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Abstract

:

Accurate estimation of soil water content (SWC) is crucial for effective irrigation management and maximizing crop yields. Although dielectric property-based SWC measurements are widely used, their accuracy is still affected by soil variability, soil–sensor contact, and other factors, making the development of convenient and accurate soil-specific calibration methods a major challenge. This study aims to propose a plate compression filling technique for soil-specific calibrations and to monitor the extent of soil biomass degradation using dielectric properties. Before and after biodegradation, dielectric measurements of quartz sand and silt loam were made at seven different water contents with three different filling techniques. A third-order polynomial fitting equation explaining the dependence of the dielectric constant on the volumetric water content was obtained using the least-squares method. The suggested plate compression filling method has a maximum mean bias error (MBE) of less than 0.5%, according to experimental results. Depending on the water content, silt loam’s dielectric characteristics change significantly before and after biodegradation. The best water content, measured in gravimetric units, to encourage the decomposition of biomass was discovered to be 24%. It has been demonstrated that the plate compression filling method serves as a simple, convenient, and accurate alternative to the uniform compaction method, while the dielectric method is a reliable indicator for evaluating biomass degradation. This exploration provides valuable insights into the complex relationship between SWC, biomass degradation, and soil dielectric properties.
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1. Introduction


The soil water content (SWC), especially for topsoil above 35 cm, is of great importance for irrigation and crop growth due to its direct influence on plant health and water management [1,2]. Adequate SWC in the topsoil is essential for ensuring sufficient SWC for good plant growth throughout the growing season, making it a critical factor in irrigation management. Furthermore, SWC influences soil aeration status and the availability of nutrients to plants, further underlining its significance in crop growth and development [2,3]. Therefore, monitoring and managing SWC in the topsoil is fundamental for efficient irrigation scheduling, water conservation, and maximizing crop yield and economic benefits [4].



The dielectric method, which utilizes the significant difference in dielectric constant between the solid, liquid, and gas phases of the soil, has the advantage of high measurement accuracy, fast speed, and small soil disturbance and can be used for in situ SWC measurements. It has become one of the most commonly used methods for soil water measurement [5]. Dielectric-based sensors, such as frequency domain reflectometry (FDR), time domain reflectometry (TDR), capacitance, radar, or microwave techniques, widely use Topp model or factory calibration curves to transform measured dielectric constants into soil volumetric water content [6,7]. However, the transformational relationship between the dielectric constant and soil volumetric water content can be significantly affected by soil porosity, texture, density, temperature, and organic matter content [8,9,10]. In addition, changes in soil tillage regime, such as those due to straw return to the field, biomass degradation, fertilization, or lime treatment, may affect the accuracy of SWC estimates using sensors based on dielectric constants [11]. Therefore, the main challenge lies in the need for soil-specific calibrations to ensure accurate SWC estimation using dielectric property-based measurements.



The currently widely used soil-specific calibration methods mainly include three types: two-point calibration, multiple-point calibration, and machine learning-based calibration [12,13,14,15]. Two-point calibration is usually performed using completely dry and saturated soils for two-point anchoring, but practice has shown that its accuracy is greatly affected by soil texture and bulk density [7,14,16,17]. Multiple-point calibration is currently the most accurate method, but its complex procedures and challenges in obtaining different water contents soil samples at the same dry density affect calibration efficiency and accuracy [7,18]. Machine learning approaches have also been explored, but their accuracy remains insufficient [15,18]. Therefore, based on the existing multi-point calibration method, improving its cumbersome calibration steps can further increase the calibration efficiency.



The amount of water in the soil and the properties of the soil pore system directly impact microbial activity [19,20]. Adequate water is crucial for microbial activity, as it allows microorganisms to break down complex organic compounds into simpler forms [21]. High levels of SWC can affect biomass degradation in several ways, including reduced oxygen availability, nutrient availability, temperature, and microbial community composition [22,23]. Excess soil water can also hinder biomass degradation by creating anaerobic conditions, limiting the activity of aerobic decomposers. In waterlogged soils with poor drainage, oxygen availability decreases, leading to anaerobic decomposition processes dominated by facultative or obligate anaerobes [24]. However, extremely dry conditions can impede biomass degradation as a result of limited microbial activity. Hence, an optimal range of SWC is essential for efficient biomass degradation. It ensures that microorganisms can obtain sufficient water for metabolic processes while maintaining aerobic conditions conducive to decomposition. In addition, research has shown that the properties of the soil pore system, such as water-filled pore space, pore size distribution, and water retention curves, play a significant role in the degradation rates of organic substances [25,26].



