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Two problems currently facing agriculture are drought and the availability of mineable phosphorus minerals used for fertilization. More frequent and longer drought periods are predicted to threaten agricultural yields in the future. The capacity of soils to hold water is a highly important factor controlling drought stress of plants during the growing phase. High phosphorus availability in soils is also necessary for high agricultural yields, however, over application has also led to a range of environmental problems, foremost being the eutrophication of waterways. Amorphous silica (ASi) has been suggested as one solution to mitigate both water and phosphorus availability. In this work we analyzed the effect of ASi on phosphorus mobility and the soil water storage of a sandy soil. In a lysimeter experiment we found that ASi strongly increased the water storage capacity (WSC) of soils (up to 180% by addition of 3 wt.% ASi). Furthermore, the ASi is in direct competition with phosphorus for sorption sites on iron oxides and other soil minerals increasing nutrient mobilization and increasing potential bioavailability for plants. Following calibration to the lysimeter experiment a process based hydrological model was used to extrapolate experimental results to a sandy agricultural soil with and without ASi for 1 year. For the soil with ASi, the water storage capacities for the yearly scenario were up to 40 kg/m2 higher compared to the untreated soil. Our results suggest that ASi enhances the WSC and phosphorus mobility in soil and that this may be one way to mitigate the predicted climate change related drought stress in sandy soils.
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INTRODUCTION

Low phosphorus (P) availability as well as longer and more frequent droughts are known to reduce terrestrial ecosystem performance and crop production (Engelbrecht et al., 2005; Elser et al., 2007; Michaelian et al., 2011; Elser, 2012; Fahad et al., 2017). The P content of soils is not always low. But a high proportion of this P is stored in inaccessible forms such as organic P (Bünemann et al., 2010), or is bound/adsorbed as inorganic P to, e.g., aluminum, iron oxides, or calcium minerals, depending on soil pH (Beauchemin et al., 2003), soil diagenesis stage (Crews et al., 1995), and mineral composition. Inorganic P is predominately immobilized as calcium phosphate minerals at soil pH > 6.5. At lower pH values P tends to be bound/adsorbed by hydrous oxides of iron, manganese, or aluminum (Brady and Weil, 2008). At neutral pH inorganic P reacts with silicate minerals (adsorption to weathered silicates like clay minerals; Rajan, 1975), but the P binding to those minerals is lowest compared with other minerals (Rajan, 1975; Brady and Weil, 2008). The different Si fractions in soils contain dissolved Si (free in soil solution or adsorbed to soil minerals), amorphous forms (e.g., the biogenic phytoliths or the minerogenic silica nodules), poorly crystalline forms (e.g., secondary quartz), and crystalline forms (the primary silicates like mica, feldspars, or quartz and the secondary silicates, e.g., clay minerals; Sauer et al., 2006). The availability of Si in soil pore waters varies over at least two orders of magnitude (0.01 to 2.0 mmol L–1; Haynes, 2014), and is largely affected by vegetation type, parent material, and soil diagenesis stage (Derry et al., 2005; Struyf and Conley, 2009). Soils differ quite substantially in regard to amorphous Si (ASi) content in soils (0.1 to ∼6%; Saccone et al., 2007) depending on climate regions, parent material, and vegetation cover.

It was recently shown that Si availability in soil is positively related to the plant P status (Neu et al., 2017) and to P availability in soils (Schaller et al., 2019; Hömberg et al., 2020). The study of Schaller et al. (2019) showed that increasing Si availability in soils lead to a mobilization of Fe(II)-P phases from mineral surfaces increasing P availability/mobility in soils (Schaller et al., 2019). However, it is currently not clear to which extent Si is able to inhibit P binding to soil minerals and if P is mobilized from secondary sources such as fertilizers.

