany). The samples’ volume was
400 wl. Surface tensions were determined with the help
of a microtensiometer (Kriisstensiometer, Kruess, Hamburg,
Germany) and the Wilhelmy-plate method (with a platinum
plate) as described by Mohamed et al. (2010). The sample volume
was 50 ml. The platinum plate was inserted (2 mm) into the fluid.
Ten sampling points were consideredwhile the plate was pulled
out of the fluid. The test duration was 60s. All measurements
were performed at laboratory conditions (T = 293.15K) with
n = 5. The temperature was checked using a thermometer.

Biological Model Substances and Sample

Preparation for Amplitude Sweep Test

Soil was sieved to < 2mm and refilled to small cylinders, 0.9 cm
in height, and 3.6cm in diameter (V = 9.2 cm?). Aqueous
solutions of two biological model substances were used to
saturate the samples and to determine biological alterations
of biopore walls: (I) Polygalacturonic acid [abbreviated PGA;
(C6HsO6)n> ~95% (enzym.), Fluka BioChemika 81325, EC No.
2116826, Gillingham, United Kingdom] which was identified as
a model root exudate (Morel et al., 1987; Gessa and Deiana, 1992;
Gessa et al., 1997; Czarnes et al., 2000; Traoré et al., 2000; Grimal
et al,, 2001; Zhang et al., 2008). PGA was solubilized by adding
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0.51 ml of 1 M KOH for 100 mg PGA and diluted with double-
distilled water. (II) Xanthan gum from Xanthomonas campestris
(Sigma-Aldrich, G1253, EC No. 234-394-2) was mixed with
double-distilled water using a magnetic stirrer. Three defined
concentrations from model substances were tested, namely, 1,
2, and 3 gL=!. Three samples per pit, depths, model substance,
as well as concentration and five control samples (0 gL_l) were
saturated by capillary rise. Measurements were performed at four
matric potentials [namely, ¥y, = —1, —3, and —6 kPa (drained
with the help of sand beds) or —30 kPa (drained on ceramic
suction plates)].

Amplitude Sweep Test (AST) and

Volumetric Water Contents

A profiled parallel plate measurement system, 0.025m in
diameter, was used to perform the AST with a rheometer
MCR300 (Anton Paar, Stuttgart, Germany). The soil samples
(9 mm in height) were cut in halves horizontally. The lower half
of the sample was placed on the lower plate of the rheometer.
The upper half of the sample was used to determine volumetric
water contents (= before measurement). The lower plate is fixed
while the upper one is moving in an oscillating manner with

successively increasing amplitudes at a constant frequency of
0.5 Hz. Controlled shear deformation ranged from 10~# to 100%
related to the measuring gap (4 mm). More detailed information
can be obtained from Markgraf et al. (2006). The remaining soil
was recovered from the lower plate in order to determine the
volumetric water content (= after measurement). The storage
modulus (G’), the loss modulus (G”), and the linear viscoelastic
range (LVE) were calculated using the rheometers software
RheoPlus (Anton Paar, Stuttgart, Germany), while cross-over and
Integral Z were calculated manually from raw data.

Statistical Analyses

The statistical software R (R Development Core Team, 2017) was
used to evaluate the data. (I) The data evaluation started with
the definition of an appropriate statistical mixed model (Laird
and Ware, 1982; Verbeke and Molenberghs, 2000), including
the sampling depths (qualitative: 0.45-0.55 m; 0.55-0.65 m), the
concentrations of aqueous solutions [0 gL.=! (for water), 1, 2,
and 3 gL_l], the matric potentials (quantitative: ¥, = —1, —3,
—6, or —30 kPa) and corresponding interaction effects, also with
the biological model substances (polygalacturonic acid, Xanthan
gum), as fixed factors. The investigated pits and further nested
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Xanthan
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FIGURE 2 | Means with standard deviations (shadowed) of viscosity (upper row) or of surface tension (lower row) of aqueous solutions with 1, 2, or 3 gL‘1 of
polygalacturonic acid (left-hand side) or of Xanthan gum (right-hand side) or of double-distilled water. n = 5.

