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Soil disturbance resulting from tuber crop harvesting is a major threat to soil health. The depth of soil intervention is a critical factor that further strengthens the effects of such disturbance and makes harvest one of the most harmful cropping operations. In the case of potato, soil moisture is a determining factor for root and stolon development, hence, a deeper soil intervention may be required at harvest. While potato ranks as the fourth most cultivated crop worldwide, the impact of soil moisture on potato tuber vertical and horizontal distribution has received very little attention. The objective of this study was to evaluate the effects of four soil matric potential thresholds (SMPTs; –10, –20, –30, and –45 kPa) on the spatial (vertical and horizontal) distribution of potato tubers grown in plastic containers filled with sandy soil using an X-ray computed tomography scanner. The results of the experiments conducted in a greenhouse environment suggest that the horizontal distribution of the tubers did not differ significantly across the irrigation treatments. However, a linear relationship between SMPT, and therefore irrigation threshold, and potato tuber depth was observed. In addition, the deepest tuber position was observed under the –10 kPa SMPT, while the tubers were closer to the soil surface under the –45 kPa SMPT, which could lead to a greater preponderance of tuber diseases such as late blight or greening. Thus, potato irrigation events implementing a SMPT between –20 and –30 kPa could reduce the harvest depth, hence, decreasing the negative impacts of soil disturbance on soil structural stability and soil organic carbon degradation while mitigating the impacts of disease as well as reducing fuel costs, greenhouse gas emissions, soil loss and erosion.
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1 Introduction

Potato (Solanum tuberosum) production and associated land area under irrigation have increased over the last few decades, a trend that is likely to continue due to climate change and increasing food demand (1–3). This crop is conventionally cultivated under intensive tillage practices, including planting, diking, hilling, and harvest, that are universally known to influence soil degradation significantly. Among these practices, the harvesting stage significantly disturbs the soil environment, leading to important soil loss and erosion. For example, total soil loss during potato harvest can reach up to 21.4 Mg/ha per harvest (4), which also results in a high rate of nutrient losses (5, 6). Beyond the aforementioned impacts of soil disturbance and its associated soil health degradation effects, the depth of soil intervention is another factor with paramount economic and environmental impacts. In addition to the aforementioned soil and nutrient losses, soil disturbance may increase fuel costs as well as greenhouse gas emissions. Furthermore, a study found a much higher correlation between morphological characteristics of elongated potatoes and sediment exportation than spherical potatoes (7). Therefore, cultivation practices that optimize the spatial evolution of potato tubers could play an important role in fostering the sustainability of potato production systems.

Adequacy in irrigation water management is an important factor in preventing soil erosion and cracking, which provide cavities for tuber infection (8). In this regard, irrigation techniques and cultural practices such as hilling and tuber depth may considerably influence tuber infestation (9). Therefore, the prevalence of certain potato diseases, such as late blight or greening, is strongly dependent on tuber depth in the soil (8, 10–12). Water stress is known to influence the shape of tubers, which may result in longitudinal development along the tuber length and/or lateral development (13). This indicates that irrigation water management or irrigation thresholds may influence tuber depth in the soil. Thus, appropriate water management practices may result in a twofold benefit, i.e., a maximization of potato harvest efficiency and a minimization of soil disturbance.

Similar to studies aimed at evaluating soil loss or sediment adherence to tubers at harvest due to potato tuber morphologies [spherical and elongated (7)], there are few studies on the spatial (horizontal and vertical) distribution of irrigated potato tubers. An in-depth review of the literature did not reveal any prior work that attempted to study the relationship between irrigation thresholds and the horizontal and vertical distribution of potato tubers. However, the following previous work has adjacent objectives. The effect of plant water deficit techniques on harvested tuber weight and dimensions (length and diameter) has previously been investigated (14). Another study also reported that water stress during tuber initiation significantly reduces average tuber size (15). Adequate irrigation management has also favored a larger tuber size distribution (16). The impacts of drought on longitudinal growth of tubers have been investigated and have shown that drought decreased yield by reducing longitudinal growth of tubers (17).