Terrestrial ecosystems are suggested to be threatened from increased drought risks due to climate change on both the continental and the global scale (Lehner et al., 2006; Allen et al., 2010), negatively affecting ecosystem performance (IPCC, 2013). During severe drought periods plants suffer from drought stress and wilting, because the soil water storage decreases to values at which water is no longer available for plants, Anjum et al. (2011). Key parameters affecting the water supply to plants are the plant available water content in soils and the water storage capacity (WSC) at different water potentials (Saxton and Rawls, 2006). Soils differ quite substantial in WSC (Kern, 1995) and agricultural practice was shown to reduce soil water storage capacity (Mahe et al., 2005). Agricultural intensification also lead to decreasing ASi content of soils (Struyf et al., 2010; Vandevenne et al., 2012; Carey and Fulweiler, 2016) due to of yearly extractions of ASi by crop harvest (Vandevenne et al., 2012), as many crop plants are Si accumulators (Haynes, 2014).

Recently, it was shown that soil ASi content is an important factor for soil WSC and plant available water (Schaller et al., 2020). It was shown that an increase of ASi by 1% or 5% (by weight) increased the water content at any water potential and plant available water increased by up to >40% or >60%, respectively (Schaller et al., 2020). However, this effect of ASi on WSC and plant available water was only shown for small soil samples on laboratory scales with a soil depth of ∼5 cm. It is currently not clear how ASi is able to increase WSC in the rooting zone of typical crop plants (50 cm).

In this work, we analyzed the effect of different soil ASi contents on both P mobility and WSC of soils using a lysimeter with a soil depth of ∼50 cm. Lysimeter experiments were modeled using a physically based hydrological model based on soil retention functions and soil characteristics published previously in Schaller et al. (2020). The model was then used to study the WSC and water availability in the crop rooting zone over 1 year using measured rainfall and soil properties from an agricultural area in Eastern Germany (Brandenburg). Our hypotheses were (i) Si will limit sorption of P to the soil matrix due to competition for soil sorption sites on iron oxides and oxyhydroxides and (ii) the WSC and water availability for plants is increased significantly in soils amended with ASi, and this is important on a yearly scale.



MATERIALS AND METHODS


Analysis

The washed pure sand (Dorsilit, Dorfner GmbH, Hirschau, Germany) used in the experiments had a grain size between 0.1 and 0.5 mm. Samples taken from the sand were extracted using an aqua regia (9 mL HCl and 3 mL HNO3) digestion using 500 mg sand at 160°C according to (DIN-EN-13346, 2001). The extract was analyzed for its Fe and P content with an ICP-OES (Varian, Vista-Pro radial). Additionally, the sand was examined for its N and C content using a Nitrogen and Carbon Analyzer (Thermo Quest, Flash EA 1112). Amorphous Si of the used sand was analyzed in a 0.1 M Na2CO3 solution at 85°C for 5 h according to DeMaster (1981), and available Si was extracted by the Mehlich-3 extraction (Mehlich, 1984).

Water samples were analyzed for Si by ICP-OES and for phosphate, nitrate, sulfate, and chloride by ion chromatography (Metrohm, 822 Compact IC plus; separation column: Metrosep A Supp 4) according to (DIN-EN-ISO-10305-1, 2008). Due to the phosphate concentration being too low for ion chromatography in case of the mobilization experiments P concentrations were analyzed using a spectrophotometer (Hach, DR 2800) and the molybdenum blue method. Therefore, 2.5 ml of the sample, 25 μl molybdate sulfuric acid, and 100 μl 10%-solution of ascorbic acid were poured into cuvettes and shaken. After a reaction period of 10 min the samples were measured in the spectrophotometer at a wavelength of 720 nm. Additionally, a standard with a Si-concentration of 30 mg l–1 made from Na2O3Si ⋅ H2O and ultrapure water was measured to check for an interference of Si with the molybdenum blue method. The phosphate concentration was calculated using the extinction measured by the spectrophotometer and a standard curve made beforehand.