In evaluating the relationship between SWC and microbial activity, two widely used indicators to characterize SWC are the gravimetric SWC and the saturation ratio. Gravimetric SWC, defined as the ratio of water mass to the mass of dry soil, offers the advantage of accurate measurement using techniques such as thermogravimetry [5,27]. The saturation ratio is defined as the ratio of the volume of water in the soil to the volume of voids in the soil. The term “saturation” refers to the state in which the pore spaces of the soil are completely filled with water, resulting in a maximum water-holding capacity. The optimal SWC for microbial activity has been found to be at 0.59 ± 0.03 times saturation, highlighting the importance of maintaining appropriate water levels to support microbial processes [28].



In addition, biomass degradation can significantly affect soil’s dielectric properties. As organic matter (OM) decomposes, it can alter the water-holding capacity of the soil and the polarizability of water, subsequently affecting the dielectric constant of soil [29,30,31,32]. Ankenbauer et al. [29] have shown that soil water retention, particularly saturated water content, is strongly dependent on OM content. Investigations by Czachor et al. [33] have demonstrated that soil OM can alter the surface properties of mineral phases by altering the surface tension on the mineral surface, thereby affecting the soil water retention curve. The influence of OM on the polarizability of water can be attributed to changes in the bound water/free water fraction caused by OM [30,34], as well as changes in soil aggregates induced by OM [31]. Based on the polarizability of water in soil, soil water can be classified into constitution water (including crystalline water), bound water, and free water. Among these, constitution water contributes the least to the soil’s dielectric constant, as its dipoles cannot rotate or orient in an electric field. Bound water, which consists of the first few layers of water molecules adjacent to soil solid particles, is primarily influenced by specific surface area and may have a dielectric constant ranging from 9 to 37 [34]. Free water exhibits the highest polarizability, with a dielectric constant of approximately 80 [35]. Changes in the OM content lead to variations in the bound/free water fraction in the soil, which in turn alter the overall polarizability of water in the soil. Additionally, OM can influence soil particle aggregation through different mechanisms and at different scales [31]. The formation of aggregates, on the one hand, modifies the specific surface area of the soil and, on the other hand, affects the connectivity of the soil pores and thus has a significant effect on the soil dielectric constant.



Considering the close relationship between the soil dielectric properties and SWC, as well as the impact of soil biomass degradation on SWC, we propose the idea of evaluating soil biomass degradation based on soil dielectric properties. In this study, we mixed pre-treated crop stalks into the soil and added varying water contents to simulate different soil moisture conditions, thereby assessing the feasibility of using dielectric methods to monitor soil biomass degradation. Crop stalks are composed of cellulose (40–50%), hemicelluloses (25–35%), and lignin (15–20%) in an intricate structure where the components are rigidly associated through non-covalent bonds and covalent cross-linkages, as shown in Figure 1 [26,36,37]. Under suitable temperature and moisture conditions, microorganisms proliferate and use their unique enzyme systems to decompose the organic components in crop residues. This process leads to the generation of new organic compounds and humus, thereby changing the amount of constitutional water in the soil, which in turn affects its dielectric constant.



In summary, the main challenges in accurately estimating the SWC using dielectric property-based measurements stem from the soil–sensor contact and the influence of soil texture, porosity, organic matter content, and biomass degradation on soil dielectric properties. Simultaneously, changes in SWC significantly affect the physical decomposition of biomass, altering its surface area, pore structure, and accessibility to microbial enzymes. Presenting these factors, we propose the following hypothesis: under constant soil texture, porosity, and organic matter content, studying the impact of biomass degradation on soil dielectric properties at specific water content may serve as an indicator of the degree of soil biomass degradation. The objectives of this study are as follows: (1) propose a flat plate compression filling method designed for soil-specific calibration and evaluate the accuracy of this method compared with loose filling and uniform compaction layered filling, based on experimental data of dielectric measurement of silt loam and quartz sand; (2) derive a third-order polynomial fitting equation that depicts the Ka − θv relationship between silt loam and quartz sand using the least square method; (3) monitor the extent of soil biomass degradation using dielectric properties, and discuss the optimal SWC for maximum biomass degradation.