measurement point
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effects were regarded as random factors. The data were assumed
to be normally distributed and to be heteroscedastic due to
the different levels of the matric potential. These assumptions
are based on a graphical residual analysis. Based on this initial
model, a model selection (forward selection) based on AIC
values (Akaike, 1973; Sakamoto et al., 1986) was conducted to
decide which covariates can be used for prediction. After that,
covariates with a variance inflation factor (VIF) of 10 or higher
were removed stepwise. Finally, non-significant covariates were
omitted, based on an analysis of covariances (Cochran, 1957).
For the final model, a Pseudo R?> was calculated (Nakagawa
and Schielzeth, 2013). The used covariates were soil organic
carbon content, electrical conductivity, pH and the texture (sand,
silt or clay content). (II) Single point evaluation: Here, the
measurement points (1-30) were added to the statistical model to
evaluate the impact of differing shear rates (named as single point
evaluation, abbreviated as SPE in this manuscript). The normal
force was added, additionally, beside those covariates already
used for (I).

RESULTS AND DISCUSSION

Dynamic viscosity (n) for shear rates ranging from 10 to
1,000 s~!, and surface tensions (y) of aqueous solutions of
biological model substances, and double-distilled water are
shown in Figure 2. The addition of polygalacturonic acid (PGA)
or Xanthan gum (Xanthan) increased the viscosity of double-
distilled water. The more PGA or Xanthan had been added the
more pronounced the change in viscosity. Considering shear
rates > 187 s~! (=equals measurement point 6) Newtonian
flow was found for PGA and double-distilled water (indicated
by a constant viscosity over the applied shear rates). However,
increased viscosities were found for both fluids for very small
shear rates. This contradicts the fact, that pure water is a
Newtonian fluid, while Stoddart et al. (1969) found PGA to be
shear thinned even for larger shear rates. Thus, we have to take
into account that flow behavior of water is caused by impurities of
the double distilled water. For Xanthan an intense shear thinning
was found, which is characterized by an under proportional
increase of shear stress that is required for fluid deformation
with increasing shear rates. These findings are in agreement
with those described by Pettitt et al. (1995). Small amounts of
Xanthan increased the viscosity disproportionally as indicated by
the intercept of the regression line shown in Figure 3, presenting
the relative change of both, viscosity and surface tension caused
by the addition of PGA or Xanthan (=concentration effect).
Here, values for viscosity are gathered for maximum shear rates
(=1,000 s~ 1), whereas those of the surface tension were obtained
from the last measurement point. The change in viscosity is
much more pronounced than the change in surface tension. The
change in viscosity is much more pronounced for Xanthan (up
to ~700%, blank symbols) compared to PGA (filled symbols).
The surface tension of aqueous solutions of PGA decreased
with increasing concentration and showed smaller values than
those for pure water. The surface tension of Xanthan remained
(more or less) unchanged for 2 or 3 gL ™! but the addition of

700 {—-— pca

—&— Xanthan
600 - o>

500
400 -

An (%)
Ay (%)

300 A
200 1
100 1

0 1 z .
concentration (gL )

FIGURE 3 | Relative change of viscosity (scale to the left-hand side) and of
surface tension (scale to the right hand-side) for aqueous solutions with 1, 2,
or3 gL*1 of polygalacturonic acid (PGA) or Xanthan gum. Viscosity is
represented by filled symbols (axis to the left-hand side), blank symbols
represent surface tension (axis to the right-hand side).