Lysimeter Experiments

The setup of the lysimeter experiment is shown in Figure 1. The lysimeter was set up in a greenhouse and was operated from July to November. As there was only one scale each treatment was conducted as a separate part experiment one after the other. The experimental setting consisted of a scale and a cylindrical container with a diameter of 60 cm and a height of 60 cm. The soil container was connected to a scale to monitor the change in weight during the experiments. The scale was constructed of four load cells (Bosche, A30) with a maximum capacity load of 150 kg each. The container had an outlet at the bottom (2 cm radius), where leachate water was discharged and collected at 1 L intervals in the beginning of the experiment and later at 5–10 L intervals. The discharged leachate water was not taken into account when weighing the lysimeter. A mass fraction of 0% (as control), 1%, and 3% by volume ASi (SiO2, Aerosil 300, Evonik Industries) was mixed with sand. After mixing the dry sand with the ASi the material was filled into the lysimeter to reach 55 cm thickness, each. The weight of the dry sand was 175 kg in the treatment with 0% ASi, 172 kg with 1% ASi, and 146 kg with 3% ASi. The pure sand had an ASi content of 25 mg kg–1 DW–1 and a Si availability of 10 mg kg–1 DW–1.
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FIGURE 1. Setup of the lysimeter experiment.


For irrigation of the sand a four-channel peristaltic pump (Ismatec, Model ISM945D) and silicone tubes (4 mm diameter, 1 mm wall thickness) with holes (0.5 mm diameter) were used. The lysimeter was watered at a rate between 3 ml min–1 and 5 ml min–1, not differing between treatments. The irrigation water (deionized water) had a PO43– concentration of ∼12.5 mg L–1, a NO3– concentration of ∼55 mg L–1, and a Cl– concentration of ∼30 mg L–1. There was no SO42– in the used water. The irrigation water had a pH ∼ 8, but weakly buffered. To reach those concentrations deionized water was mixed with 0.069 g NaNO3, 0.048 g Na Cl, and 0.023 g Na2HPO4 ⋅ H2O per liter. The used sand had a Fe concentration of 299 ± 74 mg kg–1 DW–1 and a P concentration of 162 ± 30 mg kg–1 DW–1.

The load cells were logged using a BayEOS low power board that was read-out by a HX7 11 24 Bit AD-converter with an amplification of 128. The data was sent per RF24 to a router and from there transferred to the BayEOS server by BayEOS gateway.

After the breakthrough of the drainage water samples were taken every hour in the beginning and later in larger intervals. The samples were filtered with 0.2 μm syringe filters and analyzed using an ion chromatograph with suppressor module (see above).

After each experiment the rate of irrigation was determined by fitting a linear model of the form y = mx to the weight data from the beginning of the experiment until the breakthrough. m is the irrigation rate, y is the weight, and x the is passed time.



Mobilization Experiment

Fifteen g of sand with 3% vol/vol ASi and 0% ASi for control were mixed with 30 ml of ultrapure water in 30 50 mL vials per treatment using a horizontal shaker (Edmund Bühler GmbH, SM 30) with a frequency of 125 min–1 at room temperature (replication of three). At each time step (after 0, 1, 2, 3, 8.5, 23.5, 30.5, 48.5, 96.5, and 168.5 h) three vials of each treatment were taken out and centrifuged for 3 min at 5,000 rpm (Thermo Scientific, Hareas Multifuge X3). The supernatant was then filtered using a 0.2 μm syringe filter and analyzed in the ion chromatograph and spectrophotometer by molybdenum blue method (see above).



Statistical Analysis

Analysis of variance (ANOVA) was used to compare element concentrations between the different treatments using SPSS version 22.



Numerical Modeling

Variably saturated flow conditions for the lysimeter experiments were represented with the numerical flow model HydroGeoSphere (HGS; Aquanty and Inc, 2015). HGS solves the Richard’s equation by applying a finite element/control volume discretization scheme. A computational grid was set up representing the dimensions of the lysimeter in 3D (Figure 2). The model domain was discretized using prismatic 6-node elements with a horizontal and vertical resolution of ∼2 cm and 1.5 cm, respectivley. Constant and variable rainfall application was implemented by assigning a specified flow boundary condition (type Neumann) to the upper elements of the model domain (Figure 2). A no flow boundary condition was assigned to the element interfaces representing the outer boundaries of the cylindrical lysimeter. A free drainage boundary condition was assigned to those elements at the lower boundary that represent the outlet of the lysimeter (Figure 1) to mimic percolating water. Soil retention functions for the pure sand and the sand containing 3% ASi (relative permeability vs. saturation and matrix potential vs. saturation as shown in Figure 2) as well as measured saturated hydraulic conductivities and effective porosities (Table 1) were adopted from Schaller et al. (2020). For the simulation of the breakthrough experiments the model was initialized by assigning a negative total head of -5 m to all computational nodes of the grid in order to represent the very dry initial state of the sand.
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FIGURE 2. (A) Computational grid of the HGS model representing the cylindrical lysimeter. (B) Soil retention functions (relative permeability’s vs saturation) used to simulate variably saturated flow in the HGS model (adopted from Schaller et al., 2020). (C) Soil retention functions (pressure head vs saturation) used to simulate variably saturated flow in the HGS model (adopted from Schaller et al., 2020).