2. Materials and Methods


2.1. Soil Sampling


The soil samples utilized in this study were extracted from the 0 to 10 cm top layer of silt loam soil on a farm in Zhengzhou, Henan Province, China. High-purity quartz sand with a silica content greater than 99.7% and an iron and aluminum oxide content of approximately 0.3% was designated as the comparison material. Particle density for each sample was determined using the pycnometer method [38,39]. Furthermore, the initial organic content was ascertained by employing wet oxidation methods [39]. Lastly, the particle size distribution of quartz sand and silt loam soil particles larger than 0.25 mm was analyzed by the sieving method, and silt loam soil particles smaller than 0.25 mm were measured by the pipette method [40] based on Stokes’ law. Table 1 provides a comprehensive overview of the measured properties pertinent to all soils incorporated in this investigation.



The particle size distribution of silt loam and quartz sand is illustrated in Figure 2, based on the measurements obtained from the sieving and pipette methods. The particle size distribution is relatively uniform for silt loam, while quartz sand has a dominant particle size concentration in the range of 0.1 mm to 0.25 mm. According to ASTM D2487, the quartz sand used in this study falls into the category of poorly graded sand [41].




2.2. Preparation of Soil Samples


Before sample preparation, the silt loam underwent sieving using a 2 mm sieve. Subsequently, a specific quantity of silt loam and quartz sand were individually placed into an electric constant-temperature blast drying oven set to 105 °C for a 24 h drying period. Following the drying process, the soil was allowed to return to room temperature before undergoing further treatment. The wheat straw (WS) was collected from a local farm and was dried, cut, and sieved into 0.1 to 0.5 cm segments. Before the utilization, the WS was soaked in 5 g/L Alpha-D-Glucose solution for a basic pretreatment strategy to enhance the biodegradability of the WS, improve its integration with the soil matrix, and increase the availability of nutrients for the microbial community, ultimately facilitating the degradation and utilization of the organic biomass [42]. Later on, the WS was dried before mixing with an already prepared silt loam sample in a w/w% ratio of 20%. After mixing, the particle density of the soil sample changed. Consequently, the dry density of silt loam mixed with WS was measured to be 2.07 Mg m−3 by the pycnometer method.



A specific amount of tap water was added to the silt loam sample mixed with WS and stirred thoroughly to achieve a uniform water distribution within the soil sample. Initially, a portion of the prepared sample was collected using a core cutter (100 cm3) and dried at 105 °C for 24 h to determine the gravimetric water content, which was then utilized to calculate the volumetric water content and the dry bulk density of the prepared soil samples. Following this, soil samples were dispensed into graduated PVC cylindrical containers, each 120 mm in diameter and 150 mm in height, using three distinct methods as follows:




	(1)

	
Loose filling: The soil sample is gently poured into the PVC container without any compaction;




	(2)

	
Uniform compaction by layer (compaction state 1): After each layer of soil sample was added, a flat plate was positioned over the soil sample and then gently tapped with a rubber hammer to ensure the absence of visible air gaps and significant density variations within the test material;




	(3)

	
Flat plate compression filling (compaction state 2): The entire soil sample was poured into a PVC container, which was then shaken to eliminate some excess pores in the soil sample. After placing a flat plate over the soil sample, a certain pressure was administered and maintained to ensure that the sample attained the same dry bulk density as in method (2).









This process resulted in the preparation of seven silt loam samples with varying water content, which were followed by the preparation of seven quartz sand samples with distinct water content using a similar method, with the exception that WS was not added to the quartz sand samples. The gravimetric water content and dry bulk density of the prepared silt loam and quartz sand samples, measured using the core cutter method [8,9,43], are depicted in Table 2. Subsequently, the prepared soil samples and quartz sand samples were wrapped in plastic and positioned in a biological incubator set at a temperature of 23 ± 1 °C for 168 h to facilitate any potential differences in biodegradability. To maintain air pressure equilibrium within the sample, several small holes were pierced in the plastic wrap using a needle, ensuring that they were not too large to prevent excessive water evaporation. After the incubation period (i.e., after biomass degradation), one part of each soil sample was mixed with five parts of distilled water. Then, soil solutions were used to detect any biological oxidation entities of biomass, such as carboxylic acids. More specifically, following the standard protocol established by Karicheva et al. [44], short-chain volatile carboxylic acids (SCVCAs) were measured for soil solutions by using an ion-exchange chromatography (ICS-5000, Dionex, Sunnyvale, CA, USA).




