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Semi-arid regions faced with increasingly scarce freshwater resources must manage competing demands in the food-energy-water nexus. A possible solution modifies soil hydrologic properties using biosurfactants to reduce evaporation and improve water retention. In this study, two different soil textures representative of agricultural soils in Kansas were treated with a direct application of the biosurfactant, Surfactin, and an indirect application via inoculation of Bacillus subtilis. Evaporation rates of the wetted soils were measured when exposed to artificial sunlight (1000 W/m2) and compared to non-treated control soils. Experimental results indicate that both treatments alter soil moisture dynamics by increasing evaporation rates by when soil moisture is plentiful (i.e., constant rate period) and decreasing evaporation rates by when moisture is scarce (i.e., slower rate period). Furthermore, both treatments significantly reduced the soil moisture content at which the soil transitioned from constant rate to slower rate evaporation. Out of the two treatments, inoculation with B. subtilis generally produced greater changes in evaporation dynamics; for example, the treatment with B. subtilis in sandy loam soils increased constant rate periods of evaporation by 43% and decreased slower rate evaporation by 49%. In comparing the two soil textures, the sandy loam soil exhibited a larger treatment effect than the loam soil. To evaluate the potential significance of the treatment effects, a System Dynamics Model operationalized the evaporation rate results and simulated soil moisture dynamics under typical daily precipitation conditions. The results from this model indicate both treatment methods significantly altered soil moisture dynamics in the sandy loam soils and increased the probability of the soil exhibiting constant rate evaporation relative to the control soils. Overall, these findings suggest that the decrease in soil moisture threshold observed in the experimental setting could increase soil moisture availability by prolonging the constant rate stage of evaporation. As inoculation with B. subtilis in the sandy loam soil had the most pronounced effects in both the experimental and simulated contexts, future work should focus on testing this treatment in field trials with similar soil textures.
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Introduction

Semi-arid regions, such as southwest Kansas, are at the center of the Food-Energy-Water nexus. Food, energy, and water are also linked to societal concerns, such as poverty and economic growth (Finley and Seiber, 2014; Jägermeyr, 2020). Agriculture plays an important role in southwest Kansas, requiring energy and water for food production. The depleting Ogallala Aquifer, which this region relies on, is one of a select few aquifers absorbing the brunt of the Great Plains' freshwater demands (Siebert et al., 2010; Gleeson et al., 2012; Baumhardt et al., 2020; Ale et al., 2021). The Ogallala Aquifer depleted 267.5 acre-feet (i.e., 8.2%) of its total storage between 1950 and 2007 (Evett et al., 2014). In Kansas alone, the aquifer lost 63 acre-feet of water (i.e., 19.7% of the total Kansas storage) in the same timeframe (Gilson et al., 2001; Evett et al., 2014). As the water supply continues to deplete, the depths required to retrieve the water increase, requiring more energy to pump irrigation water (Vora et al., 2019; Zhou et al., 2020; Ale et al., 2021). This water depletion and increase in required pump energy create an even more convoluted and interdependent relationship between food, water, and energy.

Irrigation has the most significant impact on the Ogallala Aquifer's depletion compared to any other water use sector. It is an essential part of increasing crop yields and has a significant economic impact on producers' profit (Siebert et al., 2010; Gleeson et al., 2012; Finley and Seiber, 2014; Jägermeyr, 2020). In Kansas, irrigation accounts for 83% of reported water use, with the Ogallala aquifer providing 90% of that water (Kansas Department of Agriculture, 2019). In 2009, 70% of southwest Kansas' crop value came from irrigated land even though the irrigated area only accounted for 44% of the total area (Rogers and Lamm, 2012). Water stress induced by climate change may also affect land value, potentially reducing land rental rates by $3 billion annually over the next 30 years (Hendricks, 2018).

Methods of water application (e.g., irrigation methods and soil moisture monitoring) that reduce evaporation losses and increase the ratio of water applied to water consumed by crops are thoroughly researched and frequently adopted (Rogers and Lamm, 2012; Evett et al., 2014; Jägermeyr, 2020). These technologies utilized by producers can help in prioritizing higher soil moisture levels during critical growth stages, and conversely, allowing drought during others (Geerts and Raes, 2009; Fang et al., 2015). These methods focus on increasing the efficiency of water use by changing the method of water application, which can accidentally result in higher water consumption by producers (Jägermeyr, 2020; Pérez-Blanco et al., 2020).


