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Agricultural soil compaction adversely affects crop water use and yield performance and should be avoided or remediated through appropriate soil management strategies. The investigation of the impact of different levels of soil compaction on its hydrodynamic properties remains a crucial step in improving water use and crop yields. We examined five compaction levels of silty sand soil sampled from a potato field in the agricultural regions of northern Quebec (Canada). Soil hydraulic characteristics (saturated and unsaturated hydraulic conductivity, soil water retention capacity) were measured using the constant head method, the HYPROP device, and a WP4C dew point potentiometer. The sixteen hydraulic models integrated into the HYPROP software were fitted to the soil water retention curve (SWRC) data for the studied compaction levels. Statistical parameters such as the mean bias error, mean absolute error, correlation coefficient, and root mean square error were used to measure the performance of the models. The results show that saturated and unsaturated conductivity decreases with increasing soil compaction. The lowest saturated hydraulic conductivity (Ks) value is observed for the highest level of soil compaction, reflecting a solid medium with less pore space and connectivity. Among the hydraulic models, the Peters-Durner-Iden (PDI) variant of van Genuchten's unconstrained bimodal model (VGm-b-PDI) outperformed all other models for SWRC simulation of different soil compaction levels and was, accordingly, selected as the optimal model. This model was implemented in HYDRUS-1D to estimate the amount of irrigation for different compaction levels. We simulated irrigation scenarios with the dual-porosity model. The results indicated that soil compaction can strongly influence soil hydraulic properties and water differently. However, the amount of irrigation for the potato crop was optimal at a moderate level of soil compaction. Overall, combined HYPROP and HYDRUS 1D can provide helpful information on the soil hydraulics properties dynamics and a rigorous simulation for irrigation planning and management in potato fields.
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1. Highlights

This article focuses on the effect of compaction on soil water retention and hydraulic conductivity functions.

- The effect of the compaction levels of loamy sand soil on the water retention curve and unsaturated hydraulic conductivity curve was investigated.

- The joint HYPROP and WP4C system were used to determine the soil hydraulic properties.

- The PDI bimodal van Genuchten model yielded excellent SWRC results.

- The constrained PDI van Genuchten model best reflected the unsaturated hydraulic conductivity.

- The amount of irrigation was optimal for the potato crop with a moderate compaction level using the dual porosity model in the HYDRUS-1D software.



2. Introduction

Soil compaction represents a significant concern for farmers in many regions of the world (Jabro et al., 2021). Agricultural management practices, wheeled vehicle and equipment traffic over cropland increase soil compaction, and negatively affect its hydraulic properties. Consequently, about 68.3 million hectares of soil have been affected worldwide (Nawaz et al., 2013). Increased soil bulk density from compaction reduces root growth which may result in crop yields reduction by up to 50% depending on the soil depth (Sidhu and Duiker, 2006). Compaction also affects pore geometry (Matthews et al., 2010), it alters soil basic hydrological properties such as water retention and hydraulic conductivity. According to Filipović et al. (2021), the soil water retention curve (SWRC) and the soil hydraulic conductivity curve (SHCC) are essential functions for numerical physics-based models in soil science. In this regard, Hill and Sumner (1967) studied the influence of the variation in the soil bulk density on the soil water retention curve (SWRC) in artificially compacted soils and found that higher-density soils tend to exhibit a lower water holding capacity than lower-density soils due to reductions in the total pore space and pore connectivity. Smith et al. (2001) showed that compaction tends to flatten the typical S-shaped of the SWRC. Their analysis shows that for high matric potentials (from 0 to −10 kPa), compaction causes a reduction in water content and an increase in water content for low matric potentials (from −250 to −1,550 kPa). Their study shows a decrease in macropores and an increase in micropores could explain this hydraulic behavior. Above the SWRC inflection point are empty structural pores, and below are mainly empty textural pores (Alaoui et al., 2011).