TABLE 1. Measure and calibrated soil characteristics for the pure sand and sand containing 3% ASi.

[image: Table 1]Saturated hydraulic conductivities for the pure sand and sand + 3% ASi were measured using a constant head darcy permeameter with 3 replica samples per soil types (mean values are listed in Table 1). As there usually is an uncertainty related to the measurement of soil properties including the transfer of those parameters obtained from laboratory experiments to the field scale (or in our case to the scale of the lysimeter experiments) we decided to additionally derive a parameter set for Ksat and θeff from model calibration. For this the model was run to represent the WSC for the pure sand and sand with 3% ASi using the measured soil characteristics (Table 1) as initial values for the calibration procedure. Based on the observed WSCm [M] and simulated WSCs [M] an objective function (Φ) [M2] was defined as a quantitative measure for the model performance:

[image: image]

A best fit parameter set for the pure sand and with 3% ASi was derived by locally minimizing the objective function in Eq. 1 using a manual calibration scheme.

The best fit parameter set as well as the measured ones subsequently were used for a yearly scenario using an observed rainfall record. For the yearly scenario the free drainage boundary was extended to all interface elements of the lower boundary to create realistic gravity driven percolation of water for the entire lower interface area. For both soil types the yearly simulations were initialized using a spin up run using the same yearly rainfall record and where the final head distributions at day 365 were used as initial conditions for the main run. The yearly rainfall data was measured for the water year 2018 (November 1st 2017 to October 31th 2018) for the area around the town of Müncheberg, an agriculturally dominated region in eastern Germany (Brandenburg) that is predominantly characterized by sandy soils. With a total of 434 mm rainfall the water year 2018 was very dry compared to the average precipitation of 545 mm in this area. The eastern parts of Germany are predicted to suffer from extended drought period in the future and a decline of average rainfall rates over the next 50 years (Fischer and Knutti, 2016). The yearly simulations were performed according to the guidelines of virtual experiments (Weiler and McDonnell, 2004). Here the simulations were not intended to provide realistic predictions for a specific field site rather we wanted to show how the altered soil properties of the sand containing 3% ASi are affecting the WSCs during a variably rainfall scenario. An error analysis for the four yearly scenarios was performed where the simulations were checked for their accuracies in closing the dynamical water balance.



RESULTS AND DISCUSSION


Water Storage Capacity Dependent on Soil ASi Content

The WSC of the soil profile increased with increasing soil ASi content (Figure 3). The high surface area of the ASi increases the adsorption of water films on the particle surfaces. In addition, the high porosity of the ASi may lead to the formation of silica gels which are known to have a water holding capacity of more than 500% (Iler, 1973). The finding that ASi is increasing the WSC of soils is in line with recent findings also showing an increase of soil WSC with increasing soil ASi content for the same material used (Schaller et al., 2020). However, compared to the 5 cm thick soil layer in the former study (Schaller et al., 2020) our current data showed little less WSC for 1% ASi and much higher WSC for the soil with 3% ASi. We conclude that ASi seems to be a highly important parameter for soil WSC, but the fundamental mechanisms of water storage are still poorly understood. The high WSC of the soil with 3% ASi is extremely high compared to that of clay minerals (Brady and Weil, 1999) or even Andosols (Hodnett and Tomasella, 2002), and are in the range of allophane (Fontes et al., 2004). It is clear that the different concentrations of ASi in soils in combination with different substrates have to be analyzed in future to obtain a more generalized picture on how ASi is affecting WSC of soils.
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FIGURE 3. Soil water storage capacity affected by ASi content.