Soil amendments for improved soil water retention

Instead of focusing on water application, other methods of improving water use efficiency involve increasing soil water retention so that a greater portion of applied water effectively infiltrates into the soil and is used by crops. Mulching, for example, has been shown to improve the efficiency of water use in semi-arid growing regions by slowing the rate of evaporation (Chakraborty et al., 2008). Like other porous media, evaporation from soil can be classified into three periods: constant-rate, falling-rate, and slower-rate period (Hillel, 1998; Shokri et al., 2008, 2009b; Shokri and Or, 2011; Or et al., 2013). In the constant rate period, water is evaporated from the top surface of the soil through forced or natural convection while the top layer is saturated, and a hydraulic connection is maintained between saturated and unsaturated parts through capillary action. The capillary action driving evaporation during the constant rate period is also the transport mechanism used by crops for transpiration. The breakdown of this capillary flow defines the lower limits of plant available water (Braudeau et al., 2005). When this hydraulic connection breaks down, the porous media experiences a sharp decrease in evaporation rate defined as the falling rate period. For crops, the breakdown of capillary flow, and the associated reduction in hydraulic conductivity, in the falling rate period indicates the beginning of water stress (Feng et al., 2016). During the falling rate period, liquid islands are formed between particles of the porous system and later the evaporation enters into the diffusion dominated slower rate period with negligible evaporation when the liquid islands break down and most of the porous sample becomes unsaturated (Hillel, 1998; Lehmann et al., 2008; Shokri et al., 2009a, 2010). Zribi et al. (2015) demonstrated that mulching reduces the evaporation rate during the constant rate stage, when soil moisture is relatively high, and suggest mulching will be most effective in high-frequency irrigation systems as a result. Liao et al. (2021) also found that mulching reduces evaporation in the constant rate stage, but they also reported reduced evaporation in the falling rate stage when soil moisture is relatively scarce. Additionally, Liao et al. (2021) examined the soil moisture threshold separating the constant and falling rate stages of evaporation and found little difference between the bare soil and mulching treatments.

An alternative solution to improve water field capacity and reduce evaporation rates from the soil is the use of surfactants as soil amendments (Hallett, 2007; Matveeva et al., 2019). As wetting agents, surfactants have the potential to modify soil hydrological characteristics and improve soil moisture conditions without requiring the infrastructure of irrigation technologies or the application of mulching material (Abu-Zreig et al., 2003). Furthermore, they can potentially prolong wetter soil moisture conditions and increase peak soil moisture after wetting events (Raddadi et al., 2018; Lowe et al., 2019). Due to their amphiphilic nature, these surfactants can accumulate at a solid-liquid interface, preventing their degradation and reducing the surface tension between the water and the soil, thereby modifying soil wetting properties (Fernández-Gálvez and Mingorance, 2010; Lehrsch et al., 2011). Once the surfactant is introduced to soil, the surfactant's hydrophobic (non-polar) end associates with a non-polar or hydrophobic site on the soil particles. As water penetrates through the soil matrix, water molecules are attracted to the polar end of the surfactant. The polar end of the surfactant serves as an attachment site for water molecules, increasing water adsorption and reducing evaporation rates (Fernández-Gálvez and Mingorance, 2010; Sachdev and Cameotra, 2013; Kotoky and Pandey, 2019).



Synthetic surfactants as agricultural wetting agents

Several studies tested the use of surfactant amendments to improve soil water holding capacity and diminish soil water repellency (SWR), a characteristic of soils which are hydrophilic when saturated but then become increasingly hydrophobic as they dry out (Mao et al., 2019). For example, surfactants can be applied to control the capillary evaporation process by changing the wettability of liquid in soils, reducing water in the unconfined spaces, and thereby reducing the evaporation area (He et al., 2015). Oostindie et al. (2008) reported consistently higher soil water content in sandy soil by mechanically applying a commercially available triblock co-polymer surfactant in a two-year field experiment. The surfactant applications resulted in a 4–32% increase in soil water content for the untreated soil and a 28–36% increase in soil water content for the surfactant-treated soil. The study concluded that surfactant applications have additional advantages: remediation and prevention of SWR, more homogeneous and better soil wetting, and more water available to plant rhizosphere (i.e., the soil-root interface). Lehrsch et al. (2011) were able to obtain an increase in the volumetric water content by 3% (p ≤ 0.08) at matric potentials from 0 to−20 kPa using an alkyl polyglycoside surfactant. The surfactant increased the volume of water held in pores with diameters ≥ 15 μm. However, many synthetic surfactants residues are considered hazardous to the environment and to humans and also persist in the environment because they are often non-biodegradable (Fenibo et al., 2019). With these disadvantages, it has become necessary to identify alternative approaches that are environmentally sustainable.



Biosurfactants as agricultural wetting agents

Surfactants of biological origin (i.e., biosurfactants) are low molecular weight, surface-active amphiphilic compounds produced by bacteria, yeast, and fungi. Although biosurfactants are used regularly in the pharmaceutical, cosmetics, and food industries (Sachdev and Cameotra, 2013), they have received less attention in sustainable agriculture. However, biosurfactants can play an essential role in keeping the soil water content above the soil moisture threshold separating the constant rate and falling rate stages (Abu-Zreig et al., 2003; Mitra et al., 2006; Hallett, 2007, 2008; Fernández-Gálvez and Mingorance, 2010). Because they are biodegradable, biocompatible, have low toxicity, and remain stable during environmental changes, they are an eco-friendly and inexpensive alternative to synthetic wetting agents (Fenibo et al., 2019; Kotoky and Pandey, 2019; Phulpoto et al., 2020). In addition, they can provide a variety of other benefits to agricultural soils by enhancing nutrient availability to plant-associated microbes or by eliminating plant pathogens and pollutants (Sachdev and Cameotra, 2013). Many microbes in the rhizosphere are known to produce biosurfactants, indicating that these molecules can play a significant role in plant health and development (Kotoky and Pandey, 2019). In semi-arid regions specifically, surfactant-producing microbes are a crucial component of soil crusts that influence soil hydrological processes including infiltration and evaporation (Belnap and Lange, 2003).