1g PGA L7! decreased surface tension. These changes seem
to follow linear trends, as indicated by high values of RZ.
Read and Gregory (1997) determined the surface tension and
the viscosity of mucilage gathered from Zea mays L. They
found non-Newtonian flow behavior and a viscosity of 2.1
mPa s (diluted in 70 % w/w H,O, measured at 20°C). This
is confirmed by measurements presented in this study. With
a view to surface tension results of this study contradict Read
and Gregory (1997) who found heavily decreased values (<48
mN m~!). PGA and mucilage differ not only in flow properties.
Mucilage contains protein (Morel et al., 1986) and several
different types of e.g., sugars (Morel et al., 1986; Read and
Gregory, 1997) while pure PGA is protein-free and contains
only one type of (an acidic) sugar (galacturonic acid). Thus we
have to come to a critical statement about PGA as mucilage
analog: PGA and mucilage differ in chemical and physical
parameters.

The influence of drainage to defined matric potentials
(namely, ¥, = —1, —3, —6, or —30 kPa) on water content of
soil saturated with water or saturated with aqueous solutions
of polygalacturonic acid (PGA) or Xanthan gum (Xanthan) is
shown in Figure4. Means of water contents of soil samples
saturated with water or with aqueous solutions of 1 gL~!
PGA showed similar values for ¥, = —1 kPa and—30 kPa,
but increased means in water content for ¥, = —3 and —6
kPa, indicating (I) the impact of altered flow properties of the
soil solution (the viscosity of used biological model substances
exceeds that of pure water), or (II) alterations of the pore size
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distribution. The latter one might have had several causes: (a) soil
loosening (due to decreased surface tension, resulting in lowered
menisci forces) and therewith changes in aggregation, (b) the
physical blockage of pores (Hallett et al., 2003), (c) gelation
of biological model substance (and the coinciding formation
of a secondary pore system) or (d) electrostatic interactions of
anionic model substances and the soil matrix (caused by Ca®"
“bridge” formation or hydrogen bonding; Chang et al., 2015). The
statistical evaluation supports the theory of an alternated pore
system, because no significant differences between PGA and Xan
were found for the volumetric water content before rheometry
(Table 2, Op,fre), which would be expected if the fluids viscosity
would be of importance.

After rheometry, the water content depended on the fluid-
(Table 2, Opga and 6xan). Differences in water contents are

more distinct for sample where positive water pressures were
more pronounced and are caused by differing amounts of water
that were squeezed out of pores which could be explained by
differences in soil pore elasticity or by increased viscosities
for Xanthan. The decrease in (recovered) volumetric water
content for PGA exceeds that one of Xan by a factor of
~2.6 (—0.37/—0.14) with increasing concentration. Differences
in regression coeflicients for the concentration further support
the theory of changes in the pore system because less water
was recovered with increasing concentration which is in
contradiction to the effect caused by viscosity (which increased
with increasing concentration). Although the concentration
of the fluid is of less importance for Xan compared with
PGA (Table 2, 0pga and Oxan, coeflienct ¢) more water can
be recovered from samples of Xan. Due to altered water

5071 Wwater
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40—@
5| &

Water content (Vol.-%)

Xanthan
3gL”"

-
'

By Ex M

H -
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A 4 & =
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FIGURE 4 | Boxplot with means (*) of exemplary results of volumetric water contents for soil samples saturated with pure water or aqueous solutions of two defined
concentrations (1 gL‘1 or 3gL—1) of biological model substances [namely, polygalacturonic acid (PGA) or xanthan gum (Xanthan)] in dependency to the absolute value
of the matric potential (|Wm|). Pits and depths are pooled for graphical representation. n = 40 for water. n = 24 for PGA and Xanthan. Values represent the volumetric
water content prior to the application of rheometry (=“before measurement”).