In addition, compaction considerably influences flow and solute transport in soils. For instance, preferential flow increased for sieved, and reconditioned, and compacted sandy loam samples (Mooney and Nipattasuk, 2006). The rate of flow through a soil is directly proportional to the hydraulic conductivity of the soil. Alaoui et al. (2011) show that compaction causes a decrease in saturated soil hydraulic conductivity (Ks) in a context of reduced tillage of loamy soil with a low organic matter content. Specifically, the study found that as soil compaction increased, the saturated hydraulic conductivity decreased with a bulk density range of 1.3–1.5 g/cm3 and a low organic matter content of 0.9%. However, Mossadeghi-Björklund et al. (2016) revealed an increased hydraulic conductivity near saturation for water contents below field capacity which they claim is a result of increased connectivity between small pores as a result of compaction. Other studies have shown that compaction causes a reduction in conductivity and pore connectivity (Hansson et al., 2018). These conflicting results imply that the quantification of the physical effects of soil compaction is complex.

The impact of soil compaction on water flow patterns in agricultural soils depends on prevailing conditions (soil erosion, soil acidification, Soil organic matter depletion etc.) (Zhang et al., 2006) but are still poorly understood (Mossadeghi-Björklund et al., 2019). In order to overcome this limitation, many experimental methods have been developed and tested over the years. A widely used experimental method is the simplified evaporation method (SEM) (Schnider, 1980) based on the method of Wind (1968). This method has many advantages over the traditionally used methods that include the pressure plate apparatus, the dew point method, and the sand box method (Schelle et al., 2013). It is a useful tool for quickly estimating SWRC of soil samples in the field or laboratory and is considerably simpler and faster to perform.

The HYPROP© automated device (Hydraulic Property Analyzer, Meter Group Inc., Pullman, WA, USA) is based on this method. It generates a high-resolution hydraulic dataset with excellent results compared to traditional approaches such as multistage flow (Schelle et al., 2010; Zhuang et al., 2017). This method is often combined with a WP4C potentiometer (Decagon Devices, Inc. Pullman, WA, USA) to accurately estimate the water content on the dry portion/range of the SWRC and interpret and model the soil water behavior. This modeling approach can be combined with a laboratory experiment to analyze changes in retention and unsaturated conductivity (Kuang et al., 2021). It also relates these hydrological characteristics to the physical properties of the soil (soil bulk density). It is the most practical method with a relatively high degree of confidence (Haghverdi et al., 2020) and can be used to collect experimental data, but collecting enough data to create the entire SWRC and SHCC can be difficult, so the numerical modeling is necessary.

Soil hydraulic models are mathematical representations of the relationships between the soil water content, soil water potential, and hydraulic conductivity. These models can be used to fit experimentally obtained data to predict water movement in soil and to help better understand the effects of soil properties on soil hydrology. Among the most popular soil water behavior models are the van Genuchten (1980) model and the Peters et al. (2015) model, accounting for the effect of film and flow in very dry soils. These models may not adequately describe the behavior of soils under all conditions, so it is crucial to investigate the performance of these models before performing any hydrological simulation. The van Genuchten and Peters models are being discussed as a comparison and validation of the results obtained from the HYPROP with a WP4C potentiometer. In this perspective, our study hypothesizes that soil hydrodynamic parameters, that are mainly represented by the SWRC and SHCC, differ as a function of compaction levels. Then, we simulated soil compaction scenarios using HYDRUS-1D software with the dual porosity model in order to calculate the irrigation amount for different compaction levels which is beneficial for future agricultural practices. The general objective is therefore to investigate the effect of compaction on the hydrodynamic properties of cultivated soils using the HYPROP evaporation measurement device with an extended measurement range. The specific objectives are to:

1. Evaluate and compare the performance of retention and unsaturated conductivity models for different levels of compaction.

2. Estimate the variation in hydrodynamic parameters for compacted soils, including determining the effects of increasing bulk density on the SWRC as well as the SHCC.

3. Test compaction scenarios in the context of precision irrigation using HYDRUS-1D.

The paper is structured as follows: Section 2 presents the materials and methods applied to conduct the experiments; Section 3 discusses the results obtained for each specific objective including a case study that simulates precision irrigation scenarios for the potato crop; Section 4 highlights some of the obtained results, which are compared with those in the literature; and Section 5 summarizes and concludes the paper.



3. Materials and methods


3.1. Soil sample characteristics

The study was conducted on loamy sand soils obtained from a potato field (Goldrush species) in Dolbeau-Mistassini (48° 51′ 31′' N, 72° 11′ 50′' W) in Québec, Canada. The collected soils were homogenized then air-dried and passed through a 2-mm sieve. The soil's particles size properties (sand-silt-clay) were determined using the laser diffraction method (Mastersizer 2000 with liquid sampling hydro 2000, MALVERN instruments Ltd., WOR, UK) and according to the USDA classification. Soil organic matter content was determined by the loss on ignition method (CEAEQ, 2003) and the soil water pH was measured after the samples were air dried using an Orion 4-star meter benchtop pH/ISE meter (Thermo Fisher Scientific Inc, USA). The soil contains 82.32% sand, 17.67% silt, 0% clay, 5.04% organic matter and a pH of 4.76.