Surfactin, a secondary metabolite produced by Bacillus subtilis (Kiesewalter et al., 2020) is one of the most effective biosurfactants because it can reduce the surface tension of water from 72 to 27 mN/m with effective emulsification activity (Phulpoto et al., 2020). Surfactin has been demonstrated to improve soil wettability and soil water capacity (Sachdev and Cameotra, 2013; Phulpoto et al., 2020), has been used as a bioremediation agent (i.e., an agent to break down pollutants in the soil), and has been applied for enhanced oil recovery. For example, Lowe et al. (2019) studied the addition of B. subtilis to sandy soil to measure water soil dynamics and found that the production of Surfactin increased the soil water retention in all treatments studied. Significantly higher water content was measured in treated samples compared to control samples, with a mean of 0.33 cm3 of water per cm3 of soil and p < 0.001 for the treated samples. In another observation, the control samples remained at low water content throughout the experiment, with a final soil water content of 0.064 cm3 of water per cm3 of soil. B. subtilis also produces biofilms in soils that are primarily composed of exopolymeric substances that could further modify the soil to a hydrophilic state. Biofilms are produced in low-nutrient environments and are enhanced when Surfactin reaches a critical threshold level (Dervaux et al., 2014). These findings suggest that inoculation of B. subtilis is a promising technique to increase soil water capacity and sustainably reduce evaporation rates.

Amending soils with B. subtilis could also be a more practical approach than direct application of the wetting molecule. B. subtilis production is highly scalable through culture-based methods, and agroindustry waste products can potentially be used as growth media for onsite biosurfactant production while providing the additional environmental benefit of recovering waste (Johnson et al., 2021). Additionally, B. subtilis can be sporulated to be resistant to environmental stressors, making it shelf-stable and suitable for packaging, transport, and storage. Finally, B. subtilis may provide long-term wetting as it colonizes and establishes its niche in the soil.



Research objectives

The purpose of this research is to evaluate two treatments that alter the hydrologic properties of two types of soil found in Kansas. To that end, the first objective is to measure the evaporation rates of soils treated with Surfactin and B. subtilis across soil types. The second objective is to evaluate the feasibility of the treatments for each soil type by testing whether the probability of the soil being above or below the soil moisture threshold is significantly affected by the treatments using a systems dynamics model.




Materials and methods


Soils, sampling, and storage

Samples of two different soil textures were collected for this project from the Kansas State University experimental fields in Manhattan, Kansas; site coordinates are listed in Supplementary Table S1. The chosen samples represent the distribution of soil hydraulic properties in Kansas's agricultural lands (Jaafar et al., 1978). Loam and sandy loam soil textures were chosen due to their high potential for increased returns from improved soil water repellency (Raddadi et al., 2018; Lowe et al., 2019). The soil collection occurred in one-kilogram batch sizes from 5 to 15 cm in depth and was categorized into loam and sandy loam, as listed in Supplementary Table S1. The samples were stored at 4°C before the analysis (Cernohlávková et al., 2009). Supplementary Table S2 summarizes the soil physicochemical characteristics for each texture.



Sample preparation

The laboratory experiment was designed to evaluate the effects of two treatments on the evaporation rates and was compared to a set of control samples. The treatments are:

I. Direct application of the biosurfactant Surfactin, with no microorganisms added to agricultural soils to amend hydrologic characteristics.

II. Inoculation of B. subtilis into agricultural soils to produce the biosurfactant, Surfactin, as shown by Raddadi et al. (2018) and Lowe et al. (2019), to amend hydrologic characteristics.

III. Control: Addition of equivalent amounts of water.

The experimental treatments included the addition of Surfactin at 1.29 × 10−5 moles of Surfactin per kg of soil. For the surfactant applications, 1.667 mL of Surfactin solution at 100 ppm were added to a 2-cm-diameter beaker with a 12.5 g soil sample, with an additional 1.51 g of ultrapure water. Surfactin (CAS # 24730-31-2) was obtained from Millipore-Sigma (Merck KGaA© 2020). B. subtilis subsp. subtilis was obtained from the American Type Culture Collection (ATCC 6051) and maintained a 25% glycol solution at −80°C. In the second treatment, the inoculation of the bacteria was performed as described by Lowe et al. (2019). B. subtilis was inoculated in soil by adding 1.67 mL of a concentration containing 107cells/mL in a 2-cm-diameter beaker with 12.5 ± 0.01 g of soil sample. During the microorganism preparation, production of a spore stock suspension occurred by growing B. subtilis in tryptic soy agar at 28°C, harvesting, and stored the cells in the dark at 4°C. Spores were heat-activated (70 °C for 30 min) followed by germination in a solution of 10 mM of Tris-HCl containing 10 mM of L-alanine for two hours at 37°C. Lowe et al. (2019) described the preparation and spore's activation method. The solution was diluted to 1 × 107 cells/mL by OD600 measurements (Epoch2 Microplate Reader, Biotek). For the final inoculation, 1.67 mL of cell solution were added to the soil samples with an additional 1.51 g of ultrapure water for a final cell density of 1.33 × 106 cells/g of soil. In the last treatment, a control sample was run with 3.18 mL of ultrapure water for each texture. N = 3 independent trials were run for each set of samples.



