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Abstract

:

Agricultural activities induce micro-topographical changes, soil compaction and structural changes due to soil cultivation, which directly affect ecosystem services. However, little is known about how these soil structural changes occur during and after the planting of orchards, and which key factors and processes play a major role in soil compaction due to cultivation works. This study evaluates the improved stock unearthing method (ISUM) as a low-cost and precise alternative to the tedious and costly traditional core sampling method, to characterize the changes in soil compaction in a representative persimmon orchard in Eastern Spain. To achieve this goal, firstly, in the field, undisturbed soil samples using metallic core rings (in January 2016 and 2019) were collected at different soil depths between 45 paired-trees, and topographic variations were determined following the protocol established by ISUM (January 2019). Our results show that soil bulk density (Bd) increases with depth and in the inter-row area, due to the effect of tractor passes and human trampling. The bulk density values of the top surface layers (0–12 cm) showed the lowest soil accumulation, but the highest temporal and spatial variability. Soil consolidation within three years after planting as calculated using the core samples was 12 mm, whereas when calculated with ISUM, it was 14 mm. The quality of the results with ISUM was better than with the traditional core method, due to the higher amount of sampling points. The ISUM is a promising method to measure soil compaction, but it is restricted to the land where soil erosion does not take place, or where soil erosion is measured to establish a balance of soil redistribution. Another positive contribution of ISUM is that it requires 24 h of technician work to acquire the data, whereas the core method requires 272 h. Our research is the first approach to use ISUM to quantify soil compaction and will contribute to applying innovative and low-cost monitoring methods to agricultural land and conserving ecosystem services.
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1. Introduction


Soil degradation affects agricultural lands, which directly affects many ecosystems with clear benefits for human health such as agroecosystems. Healthy soil ecosystems can give integral benefits to the productivity of food and sources, but non-sustainable land management is drastically defaulting this. This is because cultivation results in higher soil and water losses [1,2], soil organic matter depletion [3,4], nutrients delivery [5], reduction in soil fertility [6], and soil compaction enhancement [7]. In agricultural lands, soil compaction is caused by the use of machinery, human trampling and the reduction of organic matter [8]. Then, soil structure degradation and a reduction in soil biota result in soil degradation and a loss of soil functions and services, which can be studied under different scientific points of view [9]. As a consequence, achieving sustainable development goals and land degradation neutrality objectives becomes even more challenging [10]. Stoessel et al. [11] affirmed that soil compaction is relevant to understanding the life cycle in the soil system. Furthermore, Mossadeghi-Björklund et al. [12] stated that the subsoil compaction by affected vehicular traffic determines the preferential flows in the clay soil.



Normally, soil compaction is a topic that has received minor considerations in studies related to ecosystem services when researching the sustainability of agricultural lands, and this is relevant in modern mechanized farming. Using modern machinery can cause problems due to soil compaction in groves and crops, where few types of research in agroecosystems have been conducted. Most of the research in orchards focused on the soil erosion problem and little research was conducted on soil compaction. The works of Van Dijck and Van Asch [13] on loamy soils in southern France contributed with key information from vineyards and orchards. Later, the works of Ferrero et al. [14] on the effect of the tractor and the one of Lipiec et al. [15] about the impact of the compaction on the water and heat transfer in the soil became the pioneers’ works. The research developed in orchards is limited to the survey of Becerra et al. [16] in Almería, Spain, about the impact of tractor traffic in almond orchards, and Pižl [17], about the impact of compaction on earthworms in apple orchards.



During recent decades, scientists have tried to find which human-induced processes directly affect soil compaction. For instance, Liu et al. [18] studied the changes in soil bulk density under the wetting/drying cycles of irrigation regimes and found that soil compaction is dependent on the irrigation regimes. On the other hand, frequent traffic in agricultural land is one of the key issues responsible for soil compaction [19]. Long-term tillage and residue management also control soil compaction, as documented by Celik et al. [20], who determined soil bulk density using different tillage systems. There is a need to better understand the impacts of soil compaction on agricultural soils to control and mitigate its negative effects, and this has been a long-standing request of the scientific community and stakeholders [21,22,23].



The use of heavy machinery [24], cultivation methods, and human and animal (e.g., pastures) trampling [25] are the main factors of soil compaction, although human trampling used to be considered as a secondary one because of its lower impact [26,27,28]. Most of the research on soil compaction has taken place on heavily mechanized agriculture, where the machine weight per soil surface can be significant [29,30,31]. In the scientific literature, cereals and soya (Glycine max L.) crops are the ones that are the most investigated by the scientific community [11,32]. However, research on soil compaction in other agroecosystems such as citrus, olives or vineyards is still limited [33], mainly since mechanization in these crops has firstly taken place for flat areas such as terraces or large parcels, and then, for sloping areas.



The methods such as core sampling by a cylinder that are typically applied to quantify soil compaction are tedious, time-consuming, and expensive, requiring laboratory time and equipment [28,34,35]. There is a need to update the methods and to find a proper soil strategy to reduce the time and economic cost of the surveys [36], which is relevant for the development of science in developing countries. The improved stock unearthing method (ISUM) is a recently updated method that applies an easy strategy to determine the changes in the soil topography using the graft union of the plants as a passive bio-marker [37]. This method facilitates the estimation of the soil erosion rates by quantifying the differences in micro-topography between the initial planting and the time of measurement [38]. The survey of the soil topography at two different periods could also provide information about the soil compaction and mobilization during that period, to conserve ecosystem services.



In this research, the main goal is to assess the use of the ISUM to estimate soil compaction. The rationale of this investigation is to confirm if this new application is suitable in a persimmon (Diospyros kaki L.) orchard terrace. This experimental area was surveyed in 2016 after tillage and before plantation with contrasted high soil erosion rates during the first year of plantation [39]. We surveyed with the traditional core ring method to determine the soil bulk density (Bd) and perform a spatial correlation analysis among the obtained results. The comparison of both methods will shed light on the soil compaction and will elucidate whether ISUM can assist in the characterization of soil compaction in agricultural lands. Due to the direct connection between Bd and soil compaction, soil bulk density was used as a proxy measurement to assess soil compaction, as a tool to give another quality indicator for ecosystem service assessments.




2. Materials and Methods


2.1. Study Area


An agricultural terrace was selected as an experimental field in L’Alcúdia de Crespins municipality, Eastern Iberian Peninsula (Figure 1). The mean annual precipitation is 532 mm and a mean annual temperature of 16.2 °C. Rainfall distribution is typically the Mediterranean, with three months of summer drought (24 mm of rainfall in July and August) and a peak of rainfall in October with 65 mm). Soil texture is clay-loam (21% clay, 39% silt, and 40% sand), soil organic matter low (1–1.2%), and soil pH reaches 8.1. We selected a traditional terraced field with a flat surface (504 m2–14.4 m × 35 m), surrounded by a concrete construction that prevents surface runoff and therefore the loss of water and sediments. The vegetation cover is low in autumn and winter, however, this is not the case in spring (Diplotaxis erucoides) and summer (Diplotaxis sp.) The cover was 80% in spring and summer and below 50% in autumn and winter.