3.2. Measurement procedure

Five levels of soil compaction (C0: 0%, C30: 30%, C40: 40%, C50: 50%, and C70: 70%) were developed by artificially compacting the soil for a bulk density of 1.0, 1.3, 1.4, 1.5, 1.7 g/cm3, respectively, in sample rings of 250 ml (Ø 80 mm, 50 mm height). The sample is compacted by dropping a standard hammer from a specified height onto the sample in the container. The compaction process is repeated several times until the desired level of compaction is achieved. The experiments were carried out in four replicates for each soil compaction level. The saturated hydraulic conductivity Ks was determined using the constant head method (Reynolds and Elrick, 2002). The pF (pressure head) value, together with the WC (water content), is used to describe the soil moisture level. The WC for the pF/WC curve and the unsaturated hydraulic conductivity were measured for the different compaction levels using the hydraulic proper analyzer (HYPROP, Meter Group, Pullman, Washington) combined with WP4C (PotentioMeter, Meter Group, Pullman, Washington) according to the instructions from the operation manual. The export, evaluation, and fitting of the measuring data were performed using HYPROP-VIEW and HYPROP-Fit software (Pertassek et al., 2015).



3.3. Models

We have simulated the 16 soil hydraulic models included in the HYPROP-Fit software grouped into four categories: original unimodal, PDI variants, bimodal variants, and bimodal-PDI variants. These models are used to simulate and predict water movement in the soil and to help understand the effects of soil properties on soil hydrology. The first category comprises the Brooks and Corey (1964) model, the Fredlund and Xing (1994) model, the Kosugi (1996) model, the van Genuchten (1980) constrained model (VG model), and the unconstrained model (VGm model). These models are also included in the other categories, except for the Brooks and Corey model. The bimodal variants did not contain the Fredlung and Xung model either.

In general, the bimodal model of the soil hydraulic models assumes that the soil consists of two distinct categories of pores and the PDI (pore-size distribution index) model considers the distribution of pore sizes and their associated hydraulic conductivities. The VG model is the most widely used for SWRCs and several researchers have attempted to improve the performance of the van Genuchten-Mualem (VGm) model (Kuang et al., 2021), including modifications to the model parameters and incorporating additional soil properties. Some studies have reported improved accuracy in predicting soil water content and hydraulic conductivity using these modified VGm models. However, the success of these attempts may depend on the specific soil properties and conditions being modeled.



3.4. Water retention curve fitting

This section introduces the VGm-b-PDI model, which is a variation of the bimodal unconstrained van Genuchten model and uses the Peters-Durner-Iden parameterization (Peters, 2013). The saturation function of water adsorption Sad is defined by the following expression:
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xa and x0: are pF values at suctions at ha (ha: the suction at the air entry for the adsorptive retention) and h0 [h0: the soil tension at zero water content (106.8 cm, corresponding to the oven dry conditions at 105°C, respectively; b: is the shape parameter and it is calculated using the equation below; n: the SWRC shape parameter; θr and θs: are the residual and saturated water contents of the soil, respectively (cm3/cm3)].

The scaled weighted sum of the two unimodal subfonctions and can be expressed as follows:
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Γ(h): is the basic saturation function and is calculated using the previous equation; Γ0: is the basic function at h = h0; wi: weighting factor for the subfunction and 0 <wi <1; m: shape parameter; h: suction; α: curve shape parameter

[image: image]
 

3.5. Unsaturated hydraulic curve fitting

The soil unsaturated hydraulic properties were described using the PDI model of Peters (2013) that considers the film and the corner flow properties in arid soils and it is the sum of the capillary and the film conductivities (Rudiyanto et al., 2020). The equations are not shown here due to their mathematical complexity, but the reader can consult Peters et al. (2015) for more information.