Experimental apparatus

To determine the evaporation rates under constant light and uniform heat flux, the treated soil samples were placed under a solar light simulator (Abet Technologies LS-10500), with a heat flux of 1,000 W/m2 and a 22-mm beam diameter; a 90° beam tuner was used to project the beam vertically (Figure 1). The heat flux was measured with a 2.36-cm-diameter LI-COR LI-200R pyranometer with a sensitivity of 75-μA per 1,000 W/m2. The pyranometer's output was measured with an LI-2500A light meter (LI-COR®). The experimental trials were run during a four-month period between April and July. Each sample remained under the solar simulator for 48 hours, and the change in water mass was recorded every 5 min, providing the data for calculating the evaporation rate curves. The change in mass was recorded using a digital scale FX-1200i, maximum capacity 1,200 ± 0.01 g (A&D Weighing®). The relative humidity (RH) was monitored with OM-24 Multi-Use Temperature and Humidity Data Loggers (Omega Engineering®), with a specification of ±0.5°C of temperature and ±3% of RH sensitivity.


[image: Figure 1]
FIGURE 1
 Diagram of the evaporation rate experimental apparatus.




Estimating evaporation rates and soil moisture threshold

The change in mass over time for each of the trials in every soil-treatment combination was used to estimate the evaporation rates, as well as the soil moisture threshold. The phases of evaporation were delineated using a regression approach with the recorded mass of water as the dependent variable in a single threshold model (Gonzalo and Pitarakis, 2002). The estimating equation takes the following form:

[image: image]

where yi, d, t is the mass of water in grams, t is the time in minutes, posti, d, t is the threshold variable indicating whether the sample is currently experiencing constant or slower rate evaporation (a value of zero for constant rate period and a value of one during the slower period of evaporation), [image: image] is an interaction of the t and posti, d, tvariables, and εi, d, t is the error term for each observation. The subscripts are i∈1, 2, 3 to denote the trial, d to denote the treatment and soil combination (e.g., Surfactin applied on loam), and t to denote the time. The coefficient β0 is a constant, β1 is the coefficient on time, β2 is the coefficient for posti, d, t, and β3 is the coefficient for the interaction of time and the indicator variable, posti, d, t.

To determine the evaporation rate during the constant rate and slower rate stages, as well as the soil moisture threshold separating them, Equation 1 was estimated iteratively using Ordinary Least Squares regression for each replicate in a soil and treatment combination across all possible delineations of constant and slower rate evaporation by varying the dummy variable, posti, d, t (Wooldridge, 2010). Each iteration of the regression tested the goodness-of-fit for a different point in time when the evaporation rate changed from constant to slower by varying the time when posti, d, t changed from having a value of zero to one. The optimal value of the variable separating the constant and falling rate stages of evaporation for replicate i and soil-treatment combination d, defined as [image: image], minimized the root mean squared error (RMSE) metric of model fit (Davidson and MacKinnon, 2004). A similar procedure to select threshold values is presented in Gonzalo and Pitarakis (2002). The fitted regression lines for the optimal value of the soil moisture threshold are provided in Figure 2 for each set of replicates by soil and treatment type.


[image: Figure 2]
FIGURE 2
 Observed data showing loss of water mass over time for the three replicates in each combination of soil type and treatment. The inflection points for each regression line were chosen by minimizing the RMSE, the square root of the difference between observed and predicted values, across all values of the postidt variable in Equation 1. (A,D) are the control samples for loam and sandy loam texture; (B,E) are the Surfactin treated samples for loam and sandy loam texture; (C,F) are the B. subtilis treated samples for loam and sandy loam texture.


The point in time at which replicate i for soil-treatment combination d switched from the constant rate stage to the slower rate stage of evaporation is defined as: [image: image] and posti, d, t = 1. The points at which the slope of the fitted regression lines in Figure 2 change correspond with the values of the optimal switching point, [image: image]. After using the density of water to convert the mass to volume in cm3, the mass of water at the soil moisture threshold, [image: image], was used to generate the critical soil moisture threshold values in Table 1. The critical soil moisture threshold for each treatment and soil type combination, d, defined as [image: image], was calculated as follows:

[image: image]


TABLE 1 Average evaporation rates during constant rate and slower rate periods, as well as the critical soil moisture threshold dividing the two periods (found by method presented in Section Estimating evaporation rates and soil moisture threshold).

[image: Table 1]

where 8.1 cm3 is the soil volume. To recover the rates of mass loss for constant rate evaporation and slower rate evaporation, the partial derivate of equation one is taken with respect to time after substituting [image: image] for posti, d, t :

[image: image]

By replacing the coefficients in Equation 3 with their corresponding estimates, [image: image] and [image: image], and setting [image: image] equal to zero or one, the evaporation rates for each replicate in a soil and treatment combination during the constant rate and slower rate stages can be computed. The estimated rate of mass loss during the constant rate stage in grams of water lost per 5-minute interval, [image: image], was then converted into the corresponding evaporation rate, [image: image], in millimeters of water lost per day. Similarly, the estimated rate of mass loss during the slower rate stage, [image: image], was converted into the corresponding evaporation rate, [image: image]. The superscripts const and slow are used to indicate whether variables concern the constant or slower rate stages of evaporation. Within each treatment and soil combination, d, the arithmetic means of the two evaporation rates for each set of [image: image], were then computed and are reported in Table 1. Defining [image: image] and [image: image] as the standard errors for the estimated values of [image: image] and [image: image], then the standard error for the evaporation rates across all three replicates, [image: image] and [image: image] for the constant and slower rate stages respectively, were calculated using the following formula and reported in Table 1:

[image: image]

For each value of the evaporation rate stage r, const or slow, the standard error for each respective evaporation rate stage was generated by inputting the three trials' standard errors for soil-treatment combination d and evaporation rate stage r into the appropriate [image: image] terms in Equation 4.