Surveys carried out during the last 3 years (2016 to 2019) after each rainfall event confirm that the surface wash has never exited from the terrace. The studied site was tilled in January 2016 to allow the planting of persimmon plants in March, and no other tillage has taken place since. Persimmon trees were planted at 4.8 m (inter-row) × 2.5 m (between trees in the same row), which is a usual pattern for persimmon orchards in this region. The plot was drip-irrigated with freshwater from the “Massís del Caroig” aquifer. Tractor passes took place for the application of chemicals (insecticides and fungicides), and the use of heavy machinery, human and animal trampling by the farmers took place during herbicide spraying and fruit harvesting.




2.2. Topographical Analysis Using ISUM


Three inter-row areas (four lines of trees) of 15 trees were selected. In each paired-tree, we marked the graft union following the procedures presented by Rodrigo-Comino and Cerdà [37], for the three measured rows, considering the updates based on using vine plants [40,41,42]. Following this methodology, a 1 mm nylon rope was used to connect trees 30 cm above graft unions of inter-row tree pairs. The 30 cm distance was chosen arbitrarily to facilitate easier sampling and avoid negative values due to terrain irregularities. Then, the vertical distance of the rope to the soil surface was measured at every 10 cm. We measured a total of 48 points perpendicular to each row, with 2160 points measured in the three rows used for the case study. During measurement analysis, the 30 cm offset, as well as the original distance of the graft union from the soil surface during planting, were subtracted from the measurements. We considered the original height of the graft union as a uniform for all trees and specified at 7 cm after personal communication with the farmer. Hence, we carried out the topographical measurements using ISUM in January 2019.




2.3. Soil Bulk Density (Bd)–Sampling and Calculations


We collected soil core samples twice (January 2016 and 2019) to measure Bd with 6 cm depth (100 cm3) metalcore rings at 0–6, 6–12, 12–18 and 18–24 cm. We used stainless steel metal rings with 6 cm diameter and 1 mm in metal width. Those rings are also known as Kopecky rings and are widely used by the scientific community. Sampling beyond 24 cm was not considered since soil preparation tillage does not exceed this depth. Due to time and labor force constraints, the number of sampling points between each inter-row was 5 instead of the 48 sampled for ISUM; 75 in total. Nevertheless, for each sampling point, 4 soil cores were extracted at different soil depths (one core per depth, in total 4 samples), instead of a single surface measurement of ISUM. Therefore, in total, we collected 225 soil cores, to assess the spatial distribution of bulk density. Figure 2 shows the sampling positions for ISUM and Bd at the study site. After the calculation of dry soil weight (at 105 °C) and soil volume for each sample in the laboratory, Bd was determined. Then, the mean, median, maximum, minimum, standard deviation and coefficient of variation were calculated.




2.4. Statistical Analysis


2.4.1. Correlation between Bulk Density Soil Map and ISUM Map


Descriptive statistics were calculated (mean, median, maximum, minimum, standard deviation and coefficient of variation) and used for further analysis. Graphs of Bd data, which were measured using the core ring method at different soil depths, were depicted. Different methods of interpolation were used to prepare raster maps of collected data. The best method for interpolation was selected according to the root mean square error (RMSE) and the R2 correlation coefficient. Nine methods were applied for interpolation, to prepare raster maps in ArcGIS 10.3 software (ESRI, Redlands, USA). These methods included ordinary kriging exponential (OK-XP), ordinary kriging Gaussian (OK-GA), were ordinary kriging spherical (OK-SP), inverse distance weighting (IDW), empirical Bayesian kriging (EBK), spline with tension (ST), multi-quadric (M-Q), inverse multi-quadric (IM-Q) and thin-plate spline (TPS). Empirical Bayesian kriging (EBK) was chosen as the best interpolation method based on the highest value of R2 and lowest value of RMSE (0.8534 and 15.165, respectively).



After mapping Bd and micro-topography (topsoil level), a spatial correlation analysis was carried out among the raster maps using the band collection statistics tool in the ArcGIS 10.3 package. The correlation coefficient Corrij shows the relationship between the two spatial datasets i and j, and can be calculated following [43]:


  C o r  r  i j   =   C o  v  i j      δ i     δ j     



(1)




where δi and δj are the standard deviations of each dataset and Covij is the covariance matrix between datasets i and j defined as:


  C o  v  i j   =   ∑   K = 1  N     (   Z  i k   −  μ i   )  −  (   Z  j k   −  μ j   )    N − 1    



(2)




where n is the number of cells in each dataset, Zk represents a particular cell value of dataset i or j, and μ is the mean value of each dataset. Correlation values range from +1 to −1, with positive values denoting a direct relationship between the two datasets, negative values denoting inverse correlation and zero denoting dataset independence.




2.4.2. Calculation of Soil Lowering Using Bulk Density Data Set and ISUM


When compaction takes place, the soil shrinks, and then Bd increases [44]. The following equation was used to calculate the lowering of soil by bulk density.


  L s =   H c    (  B  d  t 2   − B  d  t 1    )    B  d  t 1      



(3)




where Ls (mm) is the calculated amount of lowering soil by bulk density data, Hc (mm) is the height of the core cylinder, and Bdt1 (g cm−3) and Bdt2 (g cm−3) are the bulk density of the first and last measurement, respectively. Soil compaction was calculated using Equation (3) for all of the collected soil core data and each pixel of the soil density map, which was prepared from the “sum of all soil depths”. Finally, the mean of each raster map obtained by ISUM was compared to the mean of the raster map of lowering soil obtained from bulk density data.






3. Results


3.1. Bulk Density


Figure 3 shows the range of data distribution for four soil depths: 0–6, 6–12, 12–18 and 18–24 cm. The values of soil bulk densities are dependent on soil depth and compaction for three years (Figure 3 and Table 1). We can observe that when soil depth increases, Bd increases. The lowest soil density was found from 0 to 6 cm depth. Differences in Bd indicate that Bd has increased so that the average for the four measured depths of 0–6, 6–12, 12–18 and 18–24 in 2016 were 0.99, 1.05, 1.11 and 1.14 g cm−3, and three years later, in 2019, these were 1.07, 1.11, 1.14 and 1.16 g cm−3, respectively. The values of maximum Bd were 1.03, 1.09, 1.2 and 1.24 g cm−3 in 2016 and 1.14, 1.17, 1.2 and 1.23 g cm−3 in 2019, respectively, for 0–6, 6–12, 12–18 and 18–24 depth. The maps of soil density interpolation at different depths show that, after three years, the soil has shrunk (Figure 4, Figure 5 and Figure 6). The data showed that the Bd increased mainly in the upper two sampling layers (0–6 and 6–12 cm), while deeper soil layers (12–18 and 18–24 cm) did not show clear changes, or even showed slight decreases in bulk density. The differences in Bd in the first and second layers during the study period are 0.075 and 0.055 g cm−3, respectively.