3.6. Choice of performance criteria

The accuracy of the model predictions of the soil water content and unsaturated conductivity was evaluated based on four statistical parameters namely:

The mean bias error (MBE):

[image: image]

The mean absolute error (MAE):
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The root mean square error (RMSE):
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The correlation coefficient (r):
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Where E and M are, respectively, the fitted and the measured values of SWRC and conductivity data, [image: image] et [image: image] are the adjusted and measured mean values of SWRC and conductivity data and n the number of data points.

The lower the value of MAE, the higher the accuracy of the model. The RMSE measures the amount of error between two data sets and the lower RMSE values indicate a better model fit. The MBE indicates the average bias of the prediction and a value of zero indicates perfect agreement between the observed and predicted values. However, the closer the value of r is to one, the better the fit of the model between simulated and observed data.



3.7. Statistical analysis

The statistical analyses have been performed using R v4.1.2 statistical analysis software (R Core Team, 2019). The normality of the data was recognized using the Shapiro-Wilk test and the homogeneity of variance was validated using the Levene's Car Packet Test (Fox and Weisberg, 2020). Differences are considered significant when p values are less than 0.05 (LSD test, p < 0.05) including ANOVA test followed by Tukey's test using the Agricolae package (Mendiburu, 2019).



3.8. Calculation of the plant available water

The readily available water (RAW), commonly measured as the difference in the volumetric water content between the soil potential at −33 and −1,500 kPa, is defined by:

[image: image]

It is the amount of available water before irrigation is required (IA, 2005).

Where:

• MAD is the maximum allowable depletion or deficit (%), and typical values for MAD are given by Doorenbos et al. (1979) in table format for nine rates of maximum evapotranspiration and four crop groups according to stress sensitivity.

Soil matric potentials (SMP) of −33 and −1,500 kPa are, respectively, field capacity (FC) and permanent wilting point (PWP), which are frequently used as indicators of soil water content (Kirkham, 2005).

In our case study, we defined the water availability (WA) as the difference in the volumetric water content between the potato soil matric potential at −15 and −30 kPa. These thresholds were determined in a previous study of Matteau et al. (2021). It is estimated using the equation below:

[image: image]

Where: WA is the amount of water available to plants (mm); θ−15 is the volumetric water content at −15 kPa (cm3/cm3); θ−30 is the volumetric water content at −30 kPa (cm3/cm3); Dr is the depth of the root zone or depth of a layer of soil within the root zone (mm) and can be found in a table compiled by Doorenbos and Pruitt (1977) and Maas and Hoffman (1977).




4. Results


4.1. Soil physical characteristics

The results of the measurements from the replicates for each compaction level were averaged to determine the water retention and conductivity. The logarithmic transformation of water tension (pF values) ranged from −0.147 to 6.28. The measured saturated water content ranged from 0.37 to 0.63 and was calibrated with the porosity values, with an average θs value of 0.49 cm3/cm3. The initial water content ranged from 41.2 to 51.88%. Table 1 provides an overview of some of the physical properties of the soil (average values of the replications).


TABLE 1 Soil physical properties.

[image: Table 1]



4.2. Assessment of models overall performance

For the SWRC, results showed that the VGm-b-PDI model has the best performance with an RMSE of 0.0469 cm3/cm3 (MAE of 0.0361 cm3/cm3) followed by the K-b model with an RMSE of 0.047 cm3/cm3 (MAE of 0.0371 cm3/cm3). Model BC showed the lowest accuracy with an RMSE of 0.0483 cm3/cm3 (MAE 0.0379 of cm3/cm3). The r values ranged from 0.909 to 0.914 with the lowest r observed for model BC and comparable values for the other models. We summarized the performance of the extended water-retention function and presented the overall result with the statistical parameters in Table 2. Table 3 show the model error distributions as RMSE for θ for the different compaction levels.


TABLE 2 Overall performance of the SWRC models.

[image: Table 2]


TABLE 3 RMSE of SWRC for different compaction levels.

[image: Table 3]

We evaluated the performance of the models for the soil hydraulic conductivity curve (SHCC) by calculating the RMSE values of HYPROP-Fit, which represent the difference between the measured and estimated log10(K) data. The RMSE values for the different compaction levels are displayed in Table 4, and they are all close to the assumed measurement errors of n for the logarithmic conductivity data. The hydraulic model did not reveal any bimodal behavior, and the PDI model was found to be well-suited to express it. Among the models tested, VGm-PDI showed the best performance for the SHCC.


