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Leptospermum sp. with dihydroxyacetone in their nectar are a source of high-value medicinal honey production and can provide income from agriculturally marginal lands. The current study was from two newly planted Leptospermum nitens sites, one with duplex soil and the other in deep sandy soil, in the low rainfall areas of the south-west of Western Australia, with the aim of identifying key soil parameters influencing the plantation’s survival and growth. Electromagnetic induction (EMI) at different depths was used to investigate the possible impact of soil variability on the Leptospermum nitens plantations. Two EMI surveys were conducted at each site, at different times of the year, to account for soil moisture variability (relatively dry and wet conditions). A least-square inversion algorithm was used to determine true electrical conductivities at three different soil depths (0–0.5, 0.5–0.8, and 0.8–1.6 m) to produce quasi-3D maps of soil inverted electrical conductivity. Corresponding soil samples from each depth were used for the physico-chemical analysis of soil parameters and to develop laboratory-based electrical resistivity to soil volumetric moisture calibrations with R2 values between 0.95 and 0.99. Shrub survival and growth (canopy diameter) were estimated using unmanned aerial vehicle (UAV) images and machine learning. Comparing EMI soil mapping with UAV imagery results showed significantly greater shrub survival and growth (p < 0.001) in areas with higher ECa ranges of 12–24 mS m−1 at the variable textured site and 6–9 mS m−1 at the uniformly sandy site. Overall, the variable textured site, with an 82% survival rate, had a significantly higher shrub count and larger plants than the uniformly sandy site, with a 75% survival rate. A principal component analysis (PCA) identified inverted EC to be strongly correlated with soil moisture > pH > soil texture. Such soil mapping may be a robust and effective method for risk assessment of new shrub plantations.
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1 INTRODUCTION
Land degradation and associated dry land salinity is a major challenge in Australia caused by the removal of native vegetation (Stirzaker et al., 2002). Land clearing and intensive cereal/annual pasture rotations have exposed surface soils to excessive wind and water erosion, often in combination with dryland salinity issues, under semi-arid rain-fed conditions (Lamb, 2014). In response, most farmers have adopted no-tillage cropping practices with crop residue retention (D’Emden et al., 2008). According to the latest estimate, more than 1 million ha of south-west Western Australia (WA) is affected by salinity resulting in the loss of at least $519 million per year (Australian Bureau of Statistics, 2002; Furby et al., 2010). Indeed, the current scale of this degradation problem now requires landscape level mitigation responses such as reforestation (George et al., 2012). Species identified for mitigation are mainly selected based on their ecological role; however, estimated costs of such reforestation plans often exceed the value of the land (Lamb, 2014; Harper et al., 2017). A major factor affecting large-scale reforestation is to obtain an impactful hydrological response without displacing farm production (Harper et al., 2014). Therefore, market-driven reforestation has the potential to encourage the integration of perennial plants into existing farming systems (Mendham et al., 2011). A recent report on high-value honey derived from Leptospermum species in Australia has identified the opportunity for bioactive honey production at a commercial scale, either by diversifying traditional agricultural regions such as the WA wheatbelt region or by using unproductive lands through revegetation-focused projects (Cokcetin et al., 2019).
Leptospermum is a member of the Myrtaceae family, with 300 genera and more than 3,800 species, with 85 out of 88 identified Leptospermum species in this region being native to Australia (Bean, 1992, 2004), and 15 of which are native to WA. Leptospermum is endemic Australian species (Thompson, 1989), closely related to the widely studied and commercially successful L. scoparium, found in Tasmania, the north-west mainland of Australia, and in New Zealand (Porter and Wilkins, 1999; Stephens et al., 2005; Adams et al., 2009; Wicaksono et al., 2016; Thrimawithana et al., 2019). These species are renowned for their essential oils and nectar production for honey and are also used as ornamental shrubs. Leptospermum honey is popular for its synergistic impact with common antifungal and antibacterial agents (Lu et al., 2013; Cokcetin et al., 2016). The high/medicinal value of Leptospermum honey is due to the presence of the chemical component methyl glyoxal (MGO), which is formed from its precursor dihydroxyacetone (DHA) (Adams et al., 2008; Mavric et al., 2008). Not all Leptospermum species produce DHA in their nectar. The WA’s species, Leptospermum Nitens (Turcz), has been shown to produce higher DHA and MGO levels than L. scoparium (Williams et al., 2018).
Leptospermum is a common seral shrub in succession to forest. They are usually known as a woody weed of pastures (Burrell, 1965) and are useful for erosion control (Marden and Phillips, 2015), carbon sequestration (Scott et al., 2000; Beets et al., 2014), and vegetation restoration (Marden and Phillips, 2015). Mostly, they are dominant in low fertility, poorly drained environments (Thompson, 1989), grasslands, woodlands, and heathlands (Burrell, 1981; Bennett, 1994). Since these plants can adapt to various soil and climatic conditions (Dodson et al., 1995; Hageer et al., 2017), it is expected that they will be responsive to managed cultivations (Cokcetin et al., 2019). Developing the commercial aspects of this species from an ornamental plant to a pharmacologically active plant can make it a potential priority candidate for agroforestry (Cokcetin et al., 2019).