2.3. Measurements of the Apparent Dielectric Constant


The apparent dielectric constant of soil samples under different water content was measured using a time domain reflectometer (MiniTrase, 6050X3, purchased from Soil Moisture Equipment Corp. in Santa Barbara, CA, USA). A custom-made two-rod stainless steel waveguide probe with a length of 100 mm, a diameter of 6 mm, and a center-to-center spacing of 50 mm was used. When the electromagnetic wave propagates back and forth along the waveguide probe, the propagation speed is affected by the apparent dielectric constant of the porous medium around the probe. The acquired reflected waveforms, including tangential fitting, are automatically analyzed by the MiniTrase built-in software 6.1.6 to determine the start and end times of the reflection. In turn, the obtained transmission time information provides the key for calculating the volumetric water content θv of porous media.



To verify the reproducibility of the TDR measurements, for each soil sample the probe was inserted vertically in three different locations and the TDR readings were taken separately. Dielectric measurements were performed before and after biodegradation on each prepared sample. The first set of dielectric measurements was conducted immediately after the sample was prepared. Subsequently, after 168 h of biodegradation, a second set of dielectric measurements was performed.



In summary, 2 types of soil (quartz sand and silty loam), were used in this study. For each type of soil, 7 samples with varying water content were prepared and subsequently filled using 3 distinct methods. In total, 42 samples were obtained for further analysis and investigation. Dielectric measurements were performed on each sample before and after biomass degradation, with 3 repetitions per sample, resulting in a total of 252 TDR readings.




2.4. Data Processing and Analysis


As detailed in Section 2.3, the waveform analysis in MiniTrase TDR is automatically performed using the double tangent analysis method. It derives the apparent dielectric constant Ka from a single measurement and computes and presents the volumetric water content corresponding to Ka based on the factory calibration curve integrated within MiniTrase. However, the factory calibration does not incorporate the inherent electromagnetic characteristics of individual soils, necessitating further verification of its measurement accuracy.



The classical general empirical formula describing the relationship between the volumetric water content θv of porous media and the measured apparent dielectric constant Ka is the third-order polynomial calibration curve given by Topp, Davis, and Annan [6]:


   K a  = 3.03 + 0.093  θ v  + 0.0146  θ v 2  − 7.67 ×   10   − 5    θ v 3   



(1)




where Ka is the apparent dielectric constant of soil, and θv is the soil volumetric water content (%).



In this study, to enhance the accuracy of the measurements and effectively monitor the impact of biodegradation on SWC measurements using the dielectric method, the adopted calibration equations are based on the form of the Topp equation, using the dielectric constants to derive the following calibration equations:


   K a  = a + b ⋅  θ v  + c ⋅  θ v 2  − d ⋅  θ v 3   



(2)




where a, b, c, and d are fitting coefficients.



In assessing the performance of the measurement data and derived calibration equations within this study, metrics such as mean bias error (MBE), root mean square error (RMSE), coefficient of determination (R2), and coefficient of variation (CV) were employed.


  M B E =     ∑  i = 1  n   P r e  d i  − O b  s i     n   



(3)






  R M S E =       ∑  i = 1  n     ( P r e  d i  − O b  s i  )  2     n     



(4)






   R 2  = 1 −     ∑   i = 1  n    ( P r e  d i  − O b  s i  )  2      ∑   i = 1  n    (   O b s  ¯  − O b  s i  )  2     



(5)






  C V =         1 n  ∑    i = 1  n    ( O b  s i  −   O b s  ¯  )  2        O b s  ¯     



(6)




where   P r e  d i    represents the    i  t h     predicted value of the modeled parameter,   O b  s i    signifies the corresponding observed value,     O b s  ¯    represents the mean observed value, while n represents the total number of distinct observed–predicted value pairs. MBE indicates under- and overestimation by the model. RMSE is expressed in the same units as the estimated parameter, and proximity to 0 signifies superior performance. R2 ranges between 0 and 1, where values nearer to 0 suggest a minimal correlation and values closer to 1 indicate a stronger correlation [7]. CV is used to assess the degree of dispersion between a set of measurements, with larger values indicating greater dispersion in the data.