TABLE 4 RMSE of log10(K) for different compaction levels.

[image: Table 4]



4.3. Soil hydraulic characteristics

The SWRC and the SHCC that have been fitted with the van Genuchten models are detailed in the next section.


4.3.1. Soil water retention

The soil water retention data was fitted using the van Genuchten's unconstrained bimodal PDI model (VGm b-PDI). The figure below (Figure 1) shows the water retention curves measured with the extended range of evaporation measurements for each compaction level.


[image: Figure 1]
FIGURE 1
 Measured soil water retention curves as function of matric potential at different compaction levels (C0, 0%; C30, 30%; C40, 40%; C50, 50%; and C70, 70%).


The relationship between water content and pF changed more drastically over small changes in pF values. The water content decreases linearly in the suction range and varied with the compaction levels in both humid and dry range. In the humid range, which is generally defined as pF values between 1 and 3, the volumetric water content tends to be higher for more compacted soils, and lower for less compacted soils. In the dry range, which is generally defined as pF values between 3 and 4.2, the relationship between compaction level, pF, and water content is more consistent. As the soil becomes more compacted in the dry range, the available soil water decreases and the pF value increases. This means that for a given compaction level, the soil will hold less water at higher pF values.



4.3.2. Saturated hydraulic conductivity

The saturated hydraulic conductivity Ks (cm/day) for the five compaction levels is presented in Figure 2. Results show that Ks decreased when soil bulk density increased, and the lowest Ks value is due to the existence of a solid medium and least connected pores as soil compaction level increases. We also assumed that the remaining conductivity parameter Ks values might need a correction in the HYPROP-Fit because the instrument provides unreliable K(pF) data near saturation and overestimates the saturated conductivity values according to the HYPROP-Fit manual.


[image: Figure 2]
FIGURE 2
 Measured saturated hydraulic conductivity at different compaction levels by the constant head test.




4.3.3. PDI hydraulic conductivity model

The PDI-variant of the unconstrained van Genuchten model (VGm PDI) model is the most accurate for unsaturated conductivity and was used to simulate the SHCC after forcing the Ks values into the HYPROP-Fit software. Figure 3 shows the observed hydraulic conductivity data as a function of pressure head. The SHCC decreases with increasing matric suction due to dry pores blocking water flow (Zhai and Rahardjo, 2015). Furthermore, the conductivity estimates for the C50 and C70 groups are aligned because the soil structure becomes more homogeneous, which means that the distribution of pores is more uniform, resulting in a consistent hydraulic conductivity.


[image: Figure 3]
FIGURE 3
 The measured unsaturated hydraulic conductivity as function of the matric potential at different compaction levels (C0, 0%; C30, 30%; C40, 40%; C50, 50%; and C70, 70%).




4.3.4. Tortuosity, air content and diffusivity calculations

The tortuosity designed by ξ(–) is a connectivity parameter for gas transport, which is considered as a fitting parameter. The value of the gas tortuosity parameter cannot be directly measured, but it was calculated from Millington and Quirk (1961) and represented in the equation below:

[image: image]

Where: θs and θa are the saturated water and air contents of the soil, respectively (cm3/cm3): Tau: empirical parameter for the conductivity function, related to pore tortuosity and pore connectivity; omega: weight parameter for film flow contribution to the hydraulic conductivity.

Table 5 summarizes the different values of the calculated parameters. In this table we can notice that the total porosity Φ and the air content decrease with increasing bulk density for potentials 6, 18, 33, 1,500, 6–1,500, and 33–1,500 kPa. Gas tortuosity values based on the formula of Millington and Quirk (1961) are proportional to air content θa and inversely proportional to saturated water content θs and decrease when bulk density values increase. Thus, according to Penman (1940a,b), gas tortuosity values also reduced, and ξ (θ) values increased with higher compaction levels for different values of matric potentials.


TABLE 5 Total soil porosity Φ, volumetric soil air content (θa), air diffusivity and vapor diffusivity.

[image: Table 5]

The average value of air diffusivity Da is 2.46 E-05, decreasing with increasing soil bulk density for different values of matric potentials.




