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Climate scenarios predict more frequent and longer drought periods,
potentially threatening agricultural yield. The water holding capacity of soils
is crucial in controlling drought stress intensity for plants. Recently, amorphous
silica was suggested to increase soil water holding capacity and availability. The
objective of this study was to explore the potential impact of Si application to
soils on the retention and ﬂow of water in soils and their consequence on plant
access to water under soil drying conditions. Two sandy soils were mixed with
varying contents (0, 1 and 5% g/g) of some selected ASi amendments. The soil
water retention and soil hydraulic conductivity were determined using
evaporation measurement device implemented in a commercial device
called HYPROP. For both soils, an application of ASi at rates of 1 or 5%
increased the water holding capacity and soils treated with ASi maintained a
higher hydraulic conductivity under soil drying conditions than the control soil.
Simulation demonstrated that soils treated with ASi could longer sustain the
transpirational demand of plants during a soil drying cycle. These ﬁrst results
conﬁrm expected positive crop-growth effect of silica amendments on
hydraulic properties of coarse-textured soils mainly by longer keeping up
capillary ﬂow during water extraction by plant roots.
KEYWORDS

available plant water, drought stress, HYPROP, ﬁeld capacity, permanent wilting point,
soil hydraulic conductivity, soil water retention, water holding capacity

Introduction
Ecosystem performance of terrestrial systems and crop production can be reduced
by drought due to a reduction in plant available soil water (Michaelian et al., 2011;
Fahad et al., 2017). On the continental and global scale, drought risks are suggested to
threaten agricultural yield and ecosystem performance in the future due to climate
change (Lehner et al., 2006; Allen et al., 2010; IPCC 2013). Water storage decreases
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for one type of ASi-amendments and two soils (pure sand and
a sandy clay loam). On the other side, the ultimate effect of ASi
on plant access to water under drying conditions is still
unclear. The objective of this study was to explore the
potential impact of different ASi-fertilizer on the retention
and ﬂow of water in soils and their consequence on plant
access to water under soil drying conditions. Additionally, we
used model simulations to test if soils treated with ASi could
longer sustain the transpirational demand of plants during a
soil drying cycle. Our hypotheses were that (i) ASi increases
the water holding capacity of soils and (ii) soils treated with
ASi maintain a higher hydraulic conductivity under soil
drying conditions for longer period of time than the
control soil.