A common ground between the above-cited studies on the horizontal and vertical distribution of potato tubers is that they applied a post-harvest analysis of the tubers. Observation of underground tubers development in their undisturbed natural state within soil, both spatially and temporally, remains a challenging task (18). To overcome these challenges, several non-destructive tuber growth monitoring techniques have been used in agricultural investigations (19). An electromagnetic induction (EMI)-based on-the-go proximal soil sensing apparatus has been used to map out apparent ground electrical conductivity (ECa), which is used to forecast potato tuber yield in four fields across Atlantic Canada (20). However, this technique requires site-specific calibrations. The minirhiozotron root observation method has had been widely accepted for in-situ, non-destructive plant root dynamic studies under a variety of soil and plant types (21). However, it has been reported that installation of the instrument severs roots and disturbs soil (22). The ground penetrating radar (GPR) technique has been suggested as a suitable technique to detect and quantify corn seed planting depth (19). Although GPR allows three-dimensional (3-D) reconstruction of scanned objects, it has been found to underestimate root biomass (23). Altogether, these limitations suggest the need for more precise non-destructive techniques to examine underground potato tubers.

Computed tomography (CT) technology is a promising non-destructive technique that can accurately represent potato tuber spatial distribution, facilitating a more accurate phenotypic description and greater information gathering than other methods. CT has also been used in potato research to measure tuber growth rate (24), and to analyze the 3D microstructure of frozen potatoes (25, 26). CT-scan has been used to monitor potato tuber development from initiation until harvest under heat and drought stresses (27). CT has also been extensively used in soil science to analyze soil biota characteristics, hydrophysical properties, structure, compaction, and mineral and organic matter contents (28, 29). More detailed descriptions of the CT technology, and its applications can be found in literature (28, 29).

The purpose of this study was to evaluate the effect of four soil matric potential thresholds (SMPTs), i.e., –10, –20, –30, and –45 kPa, on the spatial distribution of potato tubers. To this end, potatoes were cultivated in experimental containers filled with sandy soil monitored using a soil matric potential (SMP) sensor network in a greenhouse complex. Then, the experimental units were scanned using an X-ray CT scanner at the end of the growing season. The hypothesis tested was that irrigation directly affects potato tuber depth (vertical) and horizontal distribution. To the best of our knowledge, this is the first study investigating the effects of irrigation water management practices on potato tuber vertical distribution. This study sought to recommend improvements in soil water management practices that may optimize tubers distribution and enhance harvest efficiency while reducing greenhouse gas emissions and soil disturbance in cropping systems.



2 Materials and Methods


2.1 Experimental Design

The experiment was performed at Laval University’s high precision greenhouse complex and consisted in cultivating potatoes in 12 plastic containers (experimental unit; 60*40*40 cm3) with six drainage holes of 1.5 cm covered with geotextile, shown in Figure 1A. The soil used in the experiment was collected from a potato field located in Dolbeau-Mistassini, Quebec, Canada(48°51'31" and 72°11'50"). It was a sandy soil according to the Canadian system of soil classification (Soil Classification Working Group 1998) with the following characteristics: 0% clay, 8.2% silt, 91.8% sand, 3.1% organic C, 48% porosity, and pH = 5.01. The soil was collected from 0-20 cm depth, and the particle size distribution was determined using the sedimentation method (30). The soil samples were then homogenized before being placed into the experimental units where the soil was saturated with water before planting to ensure uniform water availability at the beginning of the experiment.




Figure 1 | (A) Scheme of the short side of an experimental unit with one tensiometer equipped with a pressure sensor inserted into the side and connected to a datalogger collecting data every two minutes. (B) CT scanning of an experimental unit. (C) 3D image reconstruction of a scanned experimental unit. (D) Top view of tubers after image processing and tuber identification.



In the plastic container, two tubers were planted in each experimental unit at a depth of 7.5 cm below the soil surface and each at a distance of 15 cm of the center on each side of the experimental unit. The Goldrush potato variety, which produces oblong to long tubers that tend to be horizontally oriented, was used in this study. This variety is the most important variety among potato seed production areas in the province of Québec (31).