4.4. Influence of compaction levels on models parameters

The statistical results show that the means of the model parameters (VGm b-PDI; VGm PDI) of all compaction levels are considered equal. The analysis indicated that these parameters varied significantly with the effect of compaction levels. The estimated SWRC parameters using the VGm b-PDI model are listed in Table 6. A Principal Component Analysis (PCA) was performed across the compaction level to identify the most strongly related parameters of the retention and conductivity functions. The parameters n1, n2, m1, θr, and θs are those that have more contribution to the SWRC model.


TABLE 6 Mean parameters of the PDI variant of the bimodal van Genuchten-Mualem unconstrained water retention (VGm b-PDI) associated to different compaction levels.

[image: Table 6]

The curve-shape parameters n1 and n2 are related to the pore size distribution in the matric domain (Meurer et al., 2020). The mean values of the parameter n1 (shape parameter for the width of the bimodal retention curve) vary from 1.01 to 11.407. For n2 (shape parameter for the bimodal retention curve), the mean values vary from 5.0075 to 15. The differences in the parameter n1 and n2 are significant and values of the parameter m1 are also more variable and range from 0.128 to 1. The residual water content θr refers to the soil matric that decreases rapidly with insignificant changes in water content and it varies among different compaction levels and ranges from 0.11 to 0.13 cm3/cm3. The saturated water content θs varies from 0.45 to 0.49 cm3/cm3.

The PCA indicated that the unsaturated conductivity parameters including Ks, tau and omega have significant contributions too. As the compaction level increased from C0 to C70, the tau values increased from 0.6 to 1.3 and the omega values ranged from 7.83E-05 to 1.02E-03. Mean values, standard deviations and standard errors are provided for each measurement in Table 7.


TABLE 7 Statistical description of the unsaturated conductivity function parameters based on the VGm PDI model.

[image: Table 7]



4.5. Effect of soil compaction on plant available water

Based on the previous work of Matteau et al. (2021), the matric potential levels −15, −18, and −30 kPa were selected corresponding to the lower, optimum, and upper limits, respectively, for highest potato (Goldrush species) marketable yield. The variation of the water depth for the selected matric potential levels are shown in Figure 4. The results show a general increase in water content values with increasing compaction level from C0 to C70.


[image: Figure 4]
FIGURE 4
 Water content for different soil water potentials levels (−15, −18, and −30 kPa).


The comparison between the readily available water RAW at −33 and at −1,500 kPa and the Water availability (WA) in the optimal matric potential range for potatoes at −15 and at −30 kPa with the compaction level is shown in Figure 5. The RAW increases considerably with increasing compaction level and in contrast the WA increases to C40 and then drops to zero.


[image: Figure 5]
FIGURE 5
 The water availability (WA) and the readily available water (RAW) with the compaction level.



4.5.1. Calculation of the water-filled pore space

The water-filled pore space (WFPS) is determined by water content and total porosity (Farquharson and Baldock, 2008) and the calculation was realized with the following equation:

[image: image]

For further evaluation of the relationship between compaction and WFPS, calculations were performed for the 3 SMP −15, −18, and −30 kPa. Figure 6 depicts the relationship between the compaction level and the WFPS performed at different soil matric potentials. Results show that increasing the soil compaction level from C0 to C70 increased the WFPS by 58.2, 66.03, and 72.29% for the −15, −18, and −30 kPa matric potentials, respectively, and these results agree with the findings of Balaine et al. (2016).


[image: Figure 6]
FIGURE 6
 Water filled pore space (WFPS) (%) for different soil water potentials levels (at −15, −18, and −30 kPa).




4.5.2. Estimation of field capacity

Assouline and Or (2014) revised the concept of field capacity by estimating effective soil saturation using Lehmann et al. (2008). We used this approach to calculate the water content at field capacity with the different levels of compaction (Figure 7). Using the Assouline and Or (2014) approach (Figure 7A), we can conclude that the SMP level of −33 kPa (Figure 7B) overestimates the water content at field capacity and is inappropriate not only for calculating irrigation volume for potatoes but also for calculating the RAW.


[image: Figure 7]
FIGURE 7
 Water content at Field Capacity for different compaction levels. (A) Assouline and Or (2014) approach; (B) −33 kPa.





4.6. Case study: simulation of precision irrigation scenarios with HYDRUS-1D

To further study the effects of soil compaction on soil hydraulic properties, we simulated soil compaction scenarios using the HYDRUS-1D software (Šimunek et al., 2016). The dual porosity model (Gerke and van Genuchten, 1993) was used to account for the heterogeneity of the soil pore space. The estimated SWRC parameters using the bimodal-constrained model of van Genuchten (VGb) are listed in the Table 8.


