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Abstract

:

Deferred grazing (DG) consists in adapting the number of animals and the number of days grazed to the availability of pasture. Compared to continuous grazing (CG), which is based on a permanent and low stocking rate, DG is a management strategy that aims at optimizing the use of the resources available in the Mediterranean Montado ecosystem. This study with sheep grazing, carried out between 2019 and 2021 on a 4 ha pasture in Alentejo region of the Southern of Portugal, assesses the impact of these two grazing management systems on soil compaction as a result of animal trampling. This area of native natural grassland (a dryland pasture, mixture of grasses, legumes, and composite species) was divided into four grazing parks of 1 ha each, two under DG management and two under CG management. At the end of the study, the cone index (CI, in kPa) was measured in the topsoil layer (0–30 cm) with an electronic cone penetrometer at 48 georeferenced areas (12 in each park). The results of CI measurement showed no significant differences between treatments in all depths measured (0–10, 10–20, and 20–30 cm). These findings are encouraging from the point of view of soil conservation and sustainability, revealing good prospects for the intensification of extensive livestock production. Future work should evaluate the long-term impact and consider, at the same time, other ecosystem services and system productivity indicators.






Keywords:


sheep trampling; cone index; deferred grazing; continuous grazing












1. Introduction


Mediterranean pasture ecosystems are usually extensive, with low use of inputs, while they are utilized predominantly by small ruminants due to their high efficiency in the use of locally available feeding resources and their adaptation to specific environments [1]. The extensive livestock production in Alentejo region of the south of Portugal, particularly sheep husbandry, is characterized by low profit margins as a result of the marginal lands, and consequently, poor pasture productivity and quality [2,3]. The productivity of Mediterranean grazing lands is limited by physical constraints, such as climate and soil conditions [1]. Therefore, the predominant system in this region is the continuous grazing system (CG), a grazing management modality with low animal stocking rates (≤1 unit animal, UA, per hectare, corresponding to approximately 6–7 sheep.ha−1) [2] and without a grazing control based on the amount of effective forage accumulation (height monitoring) [4]. Continuous grazing is characterized by minimal technical input [3,4].



The control of grazing intensity through the management of stocking rates is a key tool to adjust the forage offered to animals in livestock systems [3]. Grazing intensity refers to the frequency with which animals use the pasture and the combination of more animals present for a variable time, which depends on the instantaneous growth rate of the pasture. In recent years, with the aim of improving the use of the resources available in the Mediterranean Montado ecosystem, more dynamic, intensive, and productive strategies for grazing management have been implemented [4], among them deferred grazing (DG), i.e., intermittent grazing [5]. This consists in adapting the number of animals and the number of days grazed to the availability of pasture to manage feed surpluses, especially in the spring period [6]. These grazing systems differ substantially in terms of animal load: while in CG, a small number of animals are permanently in grazing, in DG, in periods of higher pasture availability, a high stocking density (large number of animals) is used in grazing for a restricted period [7]. When grazing availability decreases below a certain threshold, animals are removed from the plot to allow vegetative recovery [7]. This is intended to limit preferential grazing of certain areas and to promote the homogenous and integral grazing of the plot, preventing less interesting botanical species from gaining prevalence after successive pasture vegetative cycles [5,6,7]. However, the implementation of grazing systems that aim to make homogeneous use of the entire pasture area can lead to large animal loads in sensitive areas of the plots and at critical times [8]. The degree to which grazing increases soil compaction severity (livestock trampling) is affected by several factors, including grazing management (stocking rate, stocking density, timing, etc.), soil type (texture), soil moisture during grazing, and climate [9,10]. Periods following concentrated rainfall events, which are increasingly frequent in the region, are susceptible to pasture degradation and soil compaction, particularly in areas with structural limitations [10]. This is particularly important in the global context: about 20% of the world’s pastures and rangelands are considered degraded through overgrazing and compaction [11] and land degradation affects 23% of the world’s terrestrial area [3].