Nutrient Binding in the Soil Column Affected by Silica

Amorphous silica was able to reduce phosphate binding to soil minerals. Phosphate was also mobilized by ASi from binding to soil minerals. We found significant (p < 0.001, df = 1, and F = 5685.959) increased mobilization of phosphate in the treatment with 3% ASi compared to the control without ASi addition in the mobilization experiment (Figure 4). This can be explained by the simultaneously occurring significant [p < 0.001, df = 1, and F = 5595.545 (p < 0.001, df = 1, and F = 5685.959)] higher dissolution of ASi to silicic acid in the 3% ASi treatment compared to the control (Figure 4). A strong relationship (R2 0.92, p < 0.001) between ASi silicic acid concentrations and phosphate mobilization from the soil minerals was found (Figure 5). Separated into the two experiments with 0% and 3% ASi addition the correlation between silicic acid and phosphate showed nearly the same relationship for the 3% ASi treatment with r 0.97 and p < 0.001 (Supplementary Figure S1). This strong relationship of silicic acid and phosphate mobilization is in accordance with recent studies showing an increased phosphate mobilization with increasing ASi availability (Schaller et al., 2019). The same pattern was found for the lysimeter experiments. The Si concentrations in the lysimeter seepage water was below 10 mg L–1 for the control treatment (0% ASi), ∼70 mg L–1 for the 1% ASi treatment and ∼80 mg L–1 for the 3% ASi treatment (Figure 6A). The phosphate concentration in the seepage water at lysimeter breakthrough was ∼2 mg L–1 for the control treatments with no ASi addition (0% ASi), ∼9 mg L–1 for the treatments with 1% ASi, and ∼7 mg L–1 for the treatment with 3% ASi. In the control treatment a slower increase in phosphate concentration was found, reaching ∼7 mg L–1 after 23 days (Figure 6B). In the treatment with 3% ASi the seepage water reached the phosphate concentration of the initial irrigation water of ∼12.5 mg L–1 after 12 days. The phosphate concentration in the treatment with 1% ASi reached 11.5 mg L–1 after 20 days. As the slope of the phosphate concentration in the treatments with 0% and 1% ASi was that low, the experiment was stopped before reaching the phosphate concentration of the initial irrigation water of ∼12.5 mg L–1 (Figure 6B).
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FIGURE 4. Mobilization of P and Si from soil with different ASi content collected from a mobilization experiment.
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FIGURE 5. Correlation between P and Si mobilization from soil collected from a mobilization experiment.
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FIGURE 6. Silicon (A), phosphate (B), nitrate (C), and sulphate (D) concentration in the seepage water in relation to water input for different soil ASi content. The red line indicates the concentration of the irrigation water.


The temporal development of the phosphate breakthrough curves between the various experiments are consistent with our understanding of the competitive sorption of inner-sphere complexes to iron oxides. Silicic acid can be treated as a non-charged bidentate ligand at the experimental pH (<7; Taylor, 1995). This means that the H4SiO4 molecule complexes covalently to oxygen atoms at the corners of edge linked iron oxide octahedra by π bonding of their p orbitals (Swedlund et al., 2010; Dol Hamid et al., 2011; Noritake and Kawamura, 2015). Adsorption is in 2C coordination with ferrihydrite. In this coordination H4SiO4 is in direct competition for sorption sites with the monodentate and bidentate (depending on pH) ligands of the phosphate molecule (Figure 7; Taylor, 1995; Ahmed et al., 2019). In general the PO4 molecule has a stronger binding energy to iron oxides than the silicic acid (Taylor, 1995), however, the high pore water concentrations of H4SiO4 in the ASi amended soils favor both (1) displacement of sorbed phosphate, as observed in the kinetic extraction experiments, and (2) occupation of iron oxide sorption sites by H4SiO4 ligands in the lysimeter experiment.
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FIGURE 7. (A,B) substitution of a bidentate phosphate ligand on an iron oxide surface with the siliceous acid bidentate ligand, (C,D) polymerization of the siliceous acid and sorption of the oligomer to the iron oxide surface. Note the dimer shown represents Si-O-Si chains with a minimum length of 3 units. The monomer has seldom been observed in experiments.