Site assessments are useful practical tools for planning agricultural land management, but limited information is available regarding the impact of soil variations on the establishment of new native shrub plantations. Electromagnetic induction (EMI) may be a promising tool for soil surveying when establishing new native plantations. EMI sensors, which can take readings at different depths simultaneously, provide the simplest and least expensive method to assess soil variations on a broad scale. These non-invasive sensors measure the contactless bulk soil electrical properties that contribute to the apparent electrical conductivity (ECa). The measured soil Eca is a response to conductive soil parameters such as salt content, soil moisture, organic matter, soil texture, bulk density, stratigraphic layers, or bedrock (van Wesenbeeck and Kachanoski, 1988; Triantafilis et al., 2000; James et al., 2003; Corwin and Lesch, 2013; Doolittle and Brevik, 2014; Dakak et al., 2017). Generally, EMI assessments are used in agriculture (Hedley and Yule, 2009; Hanssens et al., 2019; Arshad et al., 2020; Shaukat et al., 2022) and especially for quantifying the risks related to salinity (Scudiero et al., 2017; Paz et al., 2020; Farzamian et al., 2021). However, Bennett and George (1995) conducted an EMI survey to quantify salinity for the new plantations of Eucalyptus globulus and suggested that this method could be used for assessing soil variations for risk assessments before establishing new plantations.
Moreover, remote sensing methods are becoming mainstream in planning for tree plantations and their management (Charron et al., 2020; Dainelli et al., 2021; Dixon et al., 2021). In particular, drones/unmanned aerial vehicles (UAVs) provide efficient aerial mapping and estimation of deforestation rates, quantifying above ground biomass, monitoring climatic impacts on land use, woodlands, and forest ecosystems, and getting information from the sites that are difficult to reach (Pádua et al., 2017; Raparelli and Bajocco, 2019). A combination of new technologies for both soil and aerial surveys with quick turn-around times can provide data-driven decisions for agroforestry (Pádua et al., 2017).
L. nitens is one of the species identified with the potential of making the unproductive low fertility areas in the “wheatbelt” region of WA a “hot spot” for generating bioactive honey (Cokcetin et al., 2019). Limited information is available on a field scale to understand the impact of soil limitations, such as shallow, saline- or nutrient-deficient soils, on the survival and growth rate of L. nitens. Such information could possibly identify factors correlated to the yield and quality of nectar production for medicinal honey. The hypothesis of the current study was that EMI could be used to identify soil parameters related to L. nitens survival and growth across the two soil types. The overall aim was to develop a robust, rapid, and non-invasive soil mapping system to identify soil parameters influencing the performance of L. nitens for potential commercial cultivation across different soil types. A prognosis for the most suitable soil conditions for commercialization of L. nitens in WA is presented.
2 MATERIALS AND METHODS
Two sites with contrasting soils and newly planted L. nitens shrubs were selected for this study to understand the survival and growth of this species with respect to soil characteristics. The area has a Mediterranean–type climate with mild, wet winters and hot, dry summers. A Dualem-1HS EMI sensor was used for two soil surveys at each site, at two different times of the year, to include variable (relatively dry and wet) soil moisture conditions. Soil samples were also collected from the study sites to measure soil physical and chemical properties and to develop soil moisture vs. resistivity calibration curves for the different soil depths under laboratory conditions. In addition, shrub count (survival) and shrub canopy diameter (growth) estimation were done using unmanned aerial vehicle–UAV images and machine learning. EMI soil mapping was related to drone imagery results to understand the influence of soil variability on newly planted shrub survival (count) and growth.
2.1 Study Sites
2.1.1 Mooribin Badgingarra
This study site is 16 ha located in Mooribin Badgingarra in the Shire of Dandaragan, about 200 km north of Perth (115° 42′ 04.9″ E, 30° 16′ 27.3″ S; Figure 1A). From 1965 to 2021, the recorded mean daily temperature was 7.6°C in July and 34.6°C in January. The average annual rainfall was 530 mm, with 430 mm falling between May and October during the growing season and 100 mm between November and April during summer and autumn, with a mean annual cumulative evapotranspiration rate of 2,376 mm [Badgingarra research station, BADG 009037 (BOM, 2021)]. The soil is classified as an Arenosol by both the Australian classification system (ACS) (Isbell and National Committee on Soil and Terrain, 2021) and the international WRB system (IUSS, 2014). This area is classified under the Northern Kwongan or Sandplains and is recorded as a botanically important area (Griffin, 1994). General soil properties are brown to red-brown sands, which are non-wetting with subsurface acidity. The pH (CaCl2) range is 4.2 in the top 30 cm to 4.9 at 90 cm depth. Mixed farming operations are practiced in this area mostly focused on sheep and beef cattle production along with lupins and wheat crop rotations.
[image: Figure 1]FIGURE 1 | Top, location of the study area in Western Australia. Bottom, (A) Site 1–Mooribin and (B) site 2–Kukerin. ECa transects with EMI reading points (red dots) and soil sample locations (gray dots) (C) Leptospermum nitens plant.
2.1.2 Kukerin
This site is 20 ha, located near South Kukerin in the Shire of Dumbleyung, about 320 km south-east of Perth (33° 16′ 6.528″ S 118° 15′ 9.2376″ E; Figure 1B). From 1965 to 2021, mean daily minimum temperatures were 15.4°C in July and 31.2°C in January. Average annual rainfall is around 400 mm, with 300 mm falling from May to October and 100 mm from November to April, with a mean annual cumulative evapotranspiration rate of 1873 mm [Wagin weather station no. 010647 (BOM, 2021)]. The soil is classified as Brown Chromosol based on the Australian classification system (ACS) (Isbell, 2016) or Luvisols based on the international WRB system (IUSS, 2014). General soil features are a combination of sandy topsoils and red-brown sandy loams or sandy clay loams as the subsoil, typical of duplex soils (McKenzie et al., 2004). The pH (CaCl2) range is 4.7 in the top 30 cm to 5.6 at 90 cm depth. The land is mostly used for growing wheat and sheep farming.