3. Results and Discussion


3.1. Variation of Dry Bulk Density and Dielectric Constant of Samples under Loose Filling Conditions


The dry bulk density of quartz sand and silt loam samples with varying gravimetric water contents under loose filling conditions is illustrated in Figure 3a. Note that the ‘dry bulk density’ discussed in this study is obtained by subtracting the weight of water from the weight of wet soil and then dividing it by the volume of the soil sample. The dry quartz sand exhibits a dry bulk density of 1.57 Mg m−3, while the dry bulk density of quartz sand with 4% to 20% water content experiences slight fluctuations around 1.03 Mg m−3, signifying the evident volume expansion of the utilized quartz sand after the water combination. After water content exceeds 20% by weight, the dry bulk density of quartz sand begins to increase with increasing water content. Although the employed quartz sand lacks any “clay particles”, its particles are concentrated around 0.1 mm (Figure 2), characterizing fine particle size, thus underscoring its expansion capacity following water agitation.



Separated from the rapid reduction in dry bulk density observed in quartz sand, the dry bulk density of clay loam gradually decreases with increasing water content. With a water content of 24%, the dry bulk density reaches a minimum value of 0.76 Mg m−3, followed by an increase as the water content increases. The observed changes in the dry bulk density relative to the water content reveal that, unlike unperturbed soils, the dry bulk density of topsoil in arable land varies under the influence of tillage and dry and wet variability [30]. Moreover, the preferred water content corresponding to tillage to enhance soil aeration ranges from 12% to 24%, which is because the dry bulk density of soil within this water content range is the lowest, as shown in Figure 3a.



Since the dielectric constant is correlated with the volumetric water content, the gravimetric water content listed in Table 2 is transformed into volumetric water content using the dry bulk density shown in Figure 3a. The dielectric constant of quartz sand and silt loam samples with varying volumetric water contents under loose filling conditions is illustrated in Figure 3b. Note that the error bars in the figure represent the standard deviations. At low volumetric water content levels (quartz sand below 20% and silt loam below 15%), the dielectric constant exhibits minimal dispersion, evident from the error bars in Figure 3b.



As the volumetric water content progressively increases, the discreteness of the dielectric constant undergoes a sudden elevation, and the corresponding CV exceeds 10%. This indicates that accurately determining medium to high water content values is infeasible when the probe is inserted vertically into a loosely packed sample. This issue may arise from loose filling, potentially resulting in a small gap between the probe rod and the soil after insertion. The TDR waveform is highly susceptible to variations in the air gap between the rod and the soil [45]. Previous studies [46,47] have similarly noted that the presence of an air gap can cause measurement inaccuracies. In addition, soil heterogeneity caused by loosely packed samples can also lead to significant measurement errors. As a result, loose packing is not suitable for soil-specific calibration of vertically inserted probes.




3.2. Developing Soil-Specific Calibration Equation Using Compression Filling Method


The built-in software of MiniTrase utilizes the propagation time of electromagnetic waves along the probe to calculate the corresponding dielectric constant. Subsequently, it determines the volumetric water content based on the factory calibration curve. To address concerns about the accuracy of the factory calibration, specific calibration curves for quartz sand and silt loam were derived using data from the water content measured by thermogravimetry and the dielectric constant output by MiniTrase, using a least-squares method. The calibration equation for quartz sand obtained from the fit is as follows:


   K a  = 2.573 + 0.240  θ v  + 0.008  θ v 2  − 2.20 ×   10   − 5    θ v 3   



(7)







The coefficient of determination R2 = 0.996 and the RMSE = 0.158. The specific calibration curve for silt loam obtained from the fit is as follows:


   K a  = 2.339 + 0.232  θ v  + 0.008  θ v 2  − 2.30 ×   10   − 5    θ v 3   



(8)







The coefficient of determination R2 = 0.992 and the RMSE = 0.200. The fitted calibration curves are depicted in Figure 4a,b, respectively, with the fitted curves represented by solid lines and the factory calibration curves by short dash–dot lines. In contrast to the measurement results of loose filling, as depicted in Figure 3b, the dielectric constant values of soil samples filled using method (3) exhibit lower dispersion, with the CV for the dielectric constants of all seven groups of silt loam being less than 6%, and for quartz sand being less than 4%. This suggests the effective removal of the probe insertion gap effect through plate compression. When the volumetric water content is below 27% for quartz sand and below 25% for silt loam, the error of the factory calibration only slightly exceeds that of the soil-specific calibration. As the water content continues to increase, the factory calibration curve and the soil-specific calibration curve rapidly diverge.