3.2. Soil Surface Changes Using ISUM


Table 2 shows the descriptive statistics of the database surveyed using ISUM and soil lowering data obtained using Bd values. Regarding ISUM, the range of data changes is 453, since the minimum and maximum values of soil surface level are −339 and +114 mm, respectively (Table 2). The average value reached −18 mm, indicating that the soil surface level has lowered by 6 mm per year on average. The ISUM map generated using the interpolation method is presented in Figure 7. It is worthy to highlight that the variation of soil lowering data obtained with ISUM, because of the larger number of measurements, is higher at shorter distances. However, we observe that it can also suppose a higher accuracy in presenting micro-topographical changes. According to this interpolation, the 2019 inter-row surface that coincides with the tractor traffic area registered a lower soil surface than the tree row soil surface.




3.3. Integrated Analysis Using ISUM and Bd


3.3.1. Spatial Correlation Analysis between Bd and ISUM Maps


A correlation analysis between raster maps (ISUM and Bd), using band collection statistics, was performed, and the results are shown in Table 3. The relationships between micro-topography obtained using topsoil data were calculated, with 12 maps prepared for different depths in the surveyed years.




3.3.2. Comparison of Soil Lowering Calculated Using Bulk Density and ISUM Data Set


To measure soil compaction using the Bd data set, we applied Equation (3) to all obtained bulk density pixels. Table 4 shows the spatial descriptive statistics of soil lowering data and maps obtained using ISUM and Bd. By comparing the means, it is shown that there is a slight difference between the soil lowering obtained by ISUM and Bd. So, by comparing the raster maps, this difference is 2 mm, but for individual sampled points is 7 mm. Figure 7 shows the maps which were created using the bulk density data and ISUM. The mean value of the pixels for soil lowering using bulk density is −12 mm and for lowering soil map by ISUM is −14 mm. According to Table 4, the arithmetic mean for 225 soil density samples is −11 mm and for 2160 ISUM measurements is −18 mm. The raster maps bring a more accurate calculation of the soil lowering, due to the interpolation and calculation of the soil topography.






4. Discussion


4.1. ISUM as an Efficient Method to Survey Soil Compaction for Ecological Services


The use of ISUM to calculate the soil compaction after planting will bring a reduction in time invested, and an improvement in the quality of data generated, as more sampling points can be taken. The use of maps adds a higher quality to the survey and allows for a comparison between core sampling and ISUM. Moreover, the core method is time-consuming and tedious [39]. In our experiment, the ring sampling was done in 2016 and 2019, and this involved the investment of four working days for three technicians during each sampling campaign; a total of 192 h. On average, each working hour allowed us to collect 9.375 ring samples. The laboratory processing (dry at 105 °C) and weighing were costed at ten labor days for a technician (900 samples); a total of 80 h. In total, 272 h were invested to characterize the Bd change in the persimmon plantation from 2016 to 2019. On the other hand, using ISUM, the measurement in 2019 required two technicians during a whole labor day (8 h), which is a total of 16 h. In total, the ISUM method required 24 h of field and computer work. We can classify ISUM as a low-cost field monitoring methodology, as it is one order of magnitude less time consuming than the traditional core sampling method.




4.2. Bd Temporal Changes


Our measurements in 2016 and 2019 allowed us to quantify the temporal changes in Bd. We found that, after planting the persimmons, the soil was compacted as a consequence of human trampling, machinery passes and the tillage needed before planting, as other researchers have also found in different crops [45,46]. Bd measurements carried out with a metallic ring showed compaction in three years, from 1.07 g cm−3 (average) to 1.12 g cm−3 (average). This means a soil lowering of the soil in 12 mm in three years. Soil compaction after preparation for planting in agricultural land or forest has been in different ecosystems [47,48], although, in recent years, the use of trees to restore degraded and compacted land has shown that trees aid recovery of soil properties and associate ecosystem service functions [49,50]. However, at the persimmon orchard studied in the Eastern Iberian Peninsula, we found that the soil is compacted after planting (4 mm of soil lowering per year–raster map), which is due to agricultural management (tractors and human trampling) during and after planting. Similar changes were found in vineyards, where high erosion rates and soil compaction resulted in environmental concern and threats for the agroecosystem services [51].



The usual method for measuring soil density is the core cylinder method, based on the use of metal rings (100 cm3). According to an analysis of soil density data at the study site, it is understood that soil density has a direct relationship with increasing soil depth to 24 cm. Bd changes during the studied period have been shown with maps, such as was previously done by Raper [52]. Soil compaction is more evident in the upper layer (0–6 cm), in agreement with the results of Jien [53]; nevertheless, in our persimmon plot all the layers shown an increase in Bd.



Finally, in this study, we sampled in each place using one core per depth (in a total of four samples). It is well known, considering the literature above cited, that it is a usual and necessary a large number of samples. However, we also consider the core method to be invasive and destructive. The core method does not allow many repetitions in combination with other in situ monitoring technique, as the soil is disturbed during the sampling, which would modify the ISUM results. In this way, we state that there is still a further way to be researched, such as the deeper soil sampling; for example, 1 m would be a good option to confirm or not the hypothesis developed in this paper, since there are also several ecosystem service functions related to soil biology and hydrology that could be assessed.




4.3. The ISUM Data


According to the results of the ISUM map, soil compaction has taken place after the cultivation of persimmon, as the mean of ISUM values and the map reveals soil lowering (Figure 7). Soil topographical changes using ISUM show that soil lowering is less under the trees. This can be a consequence of the effect of the root system that reduces the soil density and lowering, as other researchers have demonstrated [54,55,56]. In the persimmon orchard in L’Alcúdia de Crespins, the key issue is the increase in Bd in the inter-row area, due to the passage of machinery, and although the roots can affect the Bd in the row area after three years, this cannot be the key factor. After the three years, the roots of the persimmon trees are still developing [57].



The sampling density (number of sampling points) of ISUM between a pair of trees is higher than with core sampling. We measured 48 points with ISUM and 5 (at 4 depths) with the traditional core method. As a result, the accuracy of topographic changes with ISUM is higher than for the core method.