2.1.3 L. nitens Plantation
L. nitens (Figure 1C) seedlings of 250 mm height and 2 mm stem diameter were planted with a row spacing of 6 and 2 m between plants with an average of ∼830 stems ha−1.
2.2 EMI Setup and Data Collection
An electromagnetic induction (EMI) sensor (Dualem-1HS) was used for soil surveys at both sites. This is a non-intrusive sensor with a fixed frequency, and it measures the apparent soil electrical conductivity (ECa). This sensor was portable and contained a transmitter coil (Tx) and two pairs of receiver coils (Rx) with depths of exploration (DOE) of 0.3, 0.5, 0.8, and 1.6 m from the surface. The DOE accounts for 70% of the array’s sensitivity (McNeill, 1980) and is determined by orientation and distance between Tx and Rx coils.
Two EMI surveys were conducted at both study sites in June (dry season) and August (after rains) 2019 (Table 1). To conduct the survey, the Dualem-1Hs was placed on a non-conductive polyethylene sled containing a GPS antenna. A light vehicle towed this sled across the fields at a speed of ∼5.5 ms−1. A recording was taken every two seconds, and each point was georeferenced with a horizontal accuracy of less than 0.5 m using the Beacon DGPS function of the Hemisphere GPS R130 unit.
TABLE 1 | Summary of EMI field surveys.
[image: Table 1]2.3 Soil Sampling and Laboratory Analysis
Soil samples for laboratory analysis were taken up to a depth of 1 m. The sample locations were chosen using the initial EMI survey, where uniform ECa areas were identified using natural breaks classification in QGIS software (QGIS.org, 2022). There were twelve soil sample locations at Mooribin and nine soil samples at Kukerin (Figure 1). The soil samples were collected using a percussion drill rig with an 8 cm diameter and 1 m long thick steel probe immediately after the surveys in August 2019. The soil samples were bulked by depth into 0–0.5, 0.5–0.8, and 0.8–1 m depths, which broadly corresponded to the main soil horizon boundary of the duplex soils at Kukerin.
Laboratory analysis included: gravimetric moisture content, particle size analysis (PSA) using laser diffraction, pH (CaCl2), electrical conductivity of soil saturated paste (ECe), cation exchange capacity (CEC), exchangeable aluminum (Al), potassium (K), calcium (Ca), magnesium (Mg), and sodium (Na) by atomic emission spectrometry with inductively coupled plasma (ICP–OES) using Perkin Elmer Optima 7300DV optical emission spectrometer (Nicia et al., 2018), extractable phosphorus (P) using colorimetric analysis–0.5 M NaHCO3 and UV-VIS spectrophotometer, and total carbon and nitrogen using CN elemental analyzer. All measurement techniques followed protocols used by Rayment and Lyons (2011) and McKenzie et al. (2002).
2.4 Laboratory Estimation of Soil Moisture (θ) Using Electrical Resistivity Tomography
To correlate ECa with soil moisture, laboratory-based calibration curves between volumetric moisture content (θ) and soil bulk electrical resistivity ρr were developed. Since resistivity (R) is inversely related to conductivity(C) (R = 1/C), this simple calibration relation provides reliable estimates of soil moisture status from an ECa map (Leopold et al., 2021). Soil sub samples with similar laboratory ECe (<10 μS m−1 difference) and texture were bulked together to reduce the number of samples for developing volumetric moisture (%) calibration equations. Furthermore, for the Mooribin site, which is uniformly sandy throughout, soil moisture calibrations for all the inverted soil depth slices (0–0.5, 0.5–0.8, and 0.8–1.6 m) were done using the single calibration equation. For the Kukerin site, soil moisture calibration for 0.8–1.6 m depth slice was done using the calibration curve developed from 0.5–0.8 m depth slice soil because this is a duplex soil with similar textural characteristics at these depths (Table 2).
TABLE 2 | Summary results of soil analysis for the two study sites.
[image: Table 2]The resistivity to soil water calibration curves was developed using the same method as described by Shaukat et al. (2022); in brief, a sub-sample of each soil depth was placed in a 10 cm × 6.25 cm × 4 cm plastic container and saturated with deionized water. A bulk density of 1.6 g cm−3 was used for Mooribin and 1.5 g cm−3 for Kukerin. Four electrodes at 1 cm spacing were inserted in the saturated soil sample, with the resistivity measured hourly. The whole setup was placed on an automatic scale (0.00 g) to track the weight difference over time of sample drying in a temperature control room at 25°C.
To validate the accuracy of prediction, this predicted soil moisture content was compared with the moisture content derived from the soil samples, which was converted from gravimetric to volumetric moisture units.
2.5 Measurement of L. nitens Survival and Growth
UAV imaging surveys were done at Mooribin on 11 December 2020 and at Kukerin on 12 December 2020 to map the survival (tree counting) and growth (shrub canopy diameter) of planted L. nitens. A DJI M600 6 Rotor drone provided with red, green, and blue (RGB) FC550 (15 mm focal length) camera to capture the images (Supplementary Appendices 1 and 2). UAV imaging was carried out around mid-day under a clear sky at the height of 106 m for Mooribin and 100 m for Kukerin. To improve the positional accuracy of the images, four ground control points (GCPs) were identified using a handheld RTK system and used for dereferencing the photogrammetry processing workflow. Imaging metadata is provided in Supplementary Appendices 1 and 2.