To assess the accuracy of the calibration curve obtained using method (3), dielectric measurements were conducted on samples filled using method (2). The comparison of the measurement results of the volumetric water content of silt loam obtained by thermogravimetry and the dielectric method is shown in Figure 4c. The volumetric water content from the dielectric method is derived from Equations (1) and (8) and the factory calibration curve, respectively. In general, following specific calibration, there is a significant improvement in the accuracy of measuring soil volumetric water content by the dielectric method, with the MBE of seven groups of measured values being less than 0.5%, while the maximum MBE for factory calibration and Equation (1) is −1.78% and −1.19%, respectively. Among the seven groups of measured values, factory calibration underestimates the water content of silt loam in six groups.



In comparison, all seven groups of water content are consistently underestimated by Equation (1). This can be observed from the placement of the triangle symbols in Figure 4c, which are all positioned below the reference line with a relative error of 0%. This indicates a systematic underestimation of water content by Equation (1). It may be due to the fact that Equation (1) is primarily applicable to mineral soil [48,49], whereas the silt loam used in this study added 20% WS, resulting in high organic matter content and low dry bulk density. Moreover, previously, it has been well established that incorporating higher amounts of WS (6000 kg/ha and 9000 kg/ha) into the soil can significantly increase soil organic carbon (SOC) levels, leading to a major reduction in soil bulk density [50].



The high accuracy of specific calibration on the soil sample prepared by method (2) indicates that despite uneven filling density in the sample obtained by method (3), its calibration accuracy is very close to that of the uniform filling method (2). Previous studies have also shown that soil-specific calibration can dramatically improve the accuracy of SWC determinations, with errors well below 0.05 m3/m3 over the entire SWC range and depth [39,51,52]. Method (2) is one of the three widely used calibration methods for soil-specific calibration [7]. Therefore, when the probe is vertically inserted, the method (3) adopted in this study serves as a simple and convenient alternative method for uniform compaction by layer.




3.3. Biomass Degradation


Appropriate SWC is essential for maintaining stable microbial habitats, preserving soil microbial community diversity and quantity, and facilitating microbial metabolic activity and growth [26]. However, the metabolic activity of microbial flora is also reliant on soil aeration and gas content [53]. As described in Section 2.2, small holes were punctured in the plastic package using needles to facilitate oxygen supply for microbial degradation and to maintain air pressure balance inside and outside the soil sample, which unfortunately led to water evaporation. Therefore, evaluating the degree of water evaporation and its impact on the experimental results is necessary. Water evaporation was found to be less than 0.3% for each quartz sand sample by comparing the water content variations before and after incubation in quartz sand with different water contents. Given that these quartz sand samples share the same initial water content and culture conditions as the silt loam, it is reasonable to assume that water evaporation was also minimal for each silt loam sample, and therefore, the effects of water evaporation were not considered in the subsequent analysis.



The WS biomass degradation was observed after 168 h of hydraulic retention time (HRT). All seven silt loam samples prepared and sequentially analyzed before were assessed for evidence of biomass degradation, volumetric water contents, and short-chain volatile carboxylic acids (SCVCAs) as biomass degradation products [54,55]. Moreover, Figure 5 illustrates the differences in volumetric water contents of the samples when processed for biodegradation. As the gravimetric water content of soil samples gradually increases from 4% to 24%, it was observed that the water content consumed by biodegradation gradually increases, and the water availability becomes more favorable, allowing microorganisms to thrive and consume more water through their metabolic processes [56]. Samples with a GWC of 24% (the corresponding saturation ratio is 0.54) have been observed as the best fit for biomass degradation because they followed the maximum volumetric water content reduction among all other samples. This reflects an ideal environment for biomass degradation, enhanced microbial action, an increase in soil porosity, and an overall decrease in volumetric water contents. Note that in comparison to Franzluebbers [28], the optimal saturation ratio for SWC related to microbial activity, as obtained in our study, is slightly lower. The difference could be attributed to variations in soil organic matter content, treatment methods, and duration of cultivation.