Results and discussion


Soil drying experimental and determination of evaporation rates

Following treatment with Surfactin, either directly or indirectly through inoculation of B. subtilis, both the loam and sandy loam soils experienced similar changes in evaporation dynamics and soil water retention. The mass of water over time for each set of experiments is presented in Figure 2 and Table 1.

For the loam soil, treatment with Surfactin caused the soil to transition from constant rate evaporation to slower rate evaporation earlier compared to the control samples. Treatment with B. subtilis, in contrast, shifted the transition between the constant and slower rate periods of evaporation to occur at lower soil moisture contents and later in time. The second and third replicates of the B. subtilis treatment on the loam soil, depicted in Figure 2C, displayed a negative mass of water values toward the end of the time series, potentially due to additional evaporation of residual moisture present in the soil before the drying experiments began. The earlier occurrence of a transition from the constant rate to slower rate evaporation periods for the loam soil replicates treated with Surfactin, reflected in the change in slope of the mass of water curve in Figure 2B, suggests the treatment increased the rate at which water was initially evaporated from the soil. This was likely due to Surfactin's hydrophilic properties that increase the ease of readily evaporating bulk water from the soil (He et al., 2015). However, as the water starts to become scarce in the slower evaporation stage, the evaporation rates decrease due to the hydrophilic properties of the Surfactin associated with the soil, increasing the soil wettability and capillarity effects (He et al., 2015).

For the sandy loam soils, treatment with Surfactin and B. subtilis displayed a change in the slope for the mass of water curve which was not present for any of the control replicates. Compared to the control samples for the sandy loam soil (Figure 2D), treatment with Surfactin (Figure 2E) and B. subtilis, (Figure 2F) indicate greater rates of evaporation during the constant rate period followed by decreased rates of evaporation during the slower rate period. Both treatments caused the transition from constant to slower evaporation rate periods to occur at lower soil moisture content. The difference between the control and treated samples for the sandy loam soils is most apparent in the control samples' mass of water curves displayed in Figure 2D. The control samples for the sandy loam soil lack an abrupt change in slope, meaning constant rate and slower rate evaporation are difficult to differentiate. This could be because the control replicates did not dry out as quickly in comparison to the treated samples for the sandy loam soil. As such, the control replicates may not have reached the point at which the slope in the curve changed.

While other wetting mechanisms by B. subtilis were possible, wetting was likely due to production of Surfactin or other amphiphilic metabolites. Production of biosurfactants by Bacillus in soil is wellknown, particularly for remediation applications (Sachdev and Cameotra, 2013), and soil provides a spatially confined environment that facilitates quorum-sensing processes, which includes Surfactin expression (Kearns and Losick, 2003). Further, surfactants are also expressed in soil to provide enhanced motility (Sachdev and Cameotra, 2013). Finally, the observations made here are in agreement to those made by Lowe et al. (2019), where B. subtilis addition to sandy soil was used to breakdown soil water repellency and increase the soil water retention (Lowe et al., 2019).



Evaporation rates and soil moisture threshold

Figure 3 shows the evaporation rate of the three experimental trials of each soil type and treatment, as well as the averaged constant rate and slower rate of evaporation estimated using the mass loss data depicted in Figure 2. The difference between the treated and the control samples is most apparent in the sandy loam soil displayed in Figures 3D–F; the loam soil, shown in Figures 3A–C, exhibits the same behavior but to a lesser degree. For either treatment, increased evaporation rates in the constant rate period and decreased evaporation rates in the slower rate period were observed in both soils compared to the control.


[image: Figure 3]
FIGURE 3
 Effect of Surfactin and B. subtilis treatment on constant and slower evaporation rates by soil type. Evaporation rates were calculated by converting the mass of water lost in five-minute intervals into millimeters of water evaporated per day. Observed evaporation rates display a 90-minute moving average to smooth extreme values. (A,D) are the control samples for loam and sandy loam texture; (B,E) are the Surfactin treated samples for loam and sandy loam texture; (C,F) are the B. subtilis treated samples for loam and sandy loam texture.


As shown in Table 1, adding Surfactin to the loam soils increased the average constant evaporation rate by 15.6% and decreased the average slower evaporation rate by 24.7% compared to the control; adding B. subtilis increased the average constant evaporation rate by 12.2% and decreased the average slower evaporation rate by 43.8% compared to the control. However, B. subtilis had a 2.95% lower average constant evaporation rate and a 25.4% lower average slower evaporation rate compared to the Surfactin treated samples. For sandy loam soils, adding Surfactin increased the average constant evaporation rate by 34.0% and decreased the average slower evaporation rate by 30.3% compared to the control; adding B. subtilis increased the average constant evaporation rate by 43.0% and decreased the average slower evaporation rate by 48.6% compared to the control. However, B. subtilis had a 6.73% higher average constant evaporation rate and a 26.3% lower average slower evaporation rate compared to Surfactin.