One potentially important aspect of surface siliceous acid chemistry is the propensity of the H4SiO4 to polymerize at high concentrations both in solution and on iron oxide surfaces forming Si-O-Si oligomer chains (Pokrovski et al., 2003; Hiemstra et al., 2007; Dol Hamid et al., 2011). It has been shown that polymerization of Si-O-Si occurs between H4SiO4 adsorbed to the iron oxide surface and the solution phase H4SiO4 and that this is favored at low pH and high Si/Fe ratios (Swedlund et al., 2010). Reduced iron surfaces, such as that of magnetite, also favor polymerization over more oxidized surfaces such as ferrihydrite (Elgaroshi et al., 2019). Once the solid-solution phase oligomer is formed the solution phase molecule tends to also bind to the iron oxide octahedral, again with 2C coordination, increasing the coverage of H4SiO4 on the iron surface (Figure 7). The sorbed oligomer displays “condensed matter” properties with a pyroxene-like structure which may behave differently to the adsorbed monomer (Swedlund et al., 2010; Elgaroshi et al., 2019). The experiments conducted here had Si/Fe molar ratios of 0.53 which would favor the formation of condensed Si-O-Si oligomer surface structures on the iron oxides, especially in the 3 wt.% ASi experiment. While it is currently uncertain, we hypothesize that this condensed H4SiO4 surface oligomer will have a higher surface binding affinity to the iron oxides than the monomer alone because of the increased crystallinity of the tetrahedra chains, and thus reduce the probability of desorption as solution chemistry changes. In experiments studying sorption of CrO42– to iron oxide surfaces Zachara et al. (1987) noticed that H4SiO4 hindered the adsorption of CrO42–, and exchange was especially slow after iron oxides had been aged with H4SiO4. At the time of Zachara et al. (1987) polymerization, condensation and crystallization of the silica oxide complex at the iron oxide surface was not known, but it seems likely that this process reduced the rate of CrO42– exchange between the aqueous phase and the iron oxide surface. This may mean that once H4SiO4 is sorbed to iron oxide surfaces it will be a long-lasting hindrance to phosphate immobilization, and thus make phosphate bioavailable in soils for longer than expected based on simple monomer chemistry. However, it is also clear that more work needs to be conducted on the fundamental process of competitive binding between iron oxides, phosphate and silicic acid beyond the double layer model and how this is affected by surface Si-O-Si polymerization and crystallization in the presence of phosphate.

Nitrate concentrations of the control treatment (0% ASi) started at ∼45 mg L–1 followed by a period of values below the nitrate concentration of the irrigation water of ∼55 mg L–1 and after water input of about 175 L the nitrate concentration increased to values little bit higher than those of the irrigation water (Figure 6C). The nitrate concentration of the 1% ASi treatment started at values of 50 mg L–1. After water input of about 45 L the nitrate values in the seepage water were higher compared to the irrigation water until a water input of about 75 L. Afterwards, the nitrate concentration of the 1% ASi treatment decreased to values below the irrigation water (Figure 6C). The pattern of the nitrate concentration of the 3% ASi treatment was different with values of nearly 80 mg L–1 after a water input of about 50 L. This value dropped rapidly to values of ∼60 mg L–1 and remained at this concentration (Figure 6C). Additionally, we found a mobilization of nitrate from the soil in the mobilization experiment (Supplementary Figure S2). These results with ASi increasing nitrate mobility are in line with finding froma peatland experiment showing increased nitrogen mobilization into pore waters after ASi addition (Reithmaier et al., 2017).