4.4. Integrated Analysis of the Methods (ISUM and Bd)


The comparison of the calculated lowering soil for maps and dataset using bulk density data set and ISUM shows there is a little difference among them: 2 mm for raster maps. Those differences can be because of the mapping techniques and to the fact that the number of measurements of ISUM is larger than with the core ring methods. The core cylinder method needs time to be applied; ten times more than ISUM. In addition, the core method is invasive and destructive. The core method does not allow repetitions, as the soil is disturbed during the sampling. This reduces the chances of replication; meanwhile, ISUM allows as many repetitions in the measurements when they are necessary. The lowering soil maps developed with ISUM show more changes in the soil relief, as they better survey the micro-topography and soil roughness.



The differences in the assessments of soil lowering and compaction after the persimmon plantation using ISUM and core method could also be different since ISUM measures the total soil compaction, and the core method was applied from 0 to 24 cm of depth. The soil at the persimmon terraces is 2 m deep, and we suspect that there is also a process of compaction deeper than 24 cm depth [58]. The results of the ISUM are satisfactory, due to the low differences with the traditional core method, but the scientific community should test the accuracy of the ISUM in other terrains and under different crops. It will be also necessary to develop laboratory measurements under controlled conditions, to confirm that the soil compaction can be surveyed with ISUM.



The main question that we tried to answer in this paper was whether ISUM was the appropriate method to investigate soil compaction. Our research compares two methods of mapping soil compaction in a persimmon orchard planted on an agricultural terrace (level land surface). The traditional method of determining Bd by core sampling is time-consuming and costly. Given the use of grafted stock in the orchard, the possibility of applying a different measure of land surface change (ISUM) allowed for rapid estimation of changes in soil compaction. However, core sampling has the advantage of providing bulk density values at 6-cm intervals to a depth of 24 cm, so that the pattern of soil compaction with depth could be established, as well as modelling estimates of land surface changes in ISUM. Results of the two methods of ISUM and core sampling gave reasonably similar average results for land surface change, and it was concluded that ISUM could be used more widely as an indicator of soil compaction on level agricultural land.



It is well known that machinery and pedestrian pass increase soil compaction, which affects ecosystem services. The study uses average values and modelling to indicate approximate comparability between the results of the two methods. Either method will provide averaged results over an area, or both show considerable variability over short distances. Therefore, one question can be formulated: Which is more important–a spatial average of compaction, the detailed pattern of compaction, or identifying already known potential problem (highly trafficked) areas and comparing those with others? The hypothesis of this study was to test ISUM, which covers larger areas and even describes more spaces between rows and inter-rows. However, we cannot obviate that both methods should be applied to verify that soil movements and bulk density have the same spatial and temporal pattern.



As far as we observed, no soil loss (or minimum rates) takes place due to erosion from the terrace. Hence, the lowering of the soil surface can be attributed to soil compaction. However, some soil redistribution processes on the terrace could not have enough taken into account in specific parts of the terrace, e.g., by erosion due to the micro-topography, by splash erosion from raindrops, by soil burrowing animals, or by lateral movement of the soil material by trampling or tractor passes. These processes could cause a lateral redistribution of soil, resulting in a lowering of the soil surface at the point of measurement which could be then erroneously attributed to soil compaction. We assume that rainfall events during the first year of cultivation (bare soils in the terraces) occurred and generated the highest soil compaction and a quick increase in Bd. However, due to the flatness and structure of the terrace, the runoff discharge out of the cultivated terrace was null (fieldwork observations), and all the water was infiltrated upon our survey and the farmer’s communication. In addition, the vegetation cover between the rows, despite the microtopography, could make these values even lower, so that we considered this as negligible. On the other, it is clear that lateral movement of the soil to the side by the tractor wheel must be considered, but our results (ISUM maps) demonstrated that soil compaction played a more important role on the trajectory movement than the changes caused by horizontal soil displacement by the tractor passes not showing extra differences below the trees. Our research also contributes to bringing a new method that can help in the research related to the measurement of the connectivity of flows, which are relevant to understand the changes in the soil system and the geomorphological processes [59,60], and for soil and water conservation in rural areas [61,62,63].



Ecosystem services are a key topic to promote sustainable management of the Earth, and this should focus on regions of the world that are relevant landscapes for the sustainability of the humankind, from the coastal land [64] to metropolitan areas [65], with special attention to the dynamic land-use changes we are assessing in the last century [66,67,68].



Agricultural land acts as an ecosystem that is managed by humans and produces fuel, fiber, food and landscapes for human use. The ecosystem services delivered by agricultural land produce services that the Millennium Ecosystem Assessment classifies as a provisioning service to humankind [69]. Agriculture also receives ecosystem dis-services that constrain productivity [70]. A clear example of dis-services is the one researched here due to the impact of soil compaction on the loss of infiltration rates and reduction in biota activity in soils [71,72]. The services (or dis-services) affect how agricultural ecosystems contribute to humankind’s sustainability. And the diversity, functioning and composition of agriculture landscapes are definitive to achieve a sustainable society. Our research here determines that the soil compaction is an active process in agriculture land that can be surveyed with the ISUM method. Thanks to the low cost and quick survey of ISUM, the assessment of the changes in soil compaction and the consequent loss of services can be surveyed actively, and then contribute to finding sustainable solutions.





5. Conclusions


To achieve agriculture sustainability and conserve ecosystem services in this kind of agroecosystem, soil compaction must be assessed. This study evaluated the improved stock unearthing method (ISUM) as a low-cost and precise alternative to the tedious and costly traditional core sampling method. ISUM samples were taken at 10 cm intervals from tree to tree, and our results demonstrate that soil compaction in persimmon orchards is due to soil compression because of tractor passes, which directly affect the soil topography. The comparison of the traditional ring method and the ISUM showed a slight overestimation of the soil level with ISUM (from 12 to 14 cm of soil consolidation on average, respectively). However, ISUM was found to be very efficient, as the labor cost is one order of magnitude lower (24 h) than core sampling (272 h). The use of a simple measurement tool such as ISUM can contribute to increasing the number of measurements and assessing soil compaction in terraced landscapes, where surface wash does not take place. ISUM is a suitable alternative to assess soil compaction in agricultural land and ecological service evaluations. Using the ISUM method can help in soil consolidation and soil compaction studies. Assessments with ISUM could be combined with core samples, at least in the areas with the lowest and highest changes in soil terrain micro-topography, as they are the ones with more changes. This will allow an understanding of the bulk density changes, and ISUM will considerably decrease the number of samples taken.