In both the loam and sandy loam soils, the increase in the constant evaporation rates was the anticipated impact of direct (i.e., Surfactin) or indirect addition (i.e., inoculation with B. subtilis) of the amphiphilic surfactant. The loam soil experienced a greater increase in the constant rate evaporation period after the Surfactin was directly applied to the soil, while the sandy soil experienced a greater increase with B. subtilis inoculation. However, the direct and indirect application of Surfactin had a much larger effect on the sandy loam than on the loam soils. These differences in the treatment effects across soil types are also observed in studies of the effects of soil crusts on evaporation as soil crusts are known to modify soil water repellency as well (Xiao et al., 2010). A potential explanation for this is the effects of the treatments on the soil moisture threshold; they reduce the threshold soil moisture value resulting in higher evaporation rates until a lower soil moisture value, compared to the control, is reached.

Loam and sandy loam soils exhibited a decrease in slower evaporation rates for the direct and indirect treatments with Surfactin. In both soil types, soil inoculated using B. subtilis resulted in a larger decrease in the slower evaporation rate than the directly applied Surfactin. One possibility for the decrease continues from the SWR threshold explanation discussed with the constant rate of evaporation. The slower rate period will begin with a lower soil moisture value compared to the control. Given the positive relationship between evaporation and soil moisture, the reduced soil moisture values of treated samples entering the slower period of evaporation could cause the reduction in evaporation rates.

Alternatively, the biosurfactant's impact on surface tension in the soil throughout time could have played a role. This mechanism would be similar to the results found in He et al. (2015), which showed the evaporation rate can decline as the concentration of surfactant increases. In the soil samples, the surfactant would have increased in concentration as soil moisture declined. As such, the concentration of surfactant would be greater during slower periods of evaporation when soil moisture is relatively low. However, given the differences in working liquid and experimental designs between these experiments and those of He et al. (2015), this second explanation for the decreased slower period of evaporation rate is less likely.

While the increased evaporation rate during the constant rate stage may appear counterproductive to the goal of water conservation at first, it can be advantageous because of the positive relationship between surface soil moisture and evaporation lower in the soil profile (Mahrt and Pan, 1984). The increased constant evaporation rate would hasten the formation of a dry surface layer, a shallow layer of dry soil wherein evaporation is driven by water vapor diffusion rather than capillary action (Swenson and Lawrence, 2014). The faster formation of this layer induced by the treatments could quickly shield lower portions of the soil profile from the more extractive capillary-action driven evaporation processes (Yamanaka and Yonetani, 1999; Yamanaka et al., 1999). Furthermore, the decreased slower evaporation rates indicate the treatments mitigate evaporation of the remaining moisture.

Finally, the increased constant evaporation rates suggest water would easily infiltrate into the root zone. As Surfactin is produced naturally within the soil microbiome, this expectation conforms with studies of infiltration rates in soil crusts which find biological, rather than physical, soil crusts exhibit greater infiltration rates (Chamizo et al., 2012). Unlike the mechanical nature of physical soil crust formation due to the dispersion of fine soil particles, biological soil crusts are defined by symbiotic assemblages of species commonly including bacteria and fungi. As such, the hydrologic impacts of a biological soil crust are determined by the activity of the organisms involved. However, given the mixed results reported concerning the impact of soil crusts on infiltration, further experimental research is required to determine the effect of the treatments employed here on infiltration rates (Belnap, 2006).



Soil moisture simulations using a system dynamic model

The value of additional soil moisture during the growing season is in constant flux due to growth-stage-dependent water demands for each crop, state-dependent inflow and outflow processes, and the random nature of rainfall events. For example, the value of water changes abruptly on either side of the soil moisture threshold dividing the constant and falling rate stages of evaporation depending on the current objective. If an irrigator intends to seal soil moisture lower in the root zone, the value of additional water in the surface layer is negative because this may push the soil above the soil moisture threshold and increase evaporation. Given these complexities, rigorously evaluating whether the addition of Surfactin or the inoculation of B. subtilis is desirable in an agricultural production environment requires an approach capable of accommodating these complexities. System dynamics (SD) was developed to address this sort of complex problem where stochastic processes, non-linear equations of motion, and feedback mechanisms are present. Therefore, to test the feasibility of the Surfactin and inoculation with B. subtilis, a system dynamics model of soil moisture in the upper soil profile was created and simulated using Vensim (Eberlein and Peterson, 1992).

The purpose of this treatment would be to modify soil hydrological characteristics in the upper layers of soil to retain soil moisture lower in the soil profile. To determine how effective the treatments may be at achieving this objective, the model is structured to simulate soil moisture dynamics in the upper ten centimeters of the soil for a one hundred-day growing season. Ten centimeters was chosen because of its similarity to the 10–15 cm depth of the soil sampling in the field and the existence of prior research studying soil hydrology with a 10 cm treated soil layer (Debano, 1975). As depicted in Figure 4, it is designed to parsimoniously mimic the fundamental soil moisture balance equation using one inflow (infiltration) and one outflow (evaporation) (Rodriguez-Iturb, 2000). Built-in feedback mechanisms between the present soil moisture level and the two flows address the non-linearities created by the soil moisture threshold separating the constant rate and slower rate evaporation periods.
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FIGURE 4
 System dynamic model of soil moisture during a season. Random precipitation events occur, then the feedback from the present soil moisture level causes infiltration to cease when the soil has reached field capacity. The feedback between the present soil moisture level and the evaporation rate determines whether constant or falling rate evaporation occurs according to the soil moisture threshold.