Based on the findings of the current study, the reduction in the volumetric water content can be explained from the following several perspectives:




	(1)

	
The degradation of biomass leads to the conversion of a portion of soil water into constitution water or crystalline water, where constitution water exists in the form of H+, (OH)-, (H3O)+, while crystalline water refers to neutral water molecules occupying specific positions within mineral lattices. This occurs through changes in the formation of organic hydrates and/or the mineral molecular structure, thereby consuming a portion of water in the soil samples [35]. More specifically, organic matter is broken down into smaller organic molecules via hydrolysis reactions [57]. These reactions can involve the action of enzymes that break down water molecules and bind them to organic substances, resulting in the formation of constitution water. After microbial decomposition in the soil, organic matter further undergoes biotransformation processes to produce inorganic material, which may lead to the formation of crystalline water [58];




	(2)

	
Interactions between organic molecules produced during biomass degradation and water molecules alter the distribution and arrangement of water in the soil, resulting in the conversion of some free water into bound water [30]. This results in a reduction in the overall polarizability of the water, which is reflected in the measured decrease in the dielectric constant;




	(3)

	
Biomass degradation affects soil grain aggregation through various mechanisms and at different scales [31]. This, in turn, affects the specific surface area of the soil and the connectivity of the soil pores, significantly affecting the soil dielectric constant. More specifically, the decomposition products of organic matter, the binding effects of organic matter, and metabolic byproducts of microbial activity all play a significant role in the formation of soil aggregates during soil biomass degradation.









Please note that Equation (8) is used to calculate the volumetric water content before and after biomass degradation, and the change in volumetric water content is a result of the change in dielectric constant. Considering the significant magnitude of the dielectric constant variation, we have compared it with results from some related literature. Szyplowska et al. [30] investigated the relationship between organic matter content, volumetric water content, and dielectric constant. Calibration curves of soil volumetric water content versus dielectric constant obtained in the study reveal that soils with different organic matter content exhibit different dielectric constants ranging from 0 to 3 for the same volumetric water content condition, which is in line with our findings. Silva et al. [39], Owenier et al. [35], and Negron-Juarez et al. [59] have shown that when calculating the volumetric water content of soils with high organic matter content using the Topp equation, errors can sometimes reach 0.2 m3/m3, indicating that the differences in dielectric constant are greater than the values obtained in our study. It should be emphasized that the differences in soil volumetric water content obtained from Figure 5 are not solely affected by changes in organic matter content due to biomass degradation but rather the combined effect of the three aforementioned factors.



In addition, the detected SCVCAs also promote the use of water content for biomass degradation and subsequent oxidation of biomass to SCVCAs. In soil biomass degradation, microorganisms break down complex organic matter into simpler inorganic compounds or small organic molecules, and SCVCAs are an important product of this process [57]. The SCVCAs maximum production was also reported for the samples having 24% of GWCs. Therefore, it can be well established that the biomass degradation was well supported in samples with 24% GWC [60]. A noticeable reduction in water content consumed by biodegradation was observed when the gravimetric water content increased from 24% to 28%. This decline may be attributed to the impact of high water content on the oxygenation conditions necessary for biodegradation. However, in further wet soils, the reduced gas diffusion can lead to low oxygen levels, which can restrict the biodegradation process under oxic (aerobic) conditions [61]. In conclusion, the correlation between the volumetric water content measured by the dielectric method and the measurement results of SCVCAs suggests that employing the dielectric method to measure the volumetric water content of soil samples before and after biodegradation serves as a reliable indicator for evaluating biodegradation.