Author Contributions


This article has been written by E.M., J.R.-C., A.C. and A.M.d.S., reviewed and edited by H.K., I.N.D., M.P.F. The methodology has been proposed by E.M., A.M.d.S., J.R.-C. and A.C. and the fieldwork and formal analysis were made by E.M., A.M.d.S., E.T., G.M.-N. and A.C. All the expenses were afforded by a research project led by A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the European Union Seventh Framework Programme (FP7/2007-2013) under grant agreement n° 603498 (RECARE project). Artemi Cerdà thanks the Co-operative Research programme from the OECD (Biological Resource Management for Sustainable Agricultural Systems) for its support with the 2016 CRP fellowship (OCDE TAD/CRP JA00088807).




Acknowledgments


We wish to give our thanks for the hospitality of the owners and farmers during the field campaign in L’Alcúdia de Crespins municipality. The co-author Alexandre Marco da Silva also thanks Sao Paulo State University, for providing financial support to spend ninety days (from 10 January to 10 March 2019) at the Department of Geography of University of Valencia (Spain), for developing a short-term period of research, with the supervision of Artemi Cerdà. We thank Nathalie Elisseou Léglise for her kind management of our financial support. We wish to thank the Department of Geography secretariat team (Nieves Gómez, Nieves Dominguez and Susana Tomás), for their support of our research for three decades at the Soil Erosion and Degradation Research team (SEDER), with special thanks to the scientific researchers who, as visitors from other research teams, contributed to the SEDER research. Moreover, we also thank the Laboratory for Geomorphology technicians and students for the key contribution to our research. The music of Pep Gimeno Botifarra (La Perxelera) was an inspiration during the writing of this paper when the world was free of COVID-19. We thank the editors and the reviewers for their constructive comments on this paper and their methodological approach.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siebert, S.; Burke, J.; Faures, J.-M.; Frenken, K.; Hoogeveen, J.; Döll, P.; Portmann, F.T. Groundwater use for irrigation–a global inventory. Hydrol. Earth Syst. Sci. 2010, 14, 1863–1880. [Google Scholar] [CrossRef]

	



Bouman, B.; Tuong, T.P. Field water management to save water and increase its productivity in irrigated lowland rice. Agric. Water Manag. 2001, 49, 11–30. [Google Scholar] [CrossRef]

	



Novara, A.; Pulido, M.; Rodrigo-Comino, J.; Prima, S.D.; Smith, P.; Gristina, L.; Gimenez-Morera, A.; Terol, E.; Salesa, D.; Keesstra, S. Long-term organic farming on a citrus plantation results in soil organic carbon recovery. Cuadernos de Investigación Geográfica 2019, 45, 271–286. [Google Scholar] [CrossRef]

	



Du Preez, C.C.; Van Huyssteen, C.W.; Mnkeni, P.N. Land use and soil organic matter in South Africa 2: A review on the influence of arable crop production. S. Afr. J. Sci. 2011, 107, 35–42. [Google Scholar] [CrossRef]

	



Gramlich, A.; Stoll, S.; Stamm, C.; Walter, T.; Prasuhn, V. Effects of artificial land drainage on hydrology, nutrient and pesticide fluxes from agricultural fields—A review. Agric. Ecosyst. Environ. 2018, 266, 84–99. [Google Scholar] [CrossRef]

	



Luizão, F.J.; Fearnside, P.M.; Cerri, C.E.; Lehmann, J. The maintenance of soil fertility in Amazonian managed systems. Amazon. Glob. Chang. Geophys. Monogr. Ser. 2009, 186, 311–336. [Google Scholar] [CrossRef]

	



Wu, D.-M.; Yu, Y.-C.; Xia, L.-Z.; Yin, S.-X.; Yang, L.-Z. Soil fertility indices of citrus orchard land along topographic gradients in the Three Gorges Area of China. Pedosphere 2011, 21, 782–792. [Google Scholar] [CrossRef]

	



Alaoui, A.; Rogger, M.; Peth, S.; Blöschl, G. Does soil compaction increase floods? A review. J. Hydrol. 2018, 557, 631–642. [Google Scholar] [CrossRef]

	



Rodrigo-Comino, J.; Senciales, J.M.; Cerdà, A.; Brevik, E.C. The multidisciplinary origin of soil geography: A review. Earth-Sci. Rev. 2018, 177, 114–123. [Google Scholar] [CrossRef]

	



Keesstra, S.; Mol, G.; De Leeuw, J.; Okx, J.; De Cleen, M.; Visser, S. Soil-related sustainable development goals: Four concepts to make land degradation neutrality and restoration work. Land 2018, 7, 133. [Google Scholar] [CrossRef]

	



Stoessel, F.; Sonderegger, T.; Bayer, P.; Hellweg, S. Assessing the environmental impacts of soil compaction in Life Cycle Assessment. Sci. Total Environ. 2018, 630, 913–921. [Google Scholar] [CrossRef] [PubMed]

	



Mossadeghi-Björklund, M.; Arvidsson, J.; Keller, T.; Koestel, J.; Lamande, M.; Larsbo, M.; Jarvis, N. Effects of subsoil compaction on hydraulic properties and preferential flow in a Swedish clay soil. Soil Tillage Res. 2016, 156, 91–98. [Google Scholar] [CrossRef]

	



Van Dijck, S.; Van Asch, T.W. Compaction of loamy soils due to tractor traffic in vineyards and orchards and its effect on infiltration in southern France. Soil Tillage Res. 2002, 63, 141–153. [Google Scholar] [CrossRef]

	



Ferrero, A.; Usowicz, B.; Lipiec, J. Effects of tractor traffic on spatial variability of soil strength and water content in grass covered and cultivated sloping vineyard. Soil Tillage Res. 2005, 84, 127–138. [Google Scholar] [CrossRef]

	



Lipiec, J.; Usowicz, B.; Ferrero, A. Impact of soil compaction and wetness on thermal properties of sloping vineyard soil. Int. J. Heat Mass Transf. 2007, 50, 3837–3847. [Google Scholar] [CrossRef]

	



Becerra, A.T.; Botta, G.; Bravo, X.L.; Tourn, M.; Melcon, F.B.; Vazquez, J.; Rivero, D.; Linares, P.; Nardon, G. Soil compaction distribution under tractor traffic in almond (Prunus amigdalus L.) orchard in Almería España. Soil Tillage Res. 2010, 107, 49–56. [Google Scholar] [CrossRef]

	



Pižl, V. Effect of soil compaction on earthworms (Lumbricidae) in apple orchard soil. Soil Biol. Biochem. 1992, 24, 1573–1575. [Google Scholar] [CrossRef]

	