TABLE 2 | Regression coefficients (with standard error in brackets) and p-value for selected rheological parameters as derived from analysis of covariance.

parameter coefficient p-value
a b c a b c

Opefore (VOI.-%) 38.78 (0.78) 0.48 (0.01) —0.64 (0.01) <0.0001 <0.0001 <0.0001
Opga (vol.-%) 37.04 (0.72) 0.46 (0.01) —-0.37 (0.11) <0.0001 <0.0001 <0.0001
Oxan (vol.-%) 37.04 (0.72) 0.46 (0.01) —0.14 (0.11) <0.0001 <0.0001 0.22
LVEpga (%) 0.008 (0.0006) 451075 (2.0"1076) 4.0"107% (22.3107°) <0.001 0.023 0.083
LVExan (%) 0.008 (0.0006) 45107 (2.011076) —11.8107% (22.3*107°) <0.001 0.023 <0.0001
LVEpga (Pa) 27.82 (11.81) —14.49 (1.4) 14.23 (4.9) 0.128 <0.0001 0.005
LVExan (Pa) 27.82 (11.81) —-5.98 (1.7) —11.14 (56.3) 0.128 0.0004 0.041
Iz 7.15(0.55) —1.04 (0.05) —1.20 (0.23) 0.001 <0.0001 <0.0001
Cross overpga 21.4(1.15) —1.59 (0.11) —2.85 (0.55) <0.001 <0.0001 <0.0001
Cross overygn 21.4(1.15) —0.53 (0.11) —0.71 (0.59) <0.001 <0.0001 0.23

Coefficient a represents the y-intercept, b the influence of the matric potential (¥,), and the concentration effect (gL =" PGA or Xan).
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contents we would expect a higher soil rigidity for Xan samples,
caused by a more rarely occurrence of positive pore water
pressures, which lead to a larger amount of recovered water.
This was found for cross over values (Table 2) but not for LVE
orl,.

The linear viscoelastic region (LVE, soil samples remain
stable) can be described with maximal values for the deformation
Figure 6, Table2, LVEpga (%) and LVEx,, (%) and the
corresponding shear stress [Table 2, LVEpga (Pa) and LVExan
(Pa)].

The statistical analysis showed in both cases significant
influences of the matric potential [=increase with a more
negative matric potential, fluid independent for LVE (%) or
fluid dependent for LVE (Pa)] and of the concentration (fluid
dependent). LVE increases with increasing concentrations of
PGA but decreases with increasing concentrations of Xan. This
contradicts Hallett et al. (2003) who assumed soil loosening
with PGA at low deformation ranges. However, further statistical
analyses enabled a more detailed evaluation of the results, and
are shown in the second part of Results and Discussion. Different

regression coeflicients for matric potential [LVE (Pa)] prove a
much more pronounced soil stabilizing effect with increasing
drainage for PGA compared to Xan.

The soil samples structural failure can be described with Iy or
with crossover (%) (Table 2).

The statistical analysis showed an effect of the matric potential
and a fluid independent (Iz) or fluid dependent [crossover
(%)] effect for the concentration. Both parameters increase with
progressing drainage, indicating an increased soil stability, or
decrease with increasing concentrations of the model substances
(Figure 6). For crossover, both effects are less pronounced for
Xanthan than for PGA, indicating reduced soil rigidity for
samples saturated with Xan. The less intense effect for matric
potential (3-fold = 1.59/0.53) of Xan is possibly caused by an
altered pore size distribution (wetter with more negative matric
potentials), while the 4-fold (2.85/0.71) higher concentration
effect of PGA is caused by more pronounced soil loosening
effects of PGA. This proves an effect of PGA contradicting to
Hallett et al. (2003) (= a soil loosening effect for increased
concentrations of PGA at higher deformations/shear rates).

o
-

loss factor (-)

water
PGA
— Xanthan
%1 w,=-6kPa

0.11

0.014

v, =-30 kPa

0.001 0.01 0.1 1 10

for graphical representation. n = 40 for water. n = 24 for PGA and Xanthan.