The sulfate concentration of the irrigation water was 0 mg L–1 for all treatments. Hence, all sulfate analyzed in the seepage waters was mobilized from the soils. The sulfate concentrations of both the control (0% ASi) and 1% ASi followed the same pattern with a start of ∼5 mg L–1 followed by strong increase to values of 60 mg L–1 for the 0% ASi and 40 mg L–1 for the 1% ASi treatment. Afterwards, the sulfate values dropped for both treatments to values of ∼4 mg L–1 (Figure 6D). For the treatment with 3% ASi the sulfate concentration in the seepage water at lysimeter breakthrough was nearly 95 mg L–1 and dropped to values of 20 mg L–1 rapidly (Figure 6D). Afterwards, sulfate concentration in 3% ASi treatment decreased to values of the 0 and 1% ASi treatments. We also found a mobilization of sulfate from the soil in the shaker experiment (Supplementary Figure S2).

The chloride concentration followed the same pattern as for the sulfate. In all treatments the chloride concentration in the seepage water was always higher compared with the irrigation water (Figure 8, red line). The chloride concentration started at ∼30 mg L–1 for both the 0 and 1% ASi treatments, increasing to values of ∼45 mg L–1 and afterwards decreasing to values of ∼30 mg L–1 again. The chloride concentration in the seepage water of the 3% ASi treatments was at lysimeter breakthrough ∼75 mg L–1 and decreased rapidly to vales of ∼40 mg L–1 (Figure 8). Afterwards, chloride concentrations in 3% ASi treatment decreased to vales of ∼36 mg L–1. We found a tendency of increased mobilization of chloride from the soil by ASi in the mobilization experiment (Supplementary Figure S2).
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FIGURE 8. Chloride (Cl–) concentration in the seepage water in relation to water input for different soil ASi content. The red line indicates the concentration of the irrigation water.


The temporal trends in nitrate, sulfate and chloride concentrations in the lysimeter can be explained by dissolution of salts from the soil matrix, with relatively little effect of sorption in the soils profile (Tyler and Thomas, 1977; Appelo and Postma, 2005). This is mostly clearly seen in the breakthrough curve of sulfate, as it was not added to the experiment. The temporal trend in these ions in the control and the 1 wt.% ASi amendment was very similar due to the minimal difference in WSC between these two experiments. In these experiments the contact time and therefore flow path length and water/sand ratio was similar, leading to a comparable dissolution of the salts (Cl–, SO42–, and NO3–) from the sand matrix (Berezniak et al., 2018). In contrast, the 3 wt.% ASi experiment displayed a significantly longer water residence time in the lysimeter and a higher WSC than either of the other two experiments. This means that the water had a longer contact time with the sand matrix due to longer and more tortious flow paths through the soil profile. This decreased the water/sand ratio and concentrated salts in the first part of the breakthrough solution (Berezniak et al., 2018). In a real system the increased residence times in the soil profile are likely to have complex and possibly opposing effects (Raats, 1981; Lu et al., 2018). Increased water residence in the soil increases the contact time between redox sensitive elements such as nitrate and the organic substrate. This may favor chemical reduction and so loss (as N2 or N2O) of this nutrient from the soil (Jahangir et al., 2012). The longer residence time in the rooting zone may also lead to a higher availability of nutrients and uptake by vegetation before the nutrients are lost below the rooting zone, and ultimately into the groundwater (Zotarelli et al., 2008). This could have positive environmental effects as nitrate contamination of groundwater is a major concern for water resources and aquatic ecosystems. Overall there is little evidence that the ASi influences and sorptive behavior of these ions, but indirect effects such as increasing the WSC of the soil and increasing the residence time in the rooting zone has the potential for positive environmental outcomes.



Simulated WSC

For the measured soil parameter set (Table 1) simulated WSCs under stationary conditions, achieved at the end of the breakthrough experiments, reached 32.9 kg of water for the pure sand and 42.4 kg for the sand containing 3% ASi. Best fit parameters obtained from model calibration (Table 1) that locally minimize the corresponding objective functions (Figure 9) resulted in a simulated WSC of 29.7 kg (sand) and 45.19 kg (sand + 3% ASi), respectively. Observed WSC for the pure sand was 29.9 kg and 45.2 kg for the sand containing 3% ASi. Parameter sets derived from calibration reflect a strong a positive correlation between an increase in the effective porosity (0.38 to 0.6) and an increase in Ksat (1.2 m/d to 3.0 m/d) which is often described in literature (Suleiman and Ritchie, 2001; Urumović and Urumović Sr, 2014).
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FIGURE 9. Objective function for the simulations representing the pure sand (A) and sand containing in 3% ASi (B) defined in the Ksat/porosity parameter space. Measured parameter sets are indicated by black triangles and best fit sets, minimizing the objective functions, by red triangles.