3 DATA PROCESSING
In brief, the EMI data was cleaned, and outliers were removed and then inverted to the depths of 0–0.5, 0.5–0.8, and 0.8–1.6 m. The inverted ECa was used to predict field-scale soil moisture using ERT–EMI power-law calibration equations, as previously described. Then, a deep-learning framework for automatically counting the shrubs in the UAV (drone) images was developed. Statistical analysis was performed to determine the main soil parameters at each site that may influence L. nitens survival and growth. The newly planted L. nitens survival and growth data were then compared across the different soil (ECa) zones/areas within each site to relate shrub performance to soil characteristics/map.
3.1 Outlier Correction
A python-based outlier detection algorithm, “hampel filter”, was used for the EMI field data attributed to any surface metallic objects. The filter works with the configurable moving median window and defined number of standard deviations (Delefortrie et al., 2014; Pearson et al., 2016). Here, we used the size of ten data points with three standard deviations to detect the outlier and replace it with the representative median value. Based on the set threshold, the detected outliers were less than 1% of the data in all the arrays. The code for this filter is available in the GitHub repository (Lewinson, 2019).
3.2 Quasi-3D Inversion of Electromagnetic Conductivity Imaging
ECa obtained from the EMI surveys was a weighted average of conductivity over a full depth of exploration. EM4Soil software (EMTOMO, 2018) package was used to invert these weighted averages to depth-specific conductivities or true conductivities (σ, mS m−1) (Monteiro Santos et al., 2010, 2011), which are further mentioned as inverted EC. The quasi-3D inversion algorithm used was based on the assumption that 1-dimensional variation of true electrical conductivity is constrained by neighboring variations for each measured ECa location (Monteiro Santos, 2004; Monteiro Santos et al., 2011). EM4Soil requires a forward model based on linear cumulative function (CF) (McNeill, 1980) or non-linear full solution (FS) (Frischknecht, 1988). The inversion algorithm uses Occam regularization (Sasaki, 1989, 2001) and a damping factor (λ) to balance between data misfit and smoothness of Electromagnetic conductivity imaging (EMCI). Based on the lowest misfit, RMSE, and highest coefficient of determination between modeled and observed data, best inversion results were obtained using the cumulative function model, S2 algorithm with 0.07 λ for 10 iterations.
For quantitative comparison of field ECa, temperature correction for 25°C was performed using correction factors by Ma et al. (2011). Out of our four Dualem-1Hs arrays, we excluded the top 0.5 PRP (DOE 0.3 m) for not being the true representative of 70% of the EMI signal at the top 0.3 m due to the sensor height (10 cm) above the ground resulting in very low to zero conductivity values. A three-layered inversion model was selected based on the used geophysical arrays (Triantafilis et al., 2013), resulting in depth slices of 00.5, 0.5–0.8, and 0.8–1.6 m. The inverted EC was kriged using a 5 m grid in VESPER (Variogram Estimation and Spatial Prediction plus Error) software (Minasny et al., 2005).
3.4 Frequency Conversion of Inverted EC
Results of measuring electrical resistivity and conductivity are frequency-dependent. For estimating volumetric soil moisture from inverted EC, the differences in frequency of Dualem-1HS (9 kHz) and laboratory-based electrical resistivity tomography (ERT) measurement (4.16 Hz) were accounted for using the “Modified Portela Model” described by Moura et al. (2018).
3.5 Digital Photogrammetry Using Machine-Learning Algorithms
Raw UAV images at 1.8 cm ground resolution were stitched together to develop an Orthophoto and a 3D point cloud, followed by 3D data classification to produce a canopy height model (CHM). A machine-learning algorithm called “YOLOv5” was used for the L. nitens plant detection for surviving shrubs count. YOLO refers to “You Only Look Once”, a family of algorithms introduced by Redmon et al. (2016). This algorithm is designed to detect individual objects by drawing bounding boxes and identifying classes of objects such as cars, humans, and signs. Unlike segmentation models such as Unet (Ronneberger et al., 2015), where accurate delineation of objects is an important quality indicator, YOLO deals with classification (identifying if the object is present in the image) and accurate localization of objects (prediction of the bounding box around the required object in the image).
For our deep learning training, bounding box samples were collected in 250 images covering shrubs of various sizes and shapes. The actual training was conducted on 80% of the dataset (200 images, including 1,500 shrubs), and the remainder was used for validation. The trained model was tested in two test areas, with 90 and 5,600 m2, to assess the model performance.
Four quality metrics were used to evaluate the object detection model performance: 1) Precision–the percentage of our correct predictions. 2) Recall–the percentage of all the positive predictions. 3) Intersection of union (IoU)–a value used in object detection to measure the overlap of a predicted vs. actual bounding box for an object, and 4) Mean average precision (mAP)–the average of average precision (AP). AP is calculated for each class and averaged to get the mAP.
For modeling of shrub canopy diameter, shrubs were segmented into pixels using circles and estimating the average intensity of pixels within these circles. Given that the intensity values of the shrub and the bare ground were known, the diameter of the shrub (circle around the plant) was set when the average intensity values within the circles were closer to the bare ground than the shrub. For shrub diameter growth, ground-truthing was done by manually taking the diameter of randomly selected 530 shrubs at the Mooribin site. Diameter from each shrub was measured at three heights; top (1/3 plant), middle (widest part), and bottom (1/3 plant) part of the shrub and locations of the shrubs were noted for comparison.