100 0.001 001 0.1 1 10 100

deformationy (%)

FIGURE 5 | Means with standard deviations (shadowed) of the loss factor [defined as the ratio of loss (G”) and storage modulus (G')] as derived from amplitude shear
tests for the complete deformation range (0.001-100 %) for soil saturated with pure water (=) or for soil saturated with aqueous solutions of polygalacturonic acid (3
gL—1 PGA, £) or of Xanthan gum (3 gL—1 Xanthan, ©) for defined matric potentials, namely ¥y = —1 kPa,—3 kPa,—6 kPa or—30 kPa. Pits and depths are pooled
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However, since the parameters (Iz) are sensitive for larger
shear rates (Holthusen et al, 2017) we need to take into
account that flow behavior is deformation dependent, which has
been shown in several studies, but has never been evaluated
statistically. Figure 5 shows differing flow behavior for soils
mixed with various biological model substances and for differing
deformations. Means with standard deviations of the loss
factor as derived from amplitude sweep tests for the complete
deformation range (0.001-100 %) for soil mixed with water
and for soil mixed with 3 gL ™! of polygalacturonic acid (PGA,
circles or) or 3 gL_1 of Xanthan for ¥, -1, =3, —6,
or —30 kPa are shown in Figure 5. Here, general trends can
be observed: At very low deformation intensities (0.001%) the
loss factor decreases with increasing drainage (more negative
matric potential), independently from the used fluid (water,
PGA, Xanthan). While for ¥, = —1 kPa all fluids showed
similar values for the loss factor, a treatment-dependent effect
can be observed with ¥, = —3 kPa and ¥, = —6 kPa.
Here, a shift to larger values of the loss factor over the complete

deformation range can be observed with the addition of Xanthan.
This can be caused by lowered soil stability, due to increased
water contents [Figure 4 and Table 2 (Opefore VS. Opga O OxAN),
(Riggert et al., 2017)] or by the occurrence of positive water
pressures (Fazekas and Horn, 2005) due to an increased viscosity
of the soil solution (Figure 2). Remarkably are the curves for the
driest matric potential (W, = —30 kPa): All flow curves showed
alocal peak for the loss factor (between 0.1 and 1% deformation),
followed by a decrease of the loss factor for deformations around
10%. This decrease is less pronounced for samples saturated
with water and most pronounced for samples saturated with
PGA. For PGA an absolute minimum for the loss factor can
be found. Furthermore, the occurrence of this minimum is
achieved with a less pronounced deformation if water was
used for saturation compared to PGA or Xanthan. Baumgarten
et al. (2013) stated, that the curve’s progression is influenced by
many soil properties like soil texture, clay mineralogy, particle
shape, organic matter compounds, (micro)- aggregate stability
and other physicochemical properties. We found out that water
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FIGURE 6 | Boxplot for linear viscoelastic range [LVE (% Deformation)], Integral Z and Crossover (%, G’ = G”) as derived from amplitude shear tests for soil saturated
with water or for soil saturated with aqueous solutions with 1 or 3 gL—1 of polygalacturonic acid (PGA) or 1 or 3 gL—1 of Xanthan gum (Xanthan) for defined matric
potentials, namely ¥y = —1, —8, —6, or —30 kPa. Pits and depths are pooled for graphical representation. n = 40 for water. n = 24 for PGA and Xanthan.
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content is the most important parameter on the progression of
the curve as it has indeed an influence on (micro)- aggregate
stability. It is mandatory, to measure the water content, as a
standard parameter, and thus, most appropriate as an input factor
to describe the flow behavior of soils. In this study it was found
to influence the deformation behavior significantly, while SOC,
texture, pH and eC did not. Curves with a locale maximum
in loss factors can be found with other soils, for example
for several Andisols from Chile (Baumgarten et al., 2013), for
salic tidalic fluvisols or fluvi-calcic gleysols (Baumgarten et al.,
2012) but until now, a massive decrease like that one shown in
Figure 3 (', = —30 kPa) has never been observed but indicates
soil stabilization processes caused by deformation: Aggregates
disrupt, even if the deformation is mostly elastic (loss factor
<1). Polyvalent cations (especially Ca?*, Santos et al., 1997) are
released from the aggregate’s interior, agglomerating negatively
charged primary clay particles to each other, or leading to the
formation of clay-organic associations with negatively charged
organic anions like Xanthan or PGA. The fact that Mg?* shows
no cooperativity between single PGA chains while Ca?* leads to
the formation of PGA-PGA associations (Malovikova et al., 1994)
supports this hypothesis, since the ratio Ca* to Mg?* increases
from aggregate’s exteriors to aggregate’s interiors (Santos et al.,
1997). Another proof is that this behavior is only found with
low degrees in water saturation, because otherwise the amount
of released cations might be diluted in the soil solution. The
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FIGURE 7 | Results of the single point evaluation for soil material excavated
from TO (0.45 to 0.55m, left-hand side) or T1 (0.55 to 0.65m, right-hand side)
and saturated with Xanthan gum (Xan) or polygalacturonic acid (PGA):
Regression coefficients for storage modulus. Concentration effect: regression
coefficients for each measurement point and depth (upper row). Effect of
matric potential: regression coefficients for each measurement point and depth
(lower row). & marks a significant influence of the regression coefficient (p <
0.05) on storage modulus, while x represenst p > 0.05.