Liu, X.; Feike, T.; Shao, L.; Sun, H.; Chen, S.; Zhang, X. Effects of different irrigation regimes on soil compaction in a winter wheat-summer maize cropping system in the North China Plain. Catena 2016, 137, 70–76. [Google Scholar] [CrossRef]

	



Antille, D.L.; Bennett, J.M.; Jensen, T.A. Soil compaction and controlled traffic considerations in Australian cotton-farming systems. Crop Pasture Sci. 2016, 67, 1–28. [Google Scholar] [CrossRef]

	



Celik, I.; Günal, H.; Acar, M.; Gök, M.; Barut, Z.B.; Pamiralan, H. Long-term tillage and residue management effect on soil compaction and nitrate leaching in a Typic Haploxerert soil. Int. J. Plant Prod. 2017, 11, 131–150. [Google Scholar] [CrossRef]

	



Greacen, E.L.; Sands, R. Compaction of forest soils. A review. Soil Res. 1980, 18, 163–189. [Google Scholar] [CrossRef]

	



Soane, B.; Van Ouwerkerk, C. Soil compaction problems in world agriculture. In Developments in Agricultural Engineering; Elsevier: Amsterdam, The Netherlands, 1994; Volume 11, pp. 1–21. [Google Scholar] [CrossRef]

	



Unger, P.W.; Kaspar, T.C. Soil compaction and root growth: A review. Agron. J. 1994, 86, 759–766. [Google Scholar] [CrossRef]

	



Shahgholi, G.; Abuali, M. Measuring soil compaction and soil behavior under the tractor tire using strain transducer. J. Terramechanics 2015, 59, 19–25. [Google Scholar] [CrossRef]

	



Morgan, R.; Smith, A. Simulation of soil erosion induced by human trampling. J. Environ. Manag. 1980, 10, 155–165. [Google Scholar]

	



Bogunović, I.; Kisić, I.; Jurisić, A. Soil compaction under different tillage system on Stagnic Luvisols. Agric. Conspec. Sci. 2014, 79, 57–63. [Google Scholar]

	



Cambi, M.; Certini, G.; Neri, F.; Marchi, E. The impact of heavy traffic on forest soils: A review. For. Ecol. Manag. 2015, 338, 124–138. [Google Scholar] [CrossRef]

	



Hamza, M.; Anderson, W. Soil compaction in cropping systems: A review of the nature, causes, and possible solutions. Soil Tillage Res. 2005, 82, 121–145. [Google Scholar] [CrossRef]

	



Bogunović, I.; Kisić, I.; Maletić, E.; Jurišić, A.; Roškar, L.; Dekemati, I. Soil Compaction in different ages vineyards in Pannonian Croatia. Part II. Modeling spatial variability of soil compaction parameters in vineyard. J. Cent. Eur. Agric. 2016, 17, 545–562. [Google Scholar] [CrossRef]

	



Bogunović, I.; Kisić, I.; Maletić, E.; Perčin, A.; Matošić, S.; Roškar, L. Soil compaction in vineyards of different ages in Pannonian Croatia. Part I. Influence of machinery traffic and soil management on compaction of individual horizons. J. Cent. Eur. Agric. 2016, 17, 533–544. [Google Scholar] [CrossRef]

	



Ghadernejad, K.; Shahgholi, G.; Mardani, A.; Chiyaneh, H.G. Prediction effect of farmyard manure, multiple passes and moisture content on clay soil compaction using adaptive neuro-fuzzy inference system. J. Terramech. 2018, 77, 49–57. [Google Scholar] [CrossRef]

	



Sivarajan, S.; Maharlooei, M.; Bajwa, S.; Nowatzki, J. Impact of soil compaction due to wheel traffic on corn and soybean growth, development and yield. Soil Tillage Res. 2018, 175, 234–243. [Google Scholar] [CrossRef]

	



Ozpinar, S.; Ozpinar, A.; Cay, A. Soil management effect on soil properties in traditional and mechanized vineyards under a semiarid Mediterranean environment. Soil Tillage Res. 2018, 178, 198–208. [Google Scholar] [CrossRef]

	



O’sullivan, M.; Henshall, J.; Dickson, J. A simplified method for estimating soil compaction. Soil Tillage Res. 1999, 49, 325–335. [Google Scholar] [CrossRef]

	



Batey, T. Soil compaction and soil management—A review. Soil Use Manag. 2009, 25, 335–345. [Google Scholar] [CrossRef]

	



Ampoorter, E.; Van Nevel, L.; De Vos, B.; Hermy, M.; Verheyen, K. Assessing the effects of initial soil characteristics, machine mass and traffic intensity on forest soil compaction. For. Ecol. Manag. 2010, 260, 1664–1676. [Google Scholar] [CrossRef]

	



Rodrigo-Comino, J.; Cerdà, A. Improving stock unearthing method to measure soil erosion rates in vineyards. Ecol. Indic. 2018, 85, 509–517. [Google Scholar] [CrossRef]

	



Rodrigo-Comino, J.; Keshavarzi, A.; Zeraatpisheh, M.; Gyasi-Agyei, Y.; Cerdà, A. Determining the best ISUM (Improved stock unearthing Method) sampling point number to model long-term soil transport and micro-topographical changes in vineyards. Comput. Electron. Agric. 2019, 159, 147–156. [Google Scholar] [CrossRef]

	



Rodrigo-Comino, J.; Ponsoda-Carreres, M.; Salesa, D.; Terol, E.; Gyasi-Agyei, Y.; Cerdà, A. Soil erosion processes in subtropical plantations (Diospyros kaki) managed under flood irrigation in Eastern Spain. Singap. J. Trop. Geogr. 2020, 41, 120–135. [Google Scholar] [CrossRef]

	



Casalí, J.; Giménez, R.; De Santisteban, L.; Álvarez-Mozos, J.; Mena, J.; de Lersundi, J.D.V. Determination of long-term erosion rates in vineyards of Navarre (Spain) using botanical benchmarks. Catena 2009, 78, 12–19. [Google Scholar] [CrossRef]

	



Brenot, J.; Quiquerez, A.; Petit, C.; Garcia, J.-P.; Davy, P. Soil erosion rates in Burgundian vineyards. Bolletino Soc. Geol. Ital. 2006. [Google Scholar] [CrossRef]

	



Brenot, J.; Quiquerez, A.; Petit, C.; Garcia, J.-P. Erosion rates and sediment budgets in vineyards at 1-m resolution based on stock unearthing (Burgundy, France). Geomorphology 2008, 100, 345–355. [Google Scholar] [CrossRef]

	



Snedecor, G.; Cochran, W. Statistical Methods, 6th ed.; Iowa State College Press: Ames, IA, USA, 1967; p. 507. [Google Scholar]

	