during longer drought periods to a critical value at which
water is no longer available for plants, initiating severe
drought stress and wilting (Anjum et al., 2011). The water
retention curve (WRC) describes the capacity of soils to hold
water at different soil matric potentials (Saxton and Rawls
2006). Hence, the WRC is a key function controlling the plant
available water content in soils. Storage of water within soil
pores mainly depends on the pore size distribution of soils and
the speciﬁc surface area of the soil particles.
Several soil amendments have been proposed to improve
hydraulic properties of soil and ultimately plant access to
water under soil drying conditions. Among different
amendments, the amorphous silica (ASi, which is noncrystalline silicon dioxide) was recently shown to play an
import role in improving soil water holding capacity
(WHC) and plant available water in coarse textured soils
treated with different ASi contents (Schaller et al., 2020a;
Schaller et al., 2020b). These observations were attributed to
high surface area, adsorption potential and internal porosity
of the ASi particles (Schaller et al., 2020a). In line with these
laboratory observations, an increased soil moisture during the
whole growing season of wheat was reported in ﬁeld trials for a
sandy soil treated with ASi as potential soil amendment
(Schaller et al., 2021b).
In addition to improve water holding capacity of soils, the
application of ASi in soils was shown to impact hydraulic
conductivity of coarse textured soils (Schaller et al., 2020a). As
soil dries its hydraulic conductivities drops by several orders of
magnitudes and may limit plant access to water (Gardner 1960).
Application of ASi in soils was shown to maintain a higher
hydraulic conductivity in coarse textured soil under drying
conditions. The coarse textured soils mixed with different ASi
contents shown an decreased hydraulic conductivity at
saturation and an increased hydraulic conductivity under
drying conditions compared to control soils (Schaller et al.,
2020a).
Agricultural practices were shown to decrease the content of
ASi in soils (Struyf et al., 2010; Vandevenne et al., 2012; Carey
and Fulweiler 2016) due to yearly extractions of ASi by crop
harvest (Vandevenne et al., 2012; Puppe et al., 2021), as many
crop plants are Si accumulators (Katz et al., 2021). The natural
ASi pool in soils includes phytogenic, zoogenic, microbial, and
protozoic Si fractions (Sommer et al., 2006; Puppe et al., 2015).
The phytogenic ASi pool consists of phytoliths and other
amorphous forms of silica (Schaller et al., 2021a). This ASi is
cycled in the soil by littler fall and litter decomposition. The ASi
concentration in soils is between 0 and 6% in soils, with
agricultural soils being limited to ASi concentration of 0–1%
(Schaller et al., 2021a). Hence, agricultural soil are depleted in ASi
with potential effects for water holding capacity, available water
and hydraulic conductivity.
So far, the effects of ASi on water holding capacity,
available water and hydraulic conductivity were only shown
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Materials and methods
Experimental design and analysis
A carbon-free pure quartz sand and sandy soil collected
from a depth of 0–25 cm (Ap1 horizon) of ZALF experimental
station Müncheberg (Germany) were selected to determine
the effect of different ASi amendments on the retention and
ﬂow of water within the soil. The quartz sand had a particle
size ranging between 100 and 200 μm, a pH of 5.7 (measured
in CaCl2 solution), an electric conductivity of 4 μS cm−1, with
no other mineral or organic matter. The sandy soil consisted
of 74% sand, 21% silt and 5% clay, a pH of 5.3 (measured in
CaCl2 solution), an electric conductivity of 20.5 μS cm−1 and
2.4% organic matter.
The air-dried soils were mixed with varying commercial Si
amendments at rates of 0, 1, or 5% (weight). Table 1 shows the
Si amendments used in this study and their speciﬁc surfaces
area and their abbreviations throughout the text. The pure
quartz sand was treated with ASi amendments of Sip50,
Sip310, Zeo600, and CBK and the sandy soils with Sip50,
Zeo600, CBK and Aerosil300. The pure quartz sand was not
analyzed for the effect of Aerosil300 as this was already
published (Schaller et al., 2020a). As Sipernat50 and
Sipernat310 had a comparable effect on soil water holding
capacity and conductivity, we used only Sipernat50 for
analysis using the sandy soil. The soil mixture was
prepared by mixing air-dried soils with different amendments.

Quantiﬁcation of ASi amendments effects
on soil hydraulic properties
The effect of additions of some selected Si amendments on
water-related properties of soil, such as soil retention and soil
hydraulic conductivity curves, was determined using an
evaporation measurement device implemented in a
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TABLE 1 List of the selected artiﬁcial Si amendments used in this study. These amendments were mixed with pure quartz sand and sandy soil.

Fertilizer

Speciﬁc
surface area [m2/g]

Abbreviation

Quartz sand

Sandy soil

×

a

500

Sip

×

a

700

Sip310

×

Sipernat-50
Sipernat-310

a

Zeofree-600

600

Zeo

×

CBK

100

CBK

×

Aerosil300

300

Aero

b
a

a

×
×
×

Amendments were provided from Evonik Industries, Germany.
Amendments were provided from Chemical plant Bad Köstritz Germany.

b

Modeling of Si amendments impacts on
soil-plant-water relations

commercial device called HYPROP (Meter Group, Germany)
combined with the measurements of saturated hydraulic
conductivity using a commercial device called Ksat (Meter
Group, Germany). In brief, a soil cylinder 250 ml was ﬁlled
uniformly with the prepared soil mixtures and pre-saturated by
capillary rise for 48 h. Then, the saturated hydraulic conductivity
of the soil was determined by Ksat using the falling head method.
Same soil samples were analyzed with the HYPROP device by
imposing an evaporation ﬂux at the surface and monitoring the
average soil water content and soil matric potentials at two
locations (with intervals of 2.5 cm). This information was
used to ﬁt the soil water retention and hydraulic conductivity
curves (Peters et al., 2015) according to the Peters–Durner–Iden
(VG-PDI) model (Iden and Durner 2014) implemented in the
program “Hyprop Fit”. The effect of Si on soil water availability
for plants was quantiﬁed ﬁrst by the conventional plant available
water (θAWC ). This is described as the soil water between ﬁeld
capacity (FC) and permanent wilting point (PWP). Water
content at a matric potential of h = 15,000 cm is generally
accepted as the lower limit of PWP referred to here on as the
θPWP . The soil water content at FC (referred to as the θFC ) was
determined according to Assouline and Or (2014), who deﬁned
the FC as the soil matric potential in which the hydraulic
continuity within the soil is disrupted causing a signiﬁcant
reduction in soil water drainage. In a second approach, the
integral energy (EI ) was calculated as proposed by Minasny
and McBratney (2003). The EI indicates the amount of energy
plants require to extract water from soil (expressed in joule per kg
of water, which will be equal to the unit of pressure head [cm],
assuming the density of water to be 1 g cm −3). In this case, we
examined the ease of extracting a unit volume of water from the
soil in the range of FC till PWP as follows
EI (θFC , θPWP ) 