shift in deformation (%) where the local minimum occurred
may be caused by a less intense aggregate disruption with low
deformations due to the aggregate’s stabilizing effect of PGA and
Xanthan. The statistical analysis proved both, the dependency
of the loss factor on differing shear rates [expressed in differing
deformation-intensities (%)] and the stabilization of soil with its
deformation.

Results and Discussion (Single Point

Evaluation)

The statistical results of the single point evaluation (SPE)
delivered regression functions for each measurement point (MP,
1-30) which had been applied in the course of the amplitude
sweep test. It was used to evaluate the loss- and storage-modulus,
the loss factor and the shear stress. The normal force influences
significantly storage- and loss-moduli but had no impact on
loss factors or shear stresses. The impact of the normal forces
was tenfold more pronounced for storage- than for loss moduli
(data not shown). All parameters were significantly influenced by
interaction effects for the depths and the MP (data not shown).
Depth dependent regression parameters for storage moduli are
shown in Figure7. The concentration of PGA significantly
influenced the storage module up to MP 14 (T0, 0.45-0.55m) or
MP 13 (T1, 0.55-0.65 m), resulting in increasing storage moduli
with increasing concentrations. Here, a significant influence for
the concentration of Xan was not found. With PGA, the matric
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FIGURE 8 | Results of the single point evaluation for soil material excavated
from TO (0.45 to 0.55m) or T1 (0.55 to 0.65m) and saturated with Xanthan
gum (Xan) or polygalacturonic acid (PGA): Regression coefficients for loss
modulus. Concentration effect: regression coefficients for each measurement
point (top). Effect of matric potential: regression coefficients for each
measurement point and depth (TO, middle; T1, bottom). ¢ marks a significant
influence of the regression coefficient (p < 0.05) on loss modulus, while x
represents p > 0.05.
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potential (|Wy,|) increased the storage moduli at low (MP < 17)
and high (MP > 21) deformation rates but decreased the storage
moduli at intermediate deformation rates for T0 (due to negative
regression coefficients). The increasing effect at high deformation
rates was not found with T1. The storage moduli significantly
increased with increasing matric potential for Xanthan at low
deformation rates (up to MP 21 for TO or up to MP 17 for
T1). The concentration effect of the loss-moduli (Figure 8) was
not depth-dependent but reflects an significantly increase in loss
moduli with increasing concentrations for Xanthan (MP < 15)
and PGA (MP < 20). The effect of matric-potential significantly
increased the loss moduli for Xanthan saturated samples in both
depths over the complete deformation range. A significantly
increasing effect was also found for PGA (MP 1-30) but T1
showed a more differentiated pattern: Here, increases in |Wp|
(=absolute values) resulted in significantly increased values up
to MP 21, but significantly decreased values for MP > 24.
The loss factor for PGA increased independently of the depths
with increasing concentration at high deformation rates (MP
27-28) or for MP 1-27 for Xanthan but decreased for MP 29
(Figure 9). Increasing matric potentials resulted in a reduced loss
factor in both depths and for both fluids at low deformation
rates but the loss factor increased with increasing Xanthan
concentrations (MP 17-21 for TO or MP 19-21 for T1). These
results support the theory of (I) soil homogenization in the course
of the deformation, and (II) increasing soil stability due to the