3.6 Statistical Analysis
3.6.1 Principal Component Analysis
Principal component analysis (PCA) was used to identify the main soil variables that may influence the L. nitens survival and growth (R Core Team, 2020). The input matrix comprised soil physico-chemical analysis data and related inverted EC from 10 m around the soil sampling points at both sites.
3.6.2 Tests of Significance
The non-parametric Wilcoxon test was used to test the difference between measured volumetric water content from the soil samples and EMI predicted volumetric water content for each depth slice. The Kruskal–Wallis test was used to compare the modeled (UAV-derived) and manual shrub diameter measurements taken from three parts (top, middle, and bottom) of a plant. This test was also used to compare shrub diameters within the different EMI mapped (inverted EC) soil zones/areas for each site. This test was performed using the R software package (R Core Team, 2020).
4 RESULTS
4.1 Soil Physico-Chemical Properties
ECe values for all the soil samples were less than 200 mS m−1 (Table 2), which indicates that both study sites were non-saline (Simons and Bennett, 2021). In addition, average pH values of Mooribin for all three depth slices ranged from 4.5 to 4.9 (SD 0.1) and in Kukerin from 4.7 to 5.6 (SD 0.4). PSA of all the three depth slices of Mooribin showed it to be a relatively uniform sandy site with a mean of 99% sand (SD 3.6). Kukerin soils showed variable textures both vertically and horizontally, with the topsoil being more sandy to loamy and the subsoils being more loamy (Table 2).
Average CEC (mEq 100 g−1) for all the soil depth slices of Mooribin and Kukerin ranged from 0 to 1.6 (SD 0.5) and 0 to 5 (SD 1), respectively. Similarly, exchangeable Al, Ca, K, Mg, and Na were <1 mEq 100 g−1, and total C and N were <1% in all the depth slices of both sites. BicP (mg kg−1) concentration at Mooribin ranged from 0 to 8 (SD 2.0), 0 to 7 (2.8), and 0 to 10 (SD 4.1) mg kg−1 for depth slices of 0–0.3, 0.3–0.5, and 0.5–1.0 m, respectively, while for Kukerin Bic P ranged from 0 to 4 mg kg−1 throughout all the measured depth slices.
4.2 Electromagnetic Conductivity Imaging of Inverted Soil Layers
Figure 2 shows the spatial distribution of inverted EC at three depth slices of 0–0.5, 0.5–0.8, and 0.8–1.6 m. For Mooribin, the inversion model misfit was 0.2% with RMSE of 0.2 mS m−1 for the dry season survey and model misfit of 0.6% with RMSE of 0.3 mS m−1 for the wet season survey. For Kukerin, the model misfit was 5.4 with RMSE of 6 mS m−1 for the dry season survey and model misfit of 6% with RMSE of 7 mS m−1 for the wet season survey. Inverted EC in the wet season survey was higher than during the dry season and was lower at Mooribin across the site and along the measured depths (0–9 mS m−1) than at the Kukerin site (0–36 mS m−1). The inverted EC was grouped into three ranges according to the measured values at both sites.
[image: Figure 2]FIGURE 2 | Inverted electrical conductivity (EC) at three depths of 0–0.5, 0.5–0.8, and 0.8–1.6 m at the Mooribin site taken on 7 June 2019 [(dry season—A–C)], on 19 August 2019 [(wet season—D–F)]. Percentage difference between the inverted EC of two surveys at three depths (G–I). Similarly, at the Kukerin site on 4 June 2019 [(dry season—J–L) and on 22 August 2019 (wet season—M–O)], and percentage difference maps of two surveys relative to the dry season at three depths (P–R).
At Mooribin, the dry season had the lowest inverted EC range of 0–3 mS m−1 in the top measured depth slice of 0–0.5 m (Figure 2A). The rest of the two depth slices (Figures 2B and C) showed the inverted EC range of 3–6 mS m−1 in most of the area, with patches of 0–3 and 6–9 mS m−1. For the wet season, the top two depth slices, 0–0.5 m (Figure 2B) and 0.5–0.8 m (Figure 2E), mostly had an inverted EC range of 3–6 mS m−1, with some patches of 6–9 mS m−1, especially in the second depth slice. The deepest measured depth slice of 0.8–1.6 m (Figure 2F) had the highest inverted EC range of 6–9 mS m−1. The percentage difference maps (Figures 2G–I) show the change in spatial inverted EC distribution from the dry to wet season, which was most prominent in the top (0–0.5 m, Figure 2F) and the deepest depth slice (0.8–1.6 m, Figure 2H) toward the higher values. Overall, this site showed relatively homogenous inverted EC for the dry and wet season measurements, as expected for uniformly sandy soil.
For Kukerin, the site had a variable spatial distribution of inverted EC, which changed with the season and increased with soil depth. For both seasons, the top depth slice of 0–0.5 m (Figures 2J and M) had the lowest measured inverted EC range of 0–12 mS m−1. However, for the dry season (Figure 2J), the top western part of the field showed an area with mid-range inverted EC of 12–24 mS m−1. The inverted EC appeared to decrease in this top western part of the field in the wet season, compared to the dry season, except for a small area of 12–24 mS m−1 in the bottom east corner (Figure 2M). The highest spatial inverted ECa distribution variability was in the second depth slice for both dry and wet seasons, where most of the area showed the mid-range inverted EC of 12–24 mS m−1. The lower-range inverted EC of 0–12 mS m−1 in the middle of the field in the dry season (Figure 2K) and in the top east corner in the wet season (Figure 2N). During the dry season (Figure 2L), the last depth slice of 0.8–1.6 m showed the west half of the field with mid-range inverted EC (12–24 mS m−1) and the east half with high-range inverted EC (24–36 mS m−1). The last depth slice for the wet season survey (Figure 2O) showed high-range (24–36 mS m−1) inverted EC except for the top east corner.