For the yearly scenarios using the measured and calibrated parameter sets, percolation (water that is leaving the model through the lower boundary) and rainfall rates are shown in Figure 10A. Maximum percolation rates for both parameter sets were simulated for the rainstorm event around day 250 and lowest rates for the extended drought period in-between day 100 and 130.


[image: image]

FIGURE 10. (A) Applied rainfall rates for the yearly simulation scenario (November 1st 2017 to October 31th 2018) and the modeled percolation rates for the pure sand and the sand with 3% ASi. (B) Simulated water saturation at 30 cm depth for the measured and best fit parameter set. (C) Simulated cumulative water uptake in kg per unit area for the sand and sand with 3% ASi for the measured parameter set listed in Table 1 (water uptake is relative to the initial water content; D) Simulated cumulative water uptake in kg per unit area for the sand and sand with 3% ASi for the best fit parameter set (water uptake is relative to the initial water content).


Simulations representing sand with 3% ASi (red solid and red dashed lines in Figure 10A) show higher percolation rates during dry conditions compared to the simulations for pure sand. Although, the effect was less distinct when the simulations were run using the calibrated parameter set compared to the measured ones (solid and dashed lines in Figure 10A). During rainfall events sand with 3% ASi is capable to store more water compared to the pure sand which can be seen for the measured parameter set (Figure 10C) and also to a lesser extend for the calibrated parameter set (Figure 10D). The effect of the ASi to store more water during rainfall events and simultaneously hold it for a longer periods of time during dry conditions result in a higher mean saturation (mean = 0.59 and 0.38, Figure 10B) throughout the year compared to the pure sand (mean = 0.1, Figure 10B). All simulations were assessed and tested for numerical accuracy in solving the transient water balance. Numerical errors were lowest for the measured parameter set (<1%) and slightly increased but still acceptable (<2%) for the calibrated parameters.

Although the effect of evapotranspiration was not explicitly considered in the HGS simulations, the simulations clearly indicated increased storage capacities of sand when mixed with ASi. This additional WSCs of sand containing ASi should have a positive effect on water availability for plants in the rooting zone of sandy soils which was indicated by the simulated higher mean annual saturation. A more realistic simulation scenario would require accounting for evapotranspiration using various vegetation types in the hydrological model. However, such simulations are beyond the scope of this study and probably will be performed in future once experimental data from field scale application of ASi is available.



CONCLUSION

The strong effect of ASi increasing the soil WSC and water availability for plants during drought periods may be used in future agriculture practices to mitigate plant stress due to water limitation and associated harvest losses. There may be a number of secondary effects of applying ASi that should be considered before widespread application, however. For example, an increase in WSC of soils may lead to lower groundwater recharge rates due to increased evapotranspiration, altering the water budget of stream systems connected to the regional aquifer. Also, the rapid increase in phosphorus mobility may lead to an excess of phosphate in the soil pore water. If plants uptake cannot quantitatively use this phosphate for growth there is the potential for increased phosphate levels in groundwater via leaching. There is, however, very little known about the potential side effects of ASi use, and they should be studied in the future at the plot scale. Despite these concerns, we feel that if done in a suitable manner the application of ASi can be considered a promising mitigating measure for increasing water and nutrient availability in agricultural systems. This may be particularly important in future as climate predictions are for increased extreme conditions, included more extreme, and longer duration of drought. It is expected that ASi will be especially effective in sandy soils where water storage capacities are low and interactions with organic carbon are less likely to compete with Si for sorption sites. Future work should look into more complex soil systems to understand interactions between soil solutions including organic matter and clay minerals, as this may be important for both the WSC and sorption of phosphate in non-sandy soils.
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