Fertilization was first applied at the seeding stage (120 kg ha–1 of NPK and 10 kg ha–1 of Mg), and 55 kg ha–1 of ammonium–N was applied at the post–emergence stage following local recommendations for potato crops (32). The available nutrient concentrations (P, K and Mg) considered to calculate the fertilization needs were extracted with the Mehlich III extraction method (33), and determined at the Research and Development Institute for the Agri–Environment (Institut de Recherche et de Développement en Agroenvironnement, Sainte–Foy, QC, Canada) via inductively coupled plasma optical emission spectrometry (ICP–OES) (model ICAP, PerkinElmer, Boston, MA). Application of APROVIA (benzovindiflupyr) and Senator PSPT (thiophanate–methyl) fungicides to control soil–borne diseases was carried out at planting according to the manufacturer’s recommended rates. Potato hilling was carried out four weeks after planting according to local grower practices.

The experiment took place from 22 July 2019 until 5 November 2019. It consisted of applying a range of irrigation treatments that apply an SMPT of –10, –20, –30, and –45 kPa, respectively. The equivalent soil water and air contents corresponding to each SMPT are shown in Table 1. These values were selected based on prior experimental results, which demonstrated that SMPT values between –10 and –24 kPa were optimal to maximize potato yield while values lower than –7 kPa or higher than –45 kPa both result in significant yield reduction (35). Of the 12 experimental units, only 9 have been used for analysis because two experimental units had missing images in the stack, preventing the analysis. An other one had a malfunctioning of the irrigation system which prevented the SMPT from being maintained under a threshold of –45 kPa. Thus, we classified (a posteriori) the irrigation treatments based on the irrigation threshold under which the experimental unit spent at least 75% of the growing season.


Table 1 | Equivalent soil water and air contents (cm3 cm–3) calculated using the van Genuchten equation for each irrigation threshold (34).



To ensure uniform emergence, the irrigation water applied was the same across all thresholds from seeding to emergence. The irrigation treatments began from emergence through their removal from the greenhouse complex for scanning at maturity. The irrigation events duration was adjusted to reach a SMP of between –1 and –5 kPa after each event. Table 2 shows the total irrigation volume (liter), the mean irrigation volume by irrigation (liter), and the irrigation recurrence time (hour) after 70 growing days, one week before senescence. The –10 kPa irrigation treatment received the highest volume of water with 92.2 liters. Water received for the three other treatments –20, –30, –45 kPa was depleted by10%, 20%, and 42%, respectively. The –10 and –45 kPa treatment received, on average, the lowest volume of 2.2 liters of water per irrigation, and the –20 kPa treatment received the most water on an average of 3.6 liters. The mean volume of water per irrigation depended on the irrigation duration, which was adjusted to reach between –1 and –5 kPa after the irrigation. The lowest irrigation recurrence time was observed in the –10 kPa treatment, and the longest was observed in the –20 kPa treatment.


Table 2 | Irrigation volume (liter), mean volume of water applied per irrigation (liter), and irrigation time recurrence (hour) for each irrigation treatment.



The experimental units were arranged in a split–plot design with three replicates and each unit had one 2705 pencil tensiometer from Soilmoisture Equipement Corp. (Goleta, CA, USA) installed at a depth of 10 cm below the soil surface to measure SMP and wired to a CR1000 data logger from Campbell Scientific, Inc. (Logan, UT, USA). The latter was programmed and used to control the sensors and gather the measured data at a two–minute time interval. For each experimental unit of every set of replicates, the mean of the measured SMP values was calculated to trigger irrigation that brings the SMP to the corresponding predefined SMPT. The irrigation system consisted of individual irrigation lines made of polyethylene pipe and comprised drip tape with 1.09 L/h emitters from Toro ag (El Cajon, CA,USA) placed atop the soil surface of the experimental units.

During the growing season, the air temperature in the greenhouse varied between 12.4°C and 28.7°C, with a mean of 19.1°C ± 3.02°C. The relative humidity varied between 23.28% and 99.5%, with a mean of 56.51% ± 13.42%.