Davidson, S.E.; Page, J. Factors Influencing Swelling and Shrinking in Soils. Soil Sci. Soc. Am. J. 1956, 20, 320–324. [Google Scholar] [CrossRef]

	



Lal, R.; Stewart, B.A. Soil Degradation and Restoration in Africa; CRC Press: Boca Raton, FL, USA, 2019. [Google Scholar]

	



Hefner, M.; Labouriau, R.; Nørremark, M.; Kristensen, H.L. Controlled traffic farming increased crop yield, root growth, and nitrogen supply at two organic vegetable farms. Soil Tillage Res. 2019, 191, 117–130. [Google Scholar] [CrossRef]

	



Smith, D.; Radcliffe, D.; Hargrove, W.; Clark, R.; Tollner, E. Soil compaction in double-cropped wheat and soybeans on an ultisol. Soil Sci. Soc. Am. J. 1987, 51, 183–186. [Google Scholar]

	



Kozlowski, T. Soil compaction and growtAh of woody plants. Scand. J. For. Res. 1999, 14, 596–619. [Google Scholar] [CrossRef]

	



Lozano-Baez, S.E.; Cooper, M.; Meli, P.; Ferraz, S.F.; Rodrigues, R.R.; Sauer, T.J. Land restoration by tree planting in the tropics and subtropics improves soil infiltration, but some critical gaps still hinder conclusive results. For. Ecol. Manag. 2019, 444, 89–95. [Google Scholar] [CrossRef]

	



Jourgholami, M.; Ghassemi, T.; Labelle, E.R. Soil physio-chemical and biological indicators to evaluate the restoration of compacted soil following reforestation. Ecol. Indic. 2019, 101, 102–110. [Google Scholar] [CrossRef]

	



Rodrigo-Comino, J.; Keesstra, S.; Cerdà, A. Soil erosion as an environmental concern in vineyards: The case study of Celler del Roure, Eastern Spain, by means of rainfall simulation experiments. Beverages 2018, 4, 31. [Google Scholar] [CrossRef]

	



Raper, R. Agricultural traffic impacts on soil. J. Terramech. 2005, 42, 259–280. [Google Scholar] [CrossRef]

	



Jien, S.-H. Physical Characteristics of Biochars and Their Effects on Soil Physical Properties. In Biochar from Biomass and Waste; Elsevier: Amsterdam, The Netherlands, 2019; pp. 21–35. [Google Scholar] [CrossRef]

	



Taylor, H.M.; Gardner, H.R. Penetration of cotton seedlingn taproots as influenced by bulk density, moisture content, and strength of soil. Soil Sci. 1963, 96, 153–156. [Google Scholar] [CrossRef]

	



Lampurlanés, J.; Cantero-Martinez, C. Soil bulk density and penetration resistance under different tillage and crop management systems and their relationship with barley root growth. Agron. J. 2003, 95, 526–536. [Google Scholar] [CrossRef]

	



Labelle, E.R.; Poltorak, B.J.; Jaeger, D. The role of brush mats in mitigating machine-induced soil disturbances: An assessment using absolute and relative soil bulk density and penetration resistance. Can. J. For. Res. 2019, 49, 164–178. [Google Scholar] [CrossRef]

	



Tetsumura, T.; Yukinaga, H. Comparative rooting of shoot tips of four Japanese persimmon cultivars vs. shoots regenerated from roots cultured in vitro. HortScience 2000, 35, 940–944. [Google Scholar] [CrossRef]

	



Jorajuria, D.; Draghi, L. The distribution of soil compaction with depth and the response of a perennial forage crop. J. Agric. Eng. Res. 1997, 66, 261–265. [Google Scholar] [CrossRef]

	



López-Vicente, M.; Álvarez, S. Influence of DEM resolution on modelling hydrological connectivity in a complex agricultural catchment with woody crops. Earth Surf. Process. Landf. 2018, 43, 1403–1415. [Google Scholar] [CrossRef]

	



Rodrigo-Comino, J.; Keesstra, S.D.; Cerdà, A. Connectivity assessment in Mediterranean vineyards using improved stock unearthing method, LiDAR and soil erosion field surveys. Earth Surf. Process. Landf. 2018, 43, 2193–2206. [Google Scholar] [CrossRef]

	



Rodrigo-Comino, J.; Giménez-Morera, A.; Panagos, P.; Pourghasemi, H.R.; Pulido, M.; Cerdà, A. The potential of straw mulch as a nature-based solution for soil erosion in olive plantation treated with glyphosate: A biophysical and socioeconomic assessment. Land Degrad. Dev. In press. [CrossRef]

	



Pulido, M.; Barrena-González, J.; Alfonso-Torreño, A.; Robina-Ramírez, R.; Keesstra, S. The problem of water use in rural areas of southwestern Spain: A local perspective. Water 2019, 11, 1311. [Google Scholar] [CrossRef]

	



López-Vicente, M.; Wu, G.-L. Soil and water conservation in agricultural and forestry systems. Water 2019, 11, 1937. [Google Scholar] [CrossRef]

	



Sannigrahi, S.; Joshi, P.K.; Keesstra, S.; Paul, S.K.; Sen, S.; Roy, P.S.; Chakraborti, S.; Bhatt, S. Evaluating landscape capacity to provide spatially explicit valued ecosystem services for sustainable coastal resource management. Ocean Coast. Manag. 2019, 182. [Google Scholar] [CrossRef]

	



Cai, Y.-B.; Li, H.-M.; Ye, X.-Y.; Zhang, H. Analyzing Three-Decadal Patterns of Land Use/Land Cover Change and Regional Ecosystem Services at the Landscape Level: Case Study of Two Coastal Metropolitan Regions, Eastern China. Sustainability 2016, 8, 773. [Google Scholar] [CrossRef]

	



Sannigrahi, S.; Chakraborti, S.; Joshi, P.K.; Keesstra, S.; Sen, S.; Paul, S.K.; Kreuter, U.; Sutton, P.C.; Jha, S.; Dang, K.B. Ecosystem service value assessment of a natural reserve region for strengthening protection and conservation. J. Environ. Manag. 2019, 244, 208–227. [Google Scholar] [CrossRef] [PubMed]

	



Arunyawat, S.; Shrestha, R.P. Assessing Land Use Change and Its Impact on Ecosystem Services in Northern Thailand. Sustainability 2016, 8, 768. [Google Scholar] [CrossRef]

	



Gong, J.; Li, J.; Yang, J.; Li, S.; Tang, W. Land Use and Land Cover Change in the Qinghai Lake Region of the Tibetan Plateau and Its Impact on Ecosystem Services. Int. J. Environ. Res. Public. Health 2017, 14, 818. [Google Scholar] [CrossRef]