The percentage difference maps from the dry to wet season survey show a relatively large change in the south-east part of the top depth slice (0–0.5 m; Figure 2P). For the second depth slice (0.5–0.8 m; Figure 2Q), inverted EC increased in the mid-west and decreased in the north part of the site, while in the last depth slice of 0.8–1.6 m (Figure 2R), the maximum increase in inverted EC was in the mid-west part of the field.
4.3 Spatial Distribution of Calculated θ(%)
Figure 3 shows the resistivity to volumetric moisture power-law curves used for calculating the spatial distribution of volumetric moisture content % (Figure 4) for both sites using the inverted ECa (Figure 2). In the case of Mooribin, the overall volumetric moisture content in the wet season was slightly higher than in the dry season, as expected. The top depth slice of 0–0.5 m (Figures 4A and D) showed the lowest predicted volumetric moisture of 0–6% in the dry season and >3–6% in the wet season in most of the area with the patches of 6–9%. The other two depth slices showed similar moisture distribution patterns, with >3–6% moisture prediction in most of the areas with patches of 6–9% in the dry season (Figures 4B,C) and mostly >6–9% moisture prediction with patches of 9–12% moisture in the wet season (Figures 4E,F). The percentage difference maps showed the maximum soil moisture change in the top depth slice (0–0.5 m; Figure 4G), with <20% change in deeper depths (Figures 4H,I).
[image: Figure 3]FIGURE 3 | Power-law relationships between volumetric moisture content (%) and electrical resistivity (Ωm) for all the depths of Mooribin site (A) and Kukerin site for lower inverted EC range of 0–12 mS m−1 (B) and higher inverted EC range of 12–36 mS m−1 (C). The red line is the fitted power-law.
[image: Figure 4]FIGURE 4 | Predicted volumetric moisture content based on inverted EC of three depths (0–0.5, 0.5–0.8, and 0.8–1.6 m) at the Mooribin site [(dry season—A–C and wet season—D–F)] and percentage difference between the volumetric moisture content of both seasons (G–I). Similarly, predicted volumetric moisture content at the Kukerin site (dry season—J–L and wet season—M–O) and percentage difference relative to dry season between the volumetric moisture content of both seasons (P–R).
In the case of Kukerin, spatial moisture distribution prediction showed high variability in the top two depth slices of both seasons (Figures 4J, K, M, and N). Broadly, for the dry season, the top depth slice of 0–0.5 m (Figure 4J) had >6–9% moisture in the east half and >9–12% moisture in the west half of the field, except for the top west part with higher moisture prediction of >12–15%. In the wet season, the top depth slice of 0–0.5 m (Figure 4M) had the low-range (>6–9%) moisture in most of the area except for the middle and bottom east corner with mid-range (>9–12%) moisture. For the second depth slice of 0.5–0.8 m, in the dry season (Figure 4K), high-range (>12 to 18< %) moisture values were prominent, especially in most of the top and bottom east part of the site except for the middle west part with mid-range >9–12% moisture. The second depth slice in the wet season (Figure 4N) showed similar moisture prediction ranges, but their spatial distribution was different. The deepest depth slice of 0.8–1.6 m showed the relatively high moisture values in most parts of the site, except for the mid-west part with >9–12% moisture in the dry season (Figure 4L) and in the top east corner with >12–15% moisture in the wet season (Figure 4O).
Percentage difference maps (Figures 4P–R) showed a relatively high difference in the spatial moisture distribution across the site as compared to the changes in the absolute moisture values change from dry to wet season, which was mostly around 20% in all the measured depth slices.
The Wilcoxon test resulted in no significant difference between the measured and predicted volumetric moisture % values except for the third depth slice of Mooribin (Figure 5A). However, this difference is accounting the moisture range of only 3%–9% in the sandy textured soil of this site. Furthermore, at Kukerin, the volumetric moisture % increased with the increasing depth, especially from the top depth to the second depth slice (Figure 5B).
[image: Figure 5]FIGURE 5 | Comparison of measured volumetric water content (%) from soil samples (VWC_S) vs. predicted volumetric water content using ERT–EMI calibration curves (VWC_ECa) from inverted EC of the wet season (both taken in August 2019) (A) at Mooribin (B) at Kukerin site. Whiskers indicate the maximum and minimum values at the 95% confidence level, the top and bottom of the box show the 25th and 75th percentiles, the line inside the box is the median value, the dot inside is the mean value, and p values are determined using Wilcoxon test.
4.4 Accuracy Assessment of UAV Imagery
Table 3 presents the quality measures of model performance for trained and tested data sets of L. nitens shrub detection. The results obtained had a higher IoU of 93% and 89% for trained and tested data than the recommended PASCAL VOC challenge requirement, which is 50% (Everingham et al., 2010). Visual examples are shown in Figures 6A–C.
TABLE 3 | Shrub count accuracy assessment result.
[image: Table 3][image: Figure 6]FIGURE 6 | Accuracy assessment of UAV imagery and model training example on test set at Mooribin site (A) manually captured shrubs, (B) automated result and (C) sample of automated shrub count results.