2.2 Experimental Units Scanning and Imagery Processing

At the end of the growing season, the experimental units were scanned at the INRS CT Scanning for Civil Engineering and Natural Resources Laboratory 1 (Québec, Canada) using a Siemens SOMATOM Definition AS+ 128 CT scanner (Siemens, Germany). Each experimental unit was placed separately on the CT scanner table so that the soil profile was parallel to the CT scanner movement (Figure 1B). The values of the CT scanning configuration parameters were selected as follows: the energy level used was 140 peak kilovoltage (kVp), the exposure was 460 mAs, the field of view had a diameter of 50 cm, and the spatial resolution (voxel size) was 0.9766 X 0.9766 X 1.024 mm3 (x, y, z). A total of 689 cross–sectional CT images were generated for each experimental unit, which allowed a three-dimensional reconstruction of the experimental units, as seen in Figure 1C. Each image represents a map of CT numbers, which are obtained from a linear transformation of the measured attenuation coefficients (by a material, pure water, and air) of an incident energy beam (X–ray) and expressed in Hounsfield units (HU, dimensionless).

Because the majority of the voxels represent a mixture of air, water, and solid particles, the application of filters and pre–processing algorithms to the scanned images is known to posed numerous challenges related to the presence of intact soils (36). Furthermore, the voxels representing the potato tubers were composed of a mixture of water and solid particles.Two methods were used in the Avizo software (FEI, France) to identify the tubers’ barycenter. In some cases, the Hounsfield units (HU) associated with the tubers were more homogeneous than the soil leading to a greater point density inside the tubers for a carefully chosen threshold. In this case, a few morphological operations, notably a series of opening and closing were enough to segment the tubers from the soil as seen in Figure 1D. In other cases, the point density inside the tubers was too similar to the one of the soil, which made it difficult to proceed with morphological operations. In that second case, a region–growing algorithm was used. Seeding points and parameters were manually selected for each tuber and some morphological operations were applied to the result to complete the segmentation. A watershed segmentation was finally applied to both methods to separate the connected tubers and a labeling operation was done to obtain their barycenter.

The distance between each tuber barycenter and the soil surface was computed to evaluate the tuber depth in the soil. The horizontal distribution of the tubers was evaluated by computing the distance between each tuber barycenter and the center of the top of the potato hill on a lateral axis. The Avizo software outputs the data as spreadsheets containing the absolute position of each tuber barycenter (x, y, z) and the three–dimensional volume.



2.3 Statistical Analysis

The data exported from the Avizo Software were analyzed using the R software (37). The variance homogeneity and data normality were evaluated using Levene and Shapiro–Wilk tests with the Car package (38). Significant differences were identified with ANOVA followed by the Tukey test using the Agricolae package (39). Differences were considered significant at p < 0.05. Furthermore, a two–dimensional (2D) kernel density estimator was applied to the data using the function geom_density_2d_filled from the MASS package to compute a raster image depicting the tubers probability density distribution (40).




3 Results


3.1 Tuber Vertical Distribution

The vertical distribution of the tubers for each category of SMPT is shown in Figure 2A. It indicates that the distance between tuber barycenter and the soil surface decreases with a decrease in SMPT. This result is further clarified in Figure 2B, which shows that the –10 kPa treatment resulted in a significantly higher average tuber depth (approximately 125 mm) compared to the –30 and –45 kPa treatments, with 80 mm and 60 mm, respectively. In the same figure, a linear relationship between tuber depth and SMPT (blue line), with a coefficient of determination (r2) of 0.852, is demonstrated. On the one hand, Figure 2C shows that the proportion of tubers located between 0 and 70 mm from the surface tended to decrease as the SMPT increased. On the other hand, it depicts an increase of the proportion of tubers deeper than 100 mm as the SMPT decreased.




Figure 2 |  (A) Tuber vertical distribution in mm for each irrigation treatment. (B) Mean tuber depth in each unit (indicated by points) for each irrigation treatment. Values with the different letters are significantly different (p < 0.05) according to the Tukey test. The blue line represents the linear regression across all the treatments. (C) Vertical distribution of tuber density grouped according to irrigation treatment.