θFC
1
h(θ)d(θ)

θFC − θPWP θPWP

The potential impacts of Si amendments on soil-plant water
relations were analyzed by solving water ﬂow equation derived
from the combination of the Darcy equation with the mass
conservation principle (i.e., known as the Richards’ equation).
Assuming that soil water ﬂow towards a single root is radial
symmetric, the Richards’ equation in radial coordinate (Van Lier
et al., 2006) can be written as:
zθ 1 z
dh

rk(h) 
zt r zr
dr

where θ is the volumetric water content (cm3 cm−3), h is the soil
matric potential (cm), k is the soil hydraulic conductivity (cm
s−1), r is the radial coordinate (cm), and t is time (s). Here the soil
water matric potential is expressed as matric head in cm. Eq. 2
was numerically solved in Python using a ﬁnite difference
method based on the scheme presented by Van Lier et al.
(2006). In brief, the right side of this equation was ﬁrst
linearized into an ordinary differential equation (ODE) form
by discretizing the derivatives using a mid-point ﬁnite difference
method combined with the Picard iterative method (Celia et al.,
1990). The resulting linear ODE was then solved in Python using
scipy. integrate.solve ivp to achieve the time integration on the
left side.

Model parameterization
Root water uptake was modeled assuming that the root and
soil are concentric cylinders of radii r0 and rb , respectively
(Carminati et al., 2011). Here we considered a maize plant
grown in a pot with a radius (rpot ) of 5 cm, height (hpot ) of
30 cm, with an average root radius (r0 ) of 0.08 cm, a total root
length (Ltot ) of 1,500 cm and average daily transpiration (E) of
5.5 × 10–4 cm3 s−1. Assuming that roots are uniformly distributed
within the pot, then our radius of soil domain (rb ) was
calculated as

(1)

where θfc , θpwp are the soil water content (cm3 cm−3) at FC and
PWP, respectively, and h is soil water potential (cm). Note the
smaller is the integral energy the easier will be for plants to extract
a unit volume of water from soil.
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TABLE 2 The Peters–Durner–Iden (PDI) model parameters describing retention curve and hydraulic conductivity curve of sandy soil treated with
different ASi contents.

Treatments

Fitting parameters values
α
[1/cm]

N

Өr

Өs

PFdry

ks
[cm/d]

Τ

Ω

a

Aero_1%

0.02

3.93

0.18

0.41

5.26

19.00

−0.78

0.02

−2.38

Aero_5%

0.02

3.41

0.38

0.53

5.31

12.02

−1.00

0.10

−2.42

CBK_1%

0.02

3.74

0.13

0.41

6.52

9.00

−1.00

0.01

−2.46

CBK_5%

0.03

3.57

0.29

0.57

6.98

8.00

−1.00

0.01

−1.98

Sip_1%

0.02

3.91

0.16

0.41

5.03

8.00

−1.00

0.10

−2.57

Sip_5%

0.01

3.31

0.27

0.48

6.63

7.99

−1.00

0.05

−2.10

Zeo_1%

0.02

5.33

0.19

0.38

5.00

23.54

−1.00

0.06

−1.76

Zeo_5%

0.01

1.10

0.01

0.51

5.23

12.00

−3.13

0.10

−3.38

Control

0.02

3.71

0.10

0.41

5.00

500.00

0.31

0.00

−2.78

FIGURE 1
Different ASi amendments increase soil water holding capacity of sandy soil. The dots are the measured retention curves, and the lines are the
estimated retention curves based on the PDI model. Under soil drying conditions, different ASi amendments increased soil water content (θv ) at any
given soil matric potential (hm ). The results of different ASi amendments on the retention curve of pure quartz sand are given in Supplementary Figure
S1 as supplementary information.
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rb 