establishment of PGA-PGA associations caused by the release of
Ca®* asa consequence of soil homogenization. This is reflected in
the absence of a (significant) concentration effect for PGA at low
deformation rates but a positive influence at high deformation
rates, which was not found for Xanthan.

The shear stress was depth-dependent influenced by the
concentration, whereas shear stress increased with increasing
Xanthan concentrations, a peak was found with PGA for
intermediate deformation rates (Figure 10). Increasing matric
potential resulted in significantly increased shear stresses for Xan
(MP 1-28) or PGA (1-30). The effect was more pronounced
for Xanthan at low deformation rates (MP <12) and more
pronounced for PGA at higher deformation rates. These results
are contradictory to Mohr-Coulombs failure criterion because
of the missing influence of the normal force and point out
the dependency of shear stresses on deformation rates and
furthermore, underline differing impacts of different biological
model substances or in general of SOC on soil stability and on
the flow behavior of soils.

The presented results underline that plant root growth
processes depend not only on physical soil properties (surely
driven by a biological process) because these parameters are
chemically altered by biological processes with consequences
for plant root growth. However, the results point out, that the
definition of thresholds (e.g., penetration resistance) for plant-
root growth are not appropriate because barriers of plant root
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FIGURE 9 | Results of the single point evaluation for soil material excavated
from TO (0.45 to 0.55m) or T1 (0.55 to 0.65 m) and saturated with Xanthan
gum (Xan) or polygalacturonic acid (PGA): Regression coefficients for loss
factor. Concentration effect: regression coefficients for each measurement
point (top). Effect of matric potential: regression coefficients for each
measurement point and depth (TO, middle; T1, bottom). ¢ marks a significant
influence of the regression coefficient (o < 0.05) on loss modulus, while x
represents p > 0.05.
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FIGURE 10 | Results of the single point evaluation for soil material excavated
from TO (0.45 to 0.55m) or T1 (0.55 to 0.65m) and saturated with Xanthan
gum (Xan) or polygalacturonic acid (PGA): Regression coefficients for shear
stress. Concentration effect: regression coefficients for each measurement
point and depth (TO, top; T1, middle). Effect of matric potential: regression
coefficients for each measurement point (bottom). ¢ marks a significant
influence of the regression coefficient (o < 0.05) on shear stress, while x
represents p > 0.05.
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growth can be encountered by naturally altered shear rates,
due to slower root growth or by altered water regimes, due to
concentration effects of organic compounds exuded at the root’s
tip resulting in altered shear resistances and altered rheological
properties like storage-, loss-moduli and loss factors. These
results point out again the complexity of processes occurring
in the rhizosphere, in which not only chemicals [like humic
acids (Asli and Neumann, 2010), or inorganic salts (Holthusen
et al., 2012)] influence e.g., the hydraulic conductivity and thus
the plants development. Additionally indirect influences induced
by plants or microorganisms occur like an altered root growth
due to altered soil stability caused by altered physico-chemical
properties like viscosity or surface tension.

CONCLUSION

All hypotheses were supported by the data, shedding a new light
on soil stability and therewith on plant root growth processes in
the rhizosphere. The results underline the biological alteration
of physical properties, e.g., in the vicinity of biological hot spots
like root or earthworm channels or particulate organic matter.
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