UAV-based automated shrub diameter prediction was compared with a manual diameter (cm) taken from three parts of the shrub at Mooribin. Kruskal–Wallis test (Figure 7) showed that shrub prediction using UAV imagery for machine learning was significantly different from the manual shrub diameter measurement for all three measuring areas. Out of all the three manually measured parts of the shrub, measurements from the bottom of the shrub appeared nearest to the machine learning results with an RMSE of 17.1.
[image: Figure 7]FIGURE 7 | Kruskal–Wallis test of manually measured diameter from three heights of Leptospermum plant (top, middle, and bottom) vs. automated canopy diameter estimation using UAV imagery and ML.
4.5 Shrub Survival and Growth Within Mapped Inverted EC Areas/Zones
Shrub survival and growth patterns estimates from ML were compared from the second inverted EC depth slices (Figures 2B and K) of the dry season survey, which showed the maximum variability at both sites. There were significant differences in estimated L. nitens shrub diameter between areas with different soil inverted EC (Figure 8). In the case of Mooribin, maximum shrub diameter was within the inverted EC range of >6 to 9 mS m−1 (mean 32 cm, SD 7), while the inverted EC ranges of 0–3 and >3 to 6 mS m−1 had shrub diameter of 18–26 cm (Figure 8A). In the case of Kukerin, the inverted EC areas of >12 to 24 and >24 to 36 mS m−1 had a similar average shrub diameter of 31 cm (SD 11) (Figure 8B). However, the range in shrub diameter varied more at >12–24 mS m−1 areas with 18–74 cm than the high inverted EC areas with shrub diameter of 18–55 cm. Furthermore, there was a significant difference in the number of shrubs between these mapped inverted EC areas at both sites, with an overall 77% survival at Mooribin and 82% survival at Kukerin (Table 4).
[image: Figure 8]FIGURE 8 | Kruskal–Wallis comparison of shrub canopy diameter (cm) (based on UAV-derived ML method) across the sites with three different inverted EC ranges measured at 0.5–0.8 m soil depth (Figures 2B and K) at Mooribin (A) and at Kukerin (B). Whiskers indicate the maximum and minimum values at the 95% confidence level, the top and bottom of the box show the 25th and 75th percentiles, and the dot inside is the mean value.
TABLE 4 | Shrub survival count based on inverted EC mapped areas.
[image: Table 4]4.6 Principal Component Analysis
Figures 9 and 10 present the PCA for the Mooribin and Kukerin sites. The scree plot (Figures 9A and 10A) showed the percentages of variations held by each principal component (PC). The first 3 PCs were retained based on eigenvalues >1 rule (Kaiser et al., 1992), accounting for ∼73% (eigenvalues 7.5, 2.1, and 1.6) and ∼72% (eigenvalues 5.6, 3.4, and 1.8) variation for Mooribin site and Kukerin site, respectively. In Figures 9B and 10B, the projection of the arrows represents the variable loading in their respective PCs. Furthermore, all the soil parameters contributed in the first three PCs; however, the variables contributing above the cut-off line (Figures 9C, 10C) could be considered important in explaining the spatial soil variation influencing L. nitens plantation establishment.
[image: Figure 9]FIGURE 9 | Principal component analysis for Mooribin soil parameters showing (A) scree plot, (B) variables highlighted based on their percent contribution in correlation plots, and (C) contribution of variables in selected PCs, where the red line shows the expected average contribution (cut-off). The soil variables included are sand, silt, clay, volumetric water content, pH, CEC, Total N &Total C, ex Mg, ex Na, ex Ca, ex Al, ex K, BicP, and inverted EC from 10 m around each sample.
[image: Figure 10]FIGURE 10 | Principal component analysis for Kukerin soil parameters showing (A) scree plot, (B) variables highlighted based on their percent contribution in correlation plots, and (C) contribution of variables in selected PCs, where the red line shows the expected average contribution (cut-off). The soil variables included are sand, silt, clay, volumetric water content, pH, CEC, Total N &Total C, ex Mg, ex Na, ex Ca, ex Al, ex K, BicP, and inverted EC from 10 m around each sample.
For Mooribin (Figure 9), the variability explained by PC1 and PC2 was 63%, and inverted EC was strongly correlated to pH > volumetric moisture content > clay and silt and negatively correlated to sand and BicP. There was no correlation between ECa and ex-Mg, Total N, Total C, CEC, ex-Ca, and ex-Na. In PC3 (explaining 10% of the variability), inverted EC was again strongly correlated to pH, followed by silt, clay, and volumetric water content. There was no correlation with the rest of the elements.
For Kukerin (Figure 10), PC1 and PC2 explained a similar amount of variability (62%), and ECa was strongly correlated to volumetric water content > ex-Na > pH, CEC > clay and silt and negatively correlated to ex-Ca, Total N, Total C, BicP, and sand. In PC3 (explaining 12% of the variability), inverted EC had a relatively small contribution but was correlated to volumetric water content, pH, and sand. It showed little or no correlation with silt and clay and a negative correlation with the rest of the parameters.
5 DISCUSSION
In this study, a non-invasive EMI survey was used to map soil spatial variability at two sites already planted with L. nitens shrubs. The mapped spatial soil variability was related to newly planted L. nitens survival and growth (shrub canopy diameter) patterns. There was a significant difference in shrub count in the EMI mapped areas at both sites and, overall, a higher shrub count at the variable textured site (Kukerin) as compared to the uniformly sandy site (Mooribin). Areas with higher inverted soil EC were also found to have significantly larger shrub diameters at both the uniform and variable textured site. Therefore, EMI spatial soil mapping can be used to identify areas with different potential for L. nitens plantation establishment.