Vpot
πLtot

and permanent wilting point (PWP). Si increased the θAWC in
both sandy soil and pure quartz sand at any tested concentrations
of Si amendments (Figure 2; Supplementary Figure S2,
respectively). The increase in plant-available water content for
sandy soil by addition of 1 and 5% (g g−1) ASi were 21% by 1%
Aero, 99% by 5% Aero, 41% by 5% CBK, 19% by 1% Sip, 61% by
5% Sip, 52% by 1% Zeo, and 240% by 5% Zeo (Figure 2). Note
that the soil matric potential at FC was determined according to
Assouline and Or (2014) by taking into account the drainable soil
pore size distribution to characterize the loss of hydraulic
continuity within soil pores during soil drainage. This concept
relies on the pore size distribution derived from soil retention
curve. The results showed that the soil matric potential at FC was
-78 cm for control sandy soil, -91 cm for 1%Aero, -109 cm for 5%
Aero, -82 cm for 1% CBK, -66 cm for 5% CBK, -100 cm for 1%
Sip, -151 cm for 5% Sip, -69 cm for 1% Zeo, and -1,114 cm for
5% Zeo.
The effect of ASi on water availability for plants was also
evaluated by estimating the integral energy (EI ) according to the
concept proposed by Minasny and McBratney (2003). The EI
indicates the amount of energy required by plants to extract a
unit amount of water (expressed in cm) from the soil at various
moisture contents within the available range (from FC to PWP).
The energy required for the sandy soil increased by additions of
1 and 5% (g g−1) ASi-fertilization were 42% by 1%Aero, 82% by
5% Aro, 4% by 1% CBK, 29% by 5% CBK, 39% by 1% Sipe, 61%
by 5% Sip, 52% by 1% Zeo, and 248% by 5% Zeo (Figure 2). The
energy required by plants to extract water from soils increased for
the pure quartz sand by 1 and 5% (g g−1) of ASi-amendments
were 12% by 1% CBK, 92% by 5% CBK, 37% by 1% Sip, 148% by
5% Sip, 63% by 1% Sip310, 154% by 5% Sip310, 54% by 1% Zeo,
and 162% by 5% Zeo (Supplementary Figure S2 as
supplementary information). These results indicate that more
energy is needed for plants to extract a unit volume of water from
both soils treated with any Si amendments and any
concentrations.

(3)

where Vpot is the volume of pot. Similarly, assuming a uniform
root water uptake along the root system, the ﬂux of water into the
root surface (q0 , cm s−1 ) was calculated as
q0 

E
2πr0 Ltot Fact

(4)

where Fact indicates the fraction of roots active in root water
uptake. Here we assumed that only 63% of the root system is
actively involved in root water uptake (Zarebanadkouki et al.,
2012). Eq. (3) was numerically solved by discretizing the soil
domain into 100 numerical grids of equal size. The effect of Si on
soil-plant water relation was analyzed by predicting the soil
matric potential as a function of distance from the root
surface, assuming two contrasting scenarios. In scenario I, we
parameterized the hydraulic properties of soil (i.e., θ(h) and
k(h)) based on the measurements of control soils. In scenario II,
we parameterized the hydraulic properties of soils based on the
measurements of soils treated with Si (Table 2). In both scenarios,
for simplicity, Eq. 2 was subjected to a similar water content as
the initial condition, a zero-ﬂux boundary condition at the outer
part of the soil (rb ), and a constant ﬂux of q0 at the inner part of
soil (i.e., at rot surface in soil r0 ).