4. Conclusions


This study aims to propose a plate compression filling technique for soil-specific calibrations and to monitor the extent of soil biomass degradation using dielectric properties. Dielectric measurements of silt loam and quartz sand were conducted at seven different water contents using three different filling methods before and after biodegradation. By comparing and analyzing the results of 252 dielectric measurements, the following conclusions can be drawn:




	
Soil samples have shown variable levels of expansion in relation to water content when there is loose filling. Following probe insertion, this expansion creates a tiny space between the probe rod and the soil, which could cause the measured dielectric constant’s coefficient of variation (CV) to rise above 10%. Consequently, the loose packaging is not suitable for soil-specific calibration when the probe is inserted vertically;



	
After plate compression filling, the dispersion of the measured dielectric constants of soil samples decreased significantly, with their CV values all measuring less than 6%. A third-order polynomial fitting equation explaining the dependency of the dielectric constant on the volumetric water content was found by applying the least-squares method. The suggested plate compression filling approach produced a mean bias error (MBE) of less than 0.5%, according to the findings of the dielectric measurements; in contrast, the maximum MBE associated with factory calibration and Equation (1) was −1.78% and −1.19%, respectively. These findings indicate that the plate compression filling method serves as an effective, simple, and accurate alternative to the uniform compaction method;



	
By studying the impact of biomass degradation on soil dielectric properties at specific water content, it was concluded that a gravimetric water content of 24% (the corresponding saturation ratio is 0.54) was most effective in promoting biomass degradation. The SCVCAs maximum production was also reported for the samples having 24% of gravimetric water content. The correlation between the volumetric water content difference measured by the dielectric method and the measurement results of SCVCAs suggests that employing the dielectric method to measure the volumetric water content of soil samples before and after biodegradation serves as a reliable indicator for evaluating biodegradation.








This investigation offers insightful information about the intricate connection between soil dielectric characteristics, biomass degradation, and SWC. The link between biodegradation and soil dielectric constant under the effect of temperature, porosity, texture, and other factors, however, requires more investigation.
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Figure 1. Degradation of the bedrock soil layer with a thin active layer changes the soil water and nutrient regimes within the active layer, leading to microbial biomass degradation in the soil environment [26,36,37]. 
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Figure 2. Particle size distribution of silt loam soil and quartz sand. 
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Figure 3. Results of dry bulk density and dielectric measurements under loose filling conditions. (a) The dry bulk density under different gravimetric water content conditions; (b) The dielectric constant under different volumetric water content conditions. Note that the error bars in the figure represent the standard deviations. The volumetric water content is calculated based on the gravimetric water content in Table 2 and the dry bulk density in Figure 3a. 
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Figure 4. Soil-specific calibration curves obtained by the compression filling method. (a) The calibration curve for quartz sand using method (3); (b) The calibration curve for silt loam using method (3); (c) Comparison of thermogravimetric and dielectric methods for measuring volumetric water content in layered uniformly compacted silt loam samples (method (2)). The volumetric water content of the dielectric method is obtained from Equations (1) and (8) and the factory calibration curve, respectively. 
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Figure 5. Comparison of volumetric water content before and after biomass degradation along with short-chain volatile carboxylic acids (SCVCAs) analysis. 
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Table 1. Characteristics of the soil samples used in this study.
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	Soil Name
	Clay

g kg−1
	Silt

g kg−1
	Sand

g kg−1
	Texture *
	OM

g kg−1
	Particle Density

    ρ s    , Mg m−3
	Dry Bulk Density

    ρ b    , Mg m−3
	Total Porosity

  ϕ  , m3 m−3





	Silt loam
	176.3
	537.6
	286.1
	silt loam
	12.3
	2.63
	1.12
	0.574



	Quartz sand
	0
	0
	100
	sand
	0
	2.65
	1.57
	0.408







* The texture class according to USDA.













 





Table 2. The gravimetric water content and dry bulk density of the prepared silt loam and quartz sand samples.
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	Soil Name
	    θ  m 1     

%
	    θ  m 2     

%
	    θ  m 3     

%
	    θ  m 4     

%
	    θ  m 5     

%
	    θ  m 6     

%
	    θ  m 7     

%
	Dry Bulk Density *

    ρ b    , Mg m−3





	Silt loam
	4.58
	7.86
	11.34
	16.94
	20.39
	24.90
	28.89
	1.08



	Quartz sand
	4.15
	8.07
	11.69
	16.32
	20.24
	24.13
	28.36
	1.32







* The dry bulk density refers to the dry bulk density used to prepare samples in compaction states 1 and 2.    θ m    represents the gravimetric soil water content, defined as the percentage of water mass to dry soil mass. By utilizing the gravimetric water content of the soil and the corresponding dry bulk density, the volumetric water content    θ v    of the soil sample can be calculated using the formula    θ v  =  θ m  ⋅  ρ b  /  ρ w   , where    ρ w    is the density of water.
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