The behavior for each combination of soil and treatment type was simulated four times beginning with completely saturated soil and using model parameters drawn from the laboratory experimental results described in Section Evaporation rates and soil moisture threshold and Supplementary Table S3. Within the simulation, the occurrence of rainfall on each day was determined by a Bernoulli trial, p = 0.38, such that the arrival of rainfall events over the course of the 100-day model run followed a Poisson process. If the outcome of the Bernoulli trial for a given day in the simulation produced a rainfall event, the intensity of the rainfall event was determined by a random draw from an exponential distribution with λ = 105.45−1 (Todorovic and Yevjevich, 1969). The probability of a rainfall event occurring and the rate parameter for the exponential distribution, λ, were calibrated using daily precipitation data during the summer months, June to August, of 2015 through 2020 from the Global Historical Climatology Network (Menne et al., 2012). The precipitation data were filtered to include 19 stations in Finney County, Kansas because of the semi-arid nature of Southwest Kansas. Four precipitation patterns were produced using 100 realizations of the stochastic rainfall process described above and were then held consistent across each of the six combinations of soil and treatment. The exact parameterization of the precipitation regime and other variables is displayed in Supplementary Table S4.

The simulated soil moisture dynamics from the system dynamics model were compared across soil types and treatments to determine the feasibility of each potential amendment. To determine each treatment's efficacy, the daily soil moisture values across the 100-day simulated season were recorded for each model run, and then the values for each soil and treatment were combined across the four runs to produce a cumulative distribution. The Wilcoxon rank-sum test, or Mann-Whitney two-sample statistic, was used to detect significant differences between the treatment and control soil moisture distributions for each soil type (Wilcoxon, 1945; Mann and Whitney, 1947). Then, to determine the efficacy of the treatment, the probability of a random draw from the treated soil's distribution being above the soil moisture threshold while a random draw from the control soil's distribution is below the threshold was computed. Both the statistical tests and the probabilities comparing treatment and control distributions were calculated using Stata Statistical Software (StataCorp®).



System dynamic model results

The distributions produced from the simulated soil moisture dynamics displayed in Figure 5 demonstrate the implications of the treatment's effects for surface soil exposed to typical precipitation patterns in southwest Kansas. For the loam soils, displayed in Figures 5A–C, neither treatment caused a significant difference in the distribution of seasonal soil moisture as shown by the Wilcoxon rank-sum test results in Table 2. The null hypotheses that the soil moisture in the control soil, θcontr, is equivalent to that of the Surfactin treated soil, θsurf, or B. subtilis treated soil, θbact, were not rejected at a significance level of α < 0.10. As such, the probabilities of the treated samples being above their respective soil moisture thresholds while the control samples are below them, 0.48 and 0.53 for the Surfactin and B. subtilis treated soils respectively, were not considered significant.
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FIGURE 5
 Histogram of daily simulated seasonal soil moisture from the system dynamics model by soil and treatment. Each treatment's density function represents simulated soil moisture values for a 100-day growing season. The Kernel density approximation indicates the expected probabilities as the number of models runs approaches infinity. Constant rate and slower rate evaporation occur above and below the soil moisture threshold for each graph respectively. The percent of simulated days spent above the soil moisture threshold are displayed at the top right of each panel. (A,D) are the control samples for loam and sandy loam texture; (B,E) are the Surfactin treated samples for loam and sandy loam texture; (C,F) are the B. subtilis treated samples for loam and sandy loam texture.



TABLE 2 Test results comparing the simulated effects of Surfactin and B. subtilis treatments on soil moisture from the system dynamics model.

[image: Table 2]

Both treatments resulted in significant differences between the control and treated sandy loam soils as the exact p-values, or Exact Prob in Table 2, were below the 0.10 significance level. The probability of the sandy loam soil treated with Surfactin being above the soil moisture threshold, experiencing constant rate evaporation, while the control soil was below the threshold, experiencing slower rate evaporation, was estimated to be 0.54. The corresponding probability for the B. subtilis treated soil was estimated to be 0.55. This increased probability of the treatments experiencing constant rate evaporation is also evidenced in Figures 5D–F. While the increased evaporation rates during the constant rate period cause a leftward shift in sandy loam distributions in Figures 5E,F (toward drier soil moisture levels), the treatments' effect on lowering the soil moisture threshold increases the portion of the simulated growing season spent above the threshold.