Results
Silica amendments strongly increase the
soil water holding capacity
The Hyprop-ﬁtted soil water retention curves showed that
ASi-amendments increased the water content at soil saturated
conditions (Figure 1; Supplementary Figure S1 as
supplementary information). The ﬁtted PDI model
parameters are given in Table 1. The sandy soil had an
initial saturated water holding capacity of 0.41 cm3/cm3
(control without adding Si amendments). The water
content at saturation increased due to addition of 5% ASi
amendments (for 5% Aero-to 0.53 cm3/cm3, 5% CBK to
0.56 cm3/cm3, 5% Sip to 0.49 cm3/cm3, and 5% Zeo to
0.51 cm3/cm3). However, the addition of 1% of these
amendments did not change saturated water content. At
matric potential values lower than -80 cm, every Siamendments at any concentration increased the water
content of soil compared to the control. Similar effects
were observed in pure quartz sand for the tested Siamendments (Supplementary Figure S1 as supplementary
information).
The effect of ASi on water availability for plants was
evaluated by estimating the plant available water (θAWC )
described as the soil water content between ﬁeld capacity (FC)

Frontiers in Environmental Science

Silica amendments improve soil
water ﬂow
The estimated soil hydraulic conductivity curves of sandy
soil and pure quartz sand are shown in Figure 3;
Supplementary Figure S3 in the supplementary
information, respectively. The application of ASi fertilizers
reduced the hydraulic conductivity of soils at near saturation
compared to the control soils (without any ASi). In both the
quartz and the sandy soils, a lower hydraulic conductivity at
the near-saturated zone was observed in treatments of 5% ASi
compared to controls. As soil dried, the presence of ASi in
both soils prevented a large drop in the hydraulic conductivity
of soils and maintained a higher hydraulic conductivity than
the control soils.
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FIGURE 2
Different ASi amendments increase ﬁeld capacity (FC), permanent wilting point (PWP), available water (AW) and integral energy of sandy soil.
This data was extracted from the ﬁtted soil retention curves (Figure 1).

Silica amendments mitigate water stress
to plants: Simulation results

simulated matric potential at the soil-root interface (Figure 5)
showed that by the addition of 1 and 5% Aerosil300, the matric
potential drop across the soil towards the root surface was
attenuated.

To better illustrate the effect of Si on plant access to water
under soil drying conditions, we simulated root water uptake by
considering a single root extracting water from soils treated with
and without Aerosil300 at a concentration of 1 and 5%. In our
simulation, the hydraulic properties of soil domain were
parameterized based on the measured hydraulic properties of
soils (Figure 1). Figure 4 shows an exemplary proﬁle of soil matric
potential at different time intervals during soil drying at a
constant rate. With no Aerosil300 addition (Figure 4, left), the
matric potential remained rather ﬂat with minimal gradients for
the ﬁrst 50 h. Starting from 60 h on, a remarkable matric
potential gradient developed close to the root. After 65.2 h,
the matric potential dropped at the root surface and reached
the predeﬁned PWP. This drop is related to the radial nature of
root water uptake requiring a greater ﬂux at the vicinity of roots
(radial geometry related) and also nonlinear reduction of
hydraulic conductivity (soil hydraulic properties related) as
soil dries (Gardner 1965). Adding 1% Aerosil300 in the sandy
soil delayed the large drop in matric potential at the root surface
and let water extraction from the soil 82.5 h before the soil matric
potential reached the predeﬁned PWP (Figure 4 right). The

Frontiers in Environmental Science

Discussion
The objective of this study was to explore the potential impact of
Si application to soils on the retention and ﬂow of water in soils and
their consequence on plant access to water under soil drying
conditions. Our ﬁndings showed that i) increasing the ASi
content in both soils resulted in a strong increase in the water
holding capacity of soils, ii) soils treated with ASi maintained a
higher hydraulic conductivity under soil drying conditions than the
control soil, and iii) with the help of model simulation we showed
soils treated with ASi could longer sustain the transpirational
demand of plants during a soil drying cycle.
The improved water retention upon the ASi application was
associated with an enhanced plant available water content. This
enhancement can be explained by the water adsorption capacity of
the added ASi (Schaller et al., 2020a). The ASi may impact soil water
retention by increasing the capillary force holding water within soil
pores (Tuller et al., 1999), which is directly related to the pore size
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FIGURE 3
Different ASi amendments reduced the hydraulic conductivity of soils at near-saturated conditions, but it maintained a higher hydraulic
conductivity as soil dried in sandy soil and pure quartz sand (Supplementary Figure S3 as supplementary information). The dots are the measured
hydraulic conductivity curves, and the lines are the estimated curves based on the PDI model.