TABLE 8 Soil hydraulic bimodal VG parameters for HYDRUS modeling.

[image: Table 8]

For this study case, we used 153 days of 2018 of meteorological data from a potato field near Québec-City, Canada as input for the simulation. The simulation was performed for a depth of 100 cm with a time step of 1 day. Soil hydraulic properties were calculated using data from HYPROP with different compaction levels, namely C0, C30, C40, C50, and C70 corresponding to compaction percentage from the bulk density. The boundary conditions were set as top, atmospheric (Rainfall and evapotranspiration) in Figures 8A, B and at the bottom free drainage. We also add a trigged irrigation condition. Irrigation started based on the matric potential at the root zone (−180 cm), 20 mm was applied in 24 h when this condition was reached. Figure 9 shows the relationship between soil matric potential, soil moisture and soil hydraulic conductivity. The red lines on Figure 9 represent the irrigation limits, which indicate the beginning (−180 cm) and end (−250 cm) of the irrigation period. The SWRC data at the start time of irrigation shows that the water content expressed in cm3/cm3 for non-compacted soil (C0), low compaction (C30), and moderate compaction (C40) are, respectively, 0.175; 0.31, and 0.34. For a high level of compaction (C50) the water content decreased to 0.17 and then increases to 0.24 for an extremely high level (C70). It is observed that the unsaturated conductivity decreases as the soil matric potential increases. The unsaturated K values expressed in decimal logarithm (cm/day) increase from the C0 level to the C70 level but drops for C30. The shape of the SHCC can indicate the drainage properties of the soil. A steep curve indicates a soil with a high drainage rate, which represents low compacted soils, while a flat curve indicates a soil with a low drainage rate which are high (C50) and extremely compacted soils (C70).


[image: Figure 8]
FIGURE 8
 Simulation input parameters for the case of study of irrigation management. (A) Rainfall for growing season of 2018, including rainfall and irrigation; (B) The crop evapotranspiration for culture season of 2018.



[image: Figure 9]
FIGURE 9
 Retention and conductivity curves using the bimodal VG model for the five compaction levels using the HYPROP fitted parameters.


Figure 10 shows the soil matric potential at the root zone (SMP), the volumetric water content for the 153 days of simulation, and the five compaction levels. We can see that the behavior is quite different for both the SMP and volumetric water content. During the beginning of the season, the soils have a water content of 40% and a matric potential value of −125 cm, then drop to −600 cm for the non-compacted soil (C0) with 11% water content and −450 cm for C70 with only 5%. The water flux took more time for C70 level when compared to less compacted soils within a period of 30 days. After that, we observe two irrigation peaks at days 80 and 90 to exceed 30% water content, and the SMP reaches −250 cm for the C50 level. The soil dries out differently depending on the degree of compaction and the volume of water increases with the increase of the compaction level but drops for the high and extremely high levels C50 and C70. Based on the calendar irrigation period, the optimum moisture range is between −200 and −400 cm and the lower and upper limits of water content are 0.15 and 0.25 cm3/cm3, respectively.


[image: Figure 10]
FIGURE 10
 Soil matric potential (SMP) at 15 cm below the soil surface for the five compaction levels and the volumetric water content.


The idea was to see the effect of soil compaction on irrigation management. Figure 11 shows the irrigation amount for the five compaction levels. The volume of irrigation increases from C0 to C30 and remains unchanged for C40. But the water content decreases at a high compaction level (C50) and increases slightly at an extremely high level (C70).
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FIGURE 11
 Irrigation amount for the five compaction levels over the 153 days.





5. Discussion

In the present study, the HYPROP approach showed that the VGm b-PDI model presents satisfactory results for the soil water retention curves. According to METER Group (2023), the bimodal curve can be described as a “stair step” curve resulting from a pore size distribution that includes many small and large pores, but lacks medium-sized pores, which is referred to as a “gap-graded” pore size distribution. However, the unsaturated hydraulic conductivity curve performed well with the VGm PDI model and did not show bimodal behavior because it occurred outside the range of micropores identified with the WP4C dataset (Lipovetsky et al., 2020).