Figure 3 further corroborates the findings presented above. It presents the number of tubers per layer of 20 mm of soil for each SMPT starting from the soil surface down to 240 mm. The –45 kPa treatment resulted in the shallowest tubers, with more than 80% of the tubers occurring less than 100 mm below the soil surface. The –10 kPa treatment resulted in the deepest tubers, with 75% of the tubers produced being located deeper than 100 mm. Overall, about 90% of all the tubers produced in this experiment were grown at less than 160 mm below the soil surface.




Figure 3 | Representation of the number of tubers per 20–mm increment of soil depth for each irrigation treatment. The figure indicates that the highest and lowest SMPT result in the shallowest and deepest tubers, respectively.





3.2 Tubers Horizontal Distribution

The horizontal or lateral distribution of the tubers was also studied and the results are presented in Figure 4A for each treatment. The horizontal distribution of the tubers was not significantly associated with the irrigation treatment, according to the results of the regression analysis depicted in Figure 4B with a coefficient of determination of 0.007. As shown in Figure 4C, most tubers were less than 100 mm from the experimental unit center under all four SMPT.




Figure 4 |  (A) Horizontal distribution of tubers in mm for each irrigation treatment. (B) Mean horizontal distance of the tubers in each unit (indicated by points) from the experimental unit center for each irrigation treatment. The blue line represents the linear regression across all the treatments. (C) Horizontal distribution of tuber density grouped by irrigation treatment.



Figure 5 shows the number of tubers produced under each irrigation treatment for each 20 mm distance interval from the experimental unit center. The –10, –20, –30, and –45 kPa treatments resulted in 71, 66, 65, and 50% of the tubers being produced between 0 and 50 mm from the experimental unit center, respectively. Overall, almost 65% of all the tubers produced in this experiment were located within 50 mm of the seed potato.




Figure 5 | Representation of the number of tubers per 20–mm increment of soil from the center of the top of the potato hill for each irrigation treatment.





3.3 Tubers 2D Distribution

The compounded (horizontal and vertical) distribution of the tubers as tubers probability density distribution is shown in Figure 6. It further demonstrates that the irrigation treatments significantly affected the vertical distribution, while the horizontal distribution showed no such effect. It shows that the –10 kPa treatment resulted in tubers located deeper in the soil than in the other treatments, and the –45 kPa treatment resulted in the highest concentration of tubers close to the top of the hill.




Figure 6 | Two–dimensional (2D) kernel depicting the tubers probability density distribution under the four SMPT treatments (−10, −20, −30, and −45 kPa). The Y axis shows the vertical distribution of the tubers and the X axis relates to the tubers distance from the center of the top of the potato hill.






4 Discussion

This study demonstrates that water management may influence the spatial distribution of tubers in potato crops. The significant effect of the irrigation treatments on tuber depth indicates that irrigation may enhance the tuber lifting percentage, which is a harvest performance indicator referred to the percentage of potatoes harvested as a share of the total number of potatoes in the field. The results presented in this study suggest that a harvest depth of 20 cm could result in a potato lifting percentage of over 98% regardless of the irrigation treatment.

A reduction in potato harvest depth from 20 cm to 16 cm would reduce the potato lifting percentage from 98% to 73% under the –10 kPa treatment and 98% to 88% under the –20 kPa treatment. However, for the –30 and –45 kPa treatments, a reduction in harvest depth from 20 cm to 16 cm would not cause any reduction in the potato lifting percentage, reaching 100% for both depths. Therefore, a reduction in harvest depth should be combined with appropriate irrigation management to maximize potato lifting efficiency. A similar potato lifting efficiency decrease with a reduction in harvest depth has previously been found, with a potato lifting decline from 93% to 87% with a decrease of 21 cm to 18 cm of harvest depth (41).

Our results also demonstrate the impact of irrigation frequency on tuber spatial distribution. During most of the growing season, the total irrigation volume applied in the –10 and –20 kPa treatments was almost the same. Nevertheless, the irrigation recurrence time for the –20 kPa treatment was 30 hours longer than for the –10 kPa treatment. Even with the same total water volume, a higher wetting frequency creates a deeper and broader wetting front, which allowed a deeper tuber distribution in the –10 kPa treatment. Studies on potato roots found similar results, showing that root length density was lower in the upper soil layer under a higher irrigation frequency (42), and that root masses decreased under drier treatments (43). The effect of irrigation treatment and frequency seems to be linked with the wetting front and the water table depth. Therefore, the tuber distribution could react differently in heavy soil or soil with a shallow water table.