FIGURE 4
Simulated proﬁles of the matric potential plotted as a function of distance from root surface at different time steps for the case of sandy soil
treated with (B) and without (A) an addition of 1% Aerosil300. A steady rate root water uptake is simulated till soil matric potential reached a critical
value corresponding to PWP at the root surface in the soil. With the addition of 1% Aerosil300, root water extraction induced soil drying cycle lasted
17.3 h longer [t = 82.5 h, (B)] than for the control.
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Therefore, a large gradient in water potential develops in the
vicinity of roots in soil. The modeling results showed that mixing
soils with 1 or 5% Aerosil 300 by resulting in a higher Kh under
drying conditions delays the development of large gradients in
matric potential in soil and, therefore, may favor root water
uptake. This enhanced soil water availability and Kh during
drying conditions may explain the better plant performance
during drought after ASi-fertilization as found in other studies
(Hattori et al., 2005; Chen et al., 2011; Ibrahim et al., 2018;
Schaller et al., 2021b).
When the soil water potential approaches the PWP in coarsetextured soils such as those from ZALF (Müncheberg) or the pure
sand, the liquid phase may become spatially discontinuous or
fragmented (Tecon and Or 2017), reducing microbial activities
and nutrient diffusion. The addition of ASi increasing the water
content at PWP, may potentially increase microbial activities and
diffusion of solutes and nutrients. We expect the largest effects of
ASi-amendments on soil water relations for coarse-textured soils as
the small particles of ASi may help to decrease the fraction of pore
water that is draining freely due to gravity, whereas for ﬁne-textured
soil the ASi may rather clog the pores decreasing water availability.

FIGURE 5
Matric potential at the root surface h(r0 , t) as a function of the
matric potential at the outer radius of the soil domain h(rb , t),
calculated for sandy soil treated with different contents of
Arosil300. The deviation from the 1:1-line shows a drop in soil
matric potential across the soil domain due to the nonlinear
reduction of soil hydraulic conductivity as the soil dries.

distribution of soils (the smaller the pore size, the greater is the
capillary force). In coarse-textured soils, such as those studied here,
the application of ASi may shift the soil pore size distribution
towards smaller pores due to the smaller size of newly added
particles and by ﬁlling of larger pores by the amorphous silicate.
In addition, the retention of water in the presence of ASi can also be
affected by increased adsorptive forces acting on the liquid phase
(Tuller et al., 1999) due to the large speciﬁc surface area and also
internal porosity of ASi particles.
The effect of ASi amendments on water availability to plants
was not only evaluated in terms of plant water content but also in
terms of energy required for plants to extract a unit volume of
water from soil by estimation of integral energy based on
retention curve data (Minasny and McBratney 2003; Van Lier
et al., 2006). The results showed more energy would be needed by
plants to extract water from soils treated after ASi-amendments
and this energy increases with ASi content in the soil. This indeed
is related to the retention of water within soil with stronger
capillary and adsorptive forces.
The measurements of Kh showed that under soil drying
conditions, sandy soils treated with different ASi amendments
maintain higher hydraulic conductivity than the control. This
suggests application of ASi into sandy soil facilitates the ﬂow of
water within soil and possibly towards the plant roots under soil
drying conditions. The latter effect was clearly illustrated from
the simulated proﬁle of matric potentials around a single root
extracting water from soil during a drying cycle. Soils treated with
1% Aerosil 300 could sustain water extraction from soil under
steady rate conditions for a longer time than the control soil.
Indeed, as soil dries, its hydraulic conductivity drops by several
orders of magnitude, limiting water ﬂow within the soil.

Frontiers in Environmental Science

Conclusion
Here we explored the impact of ASi amendments on soil
hydraulic properties and effects on water movement in sandy soil
under soil drying induced by plant roots. The results conﬁrmed
that sandy soils treated with ASi held higher plant available water
and maintained a higher hydraulic conductivity under soil drying
conditions than the control soil. The simulation results of root
water uptake suggest that increased plant available water content
and unsaturated hydraulic conductivity explain longer
sustainment of plants’ transpirational demand during soil
drying. Our ﬁndings contribute to the overall understanding
of how ASi mitigates drought stress for plants by changing soilplant-water relations via improving ﬂow and retention of water
within coarse-textured soils.
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