In areas with low salt concentrations, EMI signal variations generally correspond to differences in soil moisture and soil texture (Brevik and Fenton, 2002). Indeed, the PCA showed inverted EC being inversely correlated to sand and positively correlated to soil moisture. Mooribin was a uniformly deep sandy site with low agronomic value due to water repellence and lower water retention rate (Roper et al., 2015). EMI surveys of this site had lower ECa values, and the ECa values increased from the dry to the wet season. Since soil water was the main variable factor between the seasons, the differences in ECa most likely corresponded to the differences in soil moisture. Our EMI–ERT volumetric moisture prediction values (Figure 5A) were within the range of deep sandy soil moisture rates (Tsoar, 2005). Leptospermum plants performed well in this deep sandy soil, with an overall 75% survival rate ha−1. The 2021 season was relatively wet, and it was also observed that the flowering of shrubs at this site was good, regardless of shrub diameter. EMI survey at variable textured soils of Kukerin had higher ECa values than the uniformly sandy site with overall higher shrub survival (82%) and growth rate. A detailed comparison of shrub survival and growth patterns has shown that sandy loam and loamy textured areas resulted in higher L. nitens survival and growth rate. However, further increase in the clay content did not improve the shrub survival count or diameter (Table 5). This suggests that the performance of Leptospermum plantations at such sites is strongly influenced by soil moisture and is susceptible to drought periods; especially as the water retention of sands is low and soil water availability plays an important role in the successful establishment of native shrubs (Hahs et al., 1999). Moreover, for L. scoparium, studied under controlled conditions, Williams et al. (2014) found that soil composition had little to no impact on the growth and quality of nectar produced. However, water stress was reported to affect the nectar yield (Villarreal and Freeman, 1990; Carroll et al., 2001; Nickless et al., 2017).
TABLE 5 | Leptospermum nitens performance in different soil textures.
[image: Table 5]Summarized shrub performance with respect to soil texture areas (Table 5) showed that a robust and detailed spatial map of variability could be generated in broad acre sites using EMI surveys. This would effectively improve the soil assessments for planning new plantations and site selection for reforestation or successfully introducing native shrubs in agricultural cropping areas. The EMI survey clearly mapped the different textural classes at the variable site. For example, at Kukerin, the top soil depth slice of 0–0.5 m (2J) had a higher inverted EC toward the top west part of the field during the dry season survey. This was an area of higher clay content and indicated that during the dry soil conditions, soil texture was the most important factor contributing to the ECa values, as found by Abdu et al. (2017) and Doolittle and Brevik (2014).
Generally, medium-textured areas have shown the best shrub establishment rate; however, this textural class is most suitable for agriculture due to their nutrient holding capacity, better aeration, and drainage capacity, as compared to sandy or clayey soils (Salter and Williams, 1965). Nevertheless, heavier textured soil had a survival rate on par with medium-textured soils, so areas with higher clay content and high cost of production for growing crops can be suitable for planting L. nitens. Moreover, L. nitens survival of 75% in deep sandy soil, although the growth rate was lower, can be a good option for utilizing areas with low water retention and repellence rather than cropping.
6 LIMITATION
UAV-based monitoring system helps in reducing the high cost to cover a large area and temporal resolution limitations of satellite sensors (Asner et al., 2009; Kellenberger et al., 2017); nevertheless, for vegetation applications, their 3D point clouds only point to the upper canopy surface and critically miss the sub-canopy structure information (Baltsavias et al., 2008). In this study, the UAV survey for shrub canopy diameter detection was conducted when the shrubs were 2 years old. As such, L. nitens shrubs are not dense when they are young. Therefore, the circles used to model the intensity value of shrub and bare ground might have further contributed to the shrub diameter underestimation. Moreover, there was a gap between the UAV survey and manual diameter measurements of shrubs, which further added to the difference in comparison. It is important to consider the time of UAV imagery survey and ground-truthing as close as possible to get comparable data.
In order to expand the soil-type recommendations for L. nitens, further surveys should be conducted on heavy clay and saline soils, as the current study only considered deep sands and medium-textured soils, which were non-saline. With regards to L. nitens growth on saline soils, Cassaniti et al., 2009 demonstrated relative salt tolerance by L. scoparium plants treated with saline water, where despite high ion concentration in the leaves, plant growth was not affected. However, the quality of nectar produced by their flowers was not studied.
7 CONCLUSION
A real-time ECa mapping of the marginal soils showed the impact of spatial soil variability on the establishment and growth patterns of L. nitens plantation. This method was robust and quick to determine the spatial soil variability at both uniform and variable textured sites and in different rainfall seasons. This study demonstrated that the L. nitens cultivations could thrive on marginal agricultural lands. Based on the comprehensive analysis the main conclusions were:
1. L. nitens plantation thrived in a range of soil textures with low fertility; however, there was a significantly larger shrub survival and growth rate in medium and heavier texture areas than in deep sandy areas.
2. Soil moisture can be a limiting factor in shrub survival and growth (shrub canopy diameter) as areas with high inverted EC corresponding to medium texture soil and higher soil moisture retention resulted in higher shrub count and shrub diameter and vice versa. Further studies are required to study the quality and quantity of nectar production by this shrub with respect to EMI mapped areas with different shrub counts and diameter growth.
3. Dry season ECa survey can provide a useful map for marking the soil textural variability, and a wet season map is useful for delineating localized soil management zones, which is particularly useful for intercropping with Leptospermum shrubs.
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