Another point of discussion is the increase of water content with compaction that causes an increase in water content leading to homogenization and, thus, a particle rearrangement. It is documented that the compacted soil layers have relic soil pores that are connected to structural pores, and they are responsible for the increase of the volumetric water content (Richard et al., 2001). Balaine et al. (2016) reported in their study that an increase in soil bulk density also affected the pore size distribution: soil macroporosity (pores with a diameter of >30 μm) decreased. Meanwhile, the mesoporosity (pores with a diameter of 30–0.2 μm) and microporosity (pores with a diameter of <0.2 μm) increased. Parvin et al. (2017) indicate that the size of pore openings influences the drying process and that soils having an appropriate macropore amount but without good connectivity are not hydraulically efficient. Mossadeghi-Björklund et al. (2019) showed that the macropores (≥0.3 μm) decreased from 10 cm (BD = 1.27 g/cm3) to 30 cm (BD = 1.38 g/cm3), but the large mesopores (0.3–0.006 μm), as well as the small mesopores (0.06–0.03 μm), increased.

The RAW increase with increased soil compaction, depending on the initial soil water content and the level of compaction. However, when soil is compacted, in the same volume (as is the case here because the HYPROP cylinders all have the same volume), there are more soil particles, and therefore more water storage potential. Therefore, the water availability initially increases with increased compaction due to an increase in water retention capacity. When soil compaction reaches a certain level, the soil particles become densely packed, which limits the infiltration of water and causes a significant decline in water availability.

For the modeling of the case study with HYDRUS1-D, we used Durner's dual porosity model by implementing the bimodal parameters of the constrained VG model since the software version does not have the unconstrained bimodal VG model. When considering some scenarios, the soil matric potential in conjunction with water content helps us to understand the water availability (WA) and then calculate the required irrigation. The SMP indicates the water comfort range of potatoes, and the soil water data shows what changes are occurring in the soil due to daily water absorption and indicates the amount of water required to maintain the root zone at an optimal level.

For the same SMP, the unsaturated K increases because we have more micropore for the same level of compaction. We also have an increase in soil water retention, which means that the soil can hold onto more water, but this water may not be easily available to plant roots. The potatoes started to stress, even though the soil was still quite wet, although there is water available in the soil, it cannot flow to the roots of the plants.

The moderate compaction levels provide a beneficial plant-soil water regime through increased soil particle contact and water retention, reducing moisture loss (Brown and Hoxie, 1998). As a result, when the irrigation amount is increased on a compacted soil, the water may not be able to penetrate the soil quickly enough to be absorbed by the plant roots, leading to water wastage and a decrease in irrigation efficiency. The decrease in irrigation amount with compaction is due to the reduction in soil hydraulic conductivity, which leads to reduced infiltration rates and water availability for plant uptake. These results provide both indications of the hydraulic behavior of compacted soils and irrigation management.



6. Summary and conclusions

In this study, simplified evaporation tests were conducted on loamy sand soil planted with potato (Goldrush species) with different soil bulk densities to investigate the effect of compaction on the hydraulic properties.

Based on the experimental results, following conclusions can be obtained:

(1) The simplified evaporation and dew point methods described adequately the soil hydraulic characteristic curves.

(2) The independent measurements of Ks are important.

(3) Compaction had a clear effect on SWRC.

(4) The dual-porosity soil model was used to evaluate the SWRC parameters. The van Genuchten PDI-bimodal SWRC (VGm b-PDI) was adopted to compare and discuss the effect of compaction. This dual porosity behavior includes the existence of distinct but interacting macro and microporous regions. The calibration of the n values of the SWRC curves for non-compacted C0 soils was required.

(5) For SHCC, the model revealed a change from the van Genchuten bimodal to unimodal distribution but also more with those predicted by PDI. However, the changes in the SHCC were noticed after forcing the hydraulic conductivity values. With the use of the calibrated Ks, the statistical analysis improved.

(6) The optimization of the specific soil hydraulic parameters for the compaction levels has shown that determining the precise irrigation volume for each level can be an effective irrigation practice.

(7) Soil compaction can significantly affect the availability of water to potatoes through irrigation. In fact, the irrigation amount decreases with compaction.

(8) At a moderate compaction level (C40), the irrigation amount for potato cultivation was optimal.

Overall, the combined methodology of HYPROP and HYDRUS 1D contribute to an excellent soil description of compacted soil hydrology, therefore, we recommend testing a wide range of soil types with different compaction levels.
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