By including uncertainty in evaporation rates and randomly generated rainfall data, the system dynamics model simulates whether the treatments will induce a favorable shift in soil moisture dynamics and fulfill one of the principle roles of the microbiome for sustainable agricultural production, suppressing biotic and abiotic stress (Suman et al., 2022). For the sandy loam soils, the simulated data indicate the treatments would reduce drought stress given the significantly increased probability of the soil moisture being above the threshold separating the constant and slower rate stages. While, the significant difference in soil moisture distributions for the treated and control sandy loam soils is predominantly driven by treated soils' greater constant evaporation rates, the reduction in slower evaporation rates may play a more significant role in altering dynamics when rainfall is relatively scarce. For example, in a study of the impact of drought on wheat plants inoculated two bacterial strains, Kasim et al. (2013) found the benefits of inoculation with a different microbe in the Bacillus genus, Bacillus amyloliquefaciens, increased as the drought increased in duration.

Due to this research's focus on the effects of each treatment on evaporation dynamics in the absence of other mediating factors, these results do not account for the impacts of plant-microbe or microbe-microbe interactions on plants' ability to tolerate drought stress (Barnes and Tringe, 2022). However, in isolating the impact of Surfactin and B. subtilis, these results facilitate understanding of higher-order processes in the microbiome by highlighting a mechanism by which surfactant-producing microbes affect soil moisture conditions. Additionally, unlike the ability of another Bacillus species to mitigate salinity induced abiotic stress studied by Shahzad et al. (2017), the results in this study demonstrate B. subtilis can significantly alter soil moisture conditions even if it has not colonized a plant's root system. Lastly, while the effects of the treatments on infiltration rate and maximum water holding were not tested experimentally and remained consistent for each soil type in the system dynamics model as a result, any potential changes to these parameters are unlikely to fundamentally alter these results for the surface soil layer. The implications of changes to either of these parameters are greater for soil moisture dynamics lower in the soil profile and require further investigation.




Conclusions

Direct and indirect addition of Surfactin significantly modified soil moisture dynamics in both sandy loam and loam soils. The constant rate of evaporation was significantly higher relative to the control samples, while the slower evaporation rate was significantly lower. The effect was most pronounced in the sandy loam soils, which demonstrated little difference between constant and slower periods of evaporation without treatment. Results from the system dynamics model demonstrate the implications of these changes over a more extended time period with realistic precipitation patterns. The increase in constant rate period of evaporation caused the soil to dry out more quickly in the treated samples despite intermittent rainfall events, and the reduced slower evaporation rate caused soil moisture to persist at lower levels for longer in the absence of precipitation.

The research findings suggest that the addition of Surfactin, either directly or indirectly through inoculation of B. subtilis, could preserve precious soil moisture available to agricultural crops in semi-arid growing regions. This study shows the addition of Surfactin affects evaporation dynamics in loam and sandy loam soils at the lab-scale. Faster formation of a dry surface layer due to the increase in constant period of evaporation could preserve precious moisture lower in the root zone, and the reduction in slower evaporation rate would mitigate evaporation after the surface layer has dried. While both treatments may be effective in reducing evaporative demand, the effects may be most pronounced in sandier soils or those characterized by coarser textures. Given the more pronounced effects of the B. subtilis treatment in experimental settings and the similar efficacy in a simulated environment, indirect treatment with this microorganism could prove equally effective, while taking advantage of the benefits of its biological origin, including its rapid scale-up through culture and due to the fact that it is highly adaptable to agricultural soils, Polonca (2020) where it can establish a niche in the soil microbiome to continuously produce Surfactin. Developing an improved understanding the soil environments that facilitate B. subtilis colonization and production of Surfactin will be important for further advancement of this approach. For example, the presence of specific genera of bacteria in the soil, such as Lysinibacillus (Kiesewalter et al., 2020), may stimulate Surfactin production from B. subtilis to facilitate wetting, while use of mineral fertilizers can have a negative impact on B. subtilis colonization (Bueno et al., 2022) and therefore would also be expected to impact its wetting potential.

Future work should investigate B. subtilis in a field trial setting, given the absence of plant-microbe and microbe-microbe interactions in this study. The impacts of inoculation with other strains from the Bacillus genus should also be tested, given its higher prevalence of strains with resistance to drought and extreme temperature stress (Kumar et al., 2014). Similarly, due to the improved water retention following inoculation of maize plants with Enterobacter sakazakii observed by Javeed et al. (2019), the effects of inoculating soils with microbes from genera other than Bacillus may also be studied in the absence plants to determine the mechanisms by which each genus alters soil moisture dynamics. Finally, the optimal concentration and application rates of B. subtilis should be investigated as these will determine the financial feasibility of using inoculation in a production agriculture setting.
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Nomenclature


Abbreviations

SWR, Soil Water Repellency.



Variables

y, Mass of Water in grams.

β0, β1, β2, and β3, Coefficients for regression constant, time, indicator variable for constant or slower rate evaporation, and interaction term between time and indicator variable.

t, Time in minutes. post, Binary dummy variable with value equal to 0 during constant rate evaporation and 1 during slower rate evaporation.

e, Error variance for each observation.

[image: image], Evaporation rate during constant or slower rate stages, respectively, in millimeters per day. [image: image], Standard error for evaporation rate during constant or slower rate stages, respectively.

[image: image], Critical soil moisture threshold at which evaporation changes from constant rate to slower rate stage for each treatment and soil type combination expressed as the water volume (cm3) per total volume of soil (cm3).



Subscripts

i, Trial number.

d, Treatment and soil combination.

t, Time.



Symbols

[image: image], The accent, [image: image], indicates the estimated value of the corresponding variable.
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