	



Power, A.G. Ecosystem services and agriculture: Tradeoffs and synergies. Philos. Trans. R. Soc. B Biol. Sci. 2010, 365, 2959–2971. [Google Scholar] [CrossRef]

	



Zhang, W.; Ricketts, T.H.; Kremen, C.; Carney, K.; Swinton, S.M. Ecosystem services and dis-services to agriculture. Ecol. Econ. 2007, 64, 253–260. [Google Scholar] [CrossRef]

	



Sannigrahi, S.; Zhang, Q.; Pilla, F.; Joshi, P.K.; Basu, B.; Keesstra, S.; Roy, P.S.; Wang, Y.; Sutton, P.C.; Chakraborti, S.; et al. Responses of ecosystem services to natural and anthropogenic forcings: A spatial regression based assessment in the world’s largest mangrove ecosystem. Sci. Total Environ. 2020, 715. [Google Scholar] [CrossRef]

	



Dale, V.H.; Polasky, S. Measures of the effects of agricultural practices on ecosystem services. Ecol. Econ. 2007, 64, 286–296. [Google Scholar] [CrossRef]








[image: Agriculture 10 00266 g001 550] 





Figure 1. View of the studied agricultural terrace and location of the study site. 
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Figure 2. Cross-section and vertical view of improved stock unearthing method (ISUM) and core method sampling strategies. Bd: Bulk density. 
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Figure 3. Changes in the Bd samples measured using 100 cm3 steel rings at the three inter-rows in the persimmon orchard, and four different depths: 0–6, 6–12, 12–18 and 18–24 cm. 
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Figure 4. Spatial distribution of Bd at four depths: (a) 0–6 cm, (b) 6–12 cm, (c) 12–18 cm and (d) 18–24 cm in 2016. 
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Figure 5. Spatial distribution of Bd at four depths: (a) 0–6 cm, (b) 6–12 cm, (c) 12–18 cm and (d) 18–24 cm in 2019. 






Figure 5. Spatial distribution of Bd at four depths: (a) 0–6 cm, (b) 6–12 cm, (c) 12–18 cm and (d) 18–24 cm in 2019.



[image: Agriculture 10 00266 g005]







[image: Agriculture 10 00266 g006 550] 





Figure 6. Bd differences between 2016 and 2019 at four depths: (a) 0–6 cm, (b) 6–12 cm, (c) 12–18 cm and (d) 18–24 cm. 
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Figure 7. Spatial distribution of topsoil level between 2016 and 2019 estimated using (a) Bd and (b) ISUM. 
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Table 1. Descriptive statistics of soil bulk density (Bd) using field core measurements.
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Year

	
Depth (cm)

	
Minimum (g cm−3)

	
Maximum (g cm−3)

	
Mean (g cm−3)

	
Range (g cm−3)

	
Median (g cm−3)

	
Standard Deviation (g cm−3)

	
Coefficient of Variation (%)






	
2016

	
0–6

	
0.95

	
1.03

	
0.99

	
0.08

	
0.99

	
0.015

	
1.59




	
6–12

	
1.01

	
1.09

	
1.05

	
0.08

	
1.05

	
0.017

	
1.61




	
12–18

	
1

	
1.2

	
1.11

	
0.2

	
1.1

	
0.024

	
2.20




	
18–24

	
1.1

	
1.24

	
1.14

	
0.14

	
1.14

	
0.020

	
1.76




	
Average

	
1.015

	
1.12

	
1.07

	
0.12

	
1.07

	
0.019

	
1.79




	
2019

	
0–6

	
1.02

	
1.14

	
1.07

	
0.12

	
1.06

	
0.028

	
2.61




	
6–12

	
1.04

	
1.17

	
1.11

	
0.13

	
1.11

	
0.026

	
2.35




	
12–18

	
1.07

	
1.2

	
1.14

	
0.13

	
1.14

	
0.025

	
2.22




	
18–24

	
1.1

	
1.23

	
1.16

	
0.13

	
1.16

	
0.029

	
2.51




	
Average

	
1.05

	
1.18

	
1.12

	
0.12

	
1.11

	
0.027

	
2.42




	
2016–2019

	
0–6

	
0

	
0.14

	
0.075

	
0.14

	
0.08

	
0.031

	
41.56




	
6–12

	
−0.04

	
0.14

	
0.055

	
0.18

	
0.05

	
0.032

	
58.00




	
12–18

	
−0.07

	
0.16

	
0.038

	
0.23

	
0.04

	
0.033

	
88.01




	
18–24

	
−0.06

	
0.1

	
0.022

	
0.16

	
0.02

	
0.031

	
139.82




	
Average

	
−0.04

	
0.13

	
0.047

	
0.17

	
0.04

	
0.031

	
81.84
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Table 2. Descriptive statistics of the database surveyed, using the ISUM and soil lowering data obtained using Bd values.
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	Statistical Measures
	Bd
	ISUM





	Sample size
	225
	2160



	Minimum (mm)
	−0.55
	−339



	Maximum (mm)
	−23
	114



	Coefficient of variation (%)
	36.7
	−214.6



	Mean (mm)
	−11
	−18



	Total range (mm)
	22.18
	453



	Median (mm)
	−10
	−22



	Standard deviation (mm)
	4.04
	39







Bd: Bulk density; ISUM: Improved Stock Unearthing Method.
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Table 3. Spatial correlation between raster maps obtained using ISUM and Bd.
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Correlation Coefficient




	

	
2016–2019 (Bdt2–Bdt1)

	
2019 (Bdt2)

	
2016 (Bdt1)






	
Depth (cm)

	
0–6

	
6–12

	
12–18

	
18–24

	
0–6

	
6–1

	
12–18

	
18–24

	
0–6

	
6–12

	
12–18

	
18–24




	
ISUM

	
−0.06

	
−0.26

	
−0.10

	
−0.04

	
−0.50

	
−0.95

	
−0.71

	
−0.79

	
−0.7

	
−0.60

	
−0.54

	
−0.87








Bd: Bulk density; t1 and t2: Sampling moment.
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Table 4. Descriptive statistics of soil lowering data and maps obtained using ISUM and Bd.
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Statistical Measures

	
Raster Map

	
Measured Data




	
Bd

	
ISUM

	
Bd

	
ISUM






	
Sample size

	
-

	
-

	
225

	
2160




	
Minimal value (mm)

	
−0.57

	
−243

	
−0.55

	
−339




	
Maximum value (mm)

	
−23

	
113

	
−23

	
114




	
Mean (mm)

	
−12

	
−14

	
−11

	
−18








Bd: Bulk density; ISUM: Improved Stock Unearthing Method.
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