Previous studies have demonstrated that an SMPT between –15 and –25 kPa can sustain optimal water uptake and the highest yield in potato production (44–46). The use of a SMPT of –25 kPa can also lead to a higher potato lifting percentage and reduce the harvest depth without significant economic losses. Such a reduction in harvest depth could reduce fuel costs, greenhouse gas emissions, and soil disturbance, such as soil loss and erosion. Indeed, potato harvesting has been identified as a significant contributor to soil loss and erosion, with a mean annual net loss per harvest ranging between 1.81 Mg/ha and 3.2 Mg/ha-1 (4, 5). Thus, the harvest depth could be reduced by ensuring that potato tubers are produced in the soil’s upper layer with optimal control of the SMP and without any loss in economic profitability.

The results of the present study highlight a significant correlation between SMPT and potato tubers vertical distribution. A precisely timed and applied irrigation has been shown to be essential for the development of a deep, well–ramified root system capable of meeting potato crop water demand under high evapotranspiration conditions (47). The drought conditions caused by the SMPT of –30 kPa and –45 kPa may have prevented an adequate development of the root system, further preventing an optimal tubers development and distribution. Potato yield decreases have already been observed in drought conditions or under excessively dry SMPT (17, 35, 48).

In this study, the different irrigation treatments did not have a significant effect on the horizontal tuber spatial distribution. This result is not surprising, as the root horizontal distribution has been found to be only slightly sensitive to variation in irrigation (42).

The SMP has also been found a suitable method to assess the effect of water and oxygen on tubers depth. A difference of soil volumetric water content between 0.068 and 0.057 cm3/cm3 was sufficient to create a significant difference in tubers depth. These differences are equivalent to the difference between –10 and –30 kPa of SMP for the soil used in this study. Therefore, the mean tuber depth decreases when the soil volumetric water content decreases from 0.068 to 0.057 cm3/cm3. Indicating that even a minimal change in soil moisture can significantly affect the tuber depth and the suitability of using SMP to evaluate the effect of water management on potato crops.

On the other hand, tuber depth should be sufficient to reduce diseases such as late blight caused by Phytophthora infestans. A previous study showed that infection with late blight decreased as tuber depth increased (8). It has also been demonstrated that a deeper planting depth and hilling can significantly decrease tuber greening (10, 12), which is an important cause of quality loss occurring when tubers are exposed to light, leading nonphotosynthetic underground–modified stems to accumulate chlorophyll and potentially toxic glycoalkaloids (12, 49). Therefore, managing irrigation using a SMP of –45 kPa would increase the risk of late blight and tuber greening, as almost 20% of the tubers produced under –45 kPa in this experiment were within 4 cm of the top of the hill and the soil surface.



5 Conclusion

In this study, a linear relationship between irrigation and tuber depth in the soil was identified in a potato crop. We used a precision irrigation design triggered by a tensiometer sensor network to manage irrigation and obtain an accurate account of SMPT. The deepest tuber distribution was observed under the –10 kPa irrigation treatment, while the shallowest tuber distribution was observed in the –45 kPa irrigation treatment. Therefore, potato irrigation management using a SMPT between –20 and –30 kPa could optimize the harvest depth, which would also decrease the negative impacts of soil disturbance on soil structural stability and soil organic carbon degradation. A reduction in the depth of soil disturbance associated with harvest could improve soil physical and chemical properties, soil biology, and soil microbial communities in potato fields. In addition, CT scanning has been identified as a relevant and suitable approach to analyze the underground spatial distribution of potato tubers. It allowed the precise observation of the tuber distribution without any soil or root disturbance. Therefore, in future work, this method could be used to perform repeated measurements during multiple soil scans to observe tuber initiation and the evolution of the spatial distribution of tubers during the growing season. Future work could also evaluate the variation in tuber depth among potato varieties and under various soil conditions.
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