As a reference, the estimated force applied by sheep hoofs to the soil surface (static pressure) is approximately 80 kPa [12,13], similar to those of tractor wheels [14]. Several studies have assessed the impact of different grazing systems, more intensive or less intensive, on the productivity, quality, and floristic composition of pasture [5,6,11,15,16,17]. Nevertheless, the impact of sheep trampling on soil compaction, associated with different grazing systems, is a little-studied process and could become an important tendency indicator of sustainability, which will tend to be considered in future Common Agricultural Policy (PAC) decisions. Within this framework, it will be fundamental to have technological tools that make the decision-making process more expeditious, based on electronic sensors and spatial knowledge of the relevant variables of the Montado ecosystem. The development and application in recent decades of various sensors in Precision Agriculture projects associated with global navigation satellite systems (GNSS) today provides the technology to monitor the spatial variability of soil and crops, identifying areas of similar management potential (known as homogeneous management zones, HMZ) [18]. Notable among these are soil electrical conductivity measuring sensors (by contact or electromagnetic induction), which have come to provide smart soil sampling systems [18,19]. The electronic cone penetrometer, which measures soil compaction, is another practical sensor that, complementarily, has the potential to characterize the impact of different grazing management systems from a Precision Grazing (PG) perspective [8], and to provide the farmer with the tools necessary to make decisions related to soil physical condition [11]. Soil compaction influences crop yield, wherefore the delimitation of management zones connected with this parameter is of great importance [18]. Since the crop, in this case pasture, is the expression of soil characteristics, as well as climate and animal grazing management, then pasture vegetation growth patterns obtained over time, before and after grazing, through vegetation indices based on images of the Sentinel-2 satellite could be very interesting [20]. Optical remote sensors, capable of measuring vegetation spectral response and time series of vegetative indices, such as NDVI (Normalized Difference Vegetation Index) or NDWI (Normalized Difference Water Index), with variable spatial resolution and sensitive to changes in the vegetation cover [20], are frequently used in agriculture. These can address the goal of measuring, for example, pasture growth rates or post-grazing regrowth [4] in DG treatment, and complement a holistic approach on this soil–pasture–tree and animal ecosystem [8,19]. It is expected that this article can contribute to better support future decision-making by farm managers in regard to the implementation of PG from the perspective of intensification using expedient technological tools, namely, the electronic cone penetrometer, the soil electrical conductivity meter, and satellite imagery.



Despite the fact that in recent years several works have been published that relate soil, pasture, tree, and animal interactions [8,12], to the best of our knowledge, there are no published studies that have quantified the effect of deferring grazing on soil compaction. This study aims to assess the impact that two grazing management strategies (CG versus DG) have on soil compaction as result of animal trampling.




2. Materials and Methods


2.1. Experimental Site Description and Grazing Management


This research was conducted at an experimental pasture called Eco-SPAA which is located in the Mitra farm (38°53.10 N; 8°01.10 W), of University of Évora, in Southern Portugal. The area of study was 4 ha. An overview of the experimental field is given in Figure 1. The study was performed between September 2019 and June 2021.



This pasture was subdivided with fences in 2019, as part of a study to evaluate different grazing systems [7], into four parks (P1 to P4), each with an area of approximately 1 hectare. In parks P1 and P4, a continuous grazing system was implemented (CG; stocking rate of 1 UA throughout the whole vegetative cycle of the pasture), while in parks P2 and P3 a deferred grazing system was implemented, and with a higher stocking rate (DG; stocking rate of 2 UA; they entered or left the grazing parks according to the average height of the pasture, left when this was less than 5 cm, and re-entered when this was greater than 10 cm) [7]. A buffer park outside the experimental pasture receives the animals during the grazing rest periods of parks P2 and P3 (DG treatment). To determine the average height of the pasture in each of the 4 grazing parks (P1 to P4), 12 sampling points were geo-referenced from a total of 48 sampling areas (Figure 1). The detail of the separator fence between the two grazing systems under study (CG and DG) and the respective pasture development are presented in Figure 2. The total number of grazing days that animals spent in each treatment (grazing system) in each year (2019/2020 and 2020/2021) is shown in Figure 3. The number of days between years was different because the life cycles of the pastures were different. After all, the onset of autumn rains was different between years. The number of days spent in each treatment is also described across months, highlighting the relationships between the pastures’ growth rates and their intake rate.



In this area, the soil can be classified as a Cambisol derived from granite [21]. Usually, these acid soils are utilized for grazing and forest land or mixed with arable farming [21]. In this specific case, this pasture was used in extensive sheep grazing systems for over three decades. It integrates the Montado ecosystem, with biodiverse permanent dryland pastures under Holm oak trees (Quercus ilex ssp. rotundifolia Lam.) with a low density (about 8–10 trees.ha−1). From a textural classification, the soil has a sandy loam texture (mean clay content = 9.3 ± 1.3%); acid (mean pH = 5.4 ± 0.2); rich in potassium (mean = 150.4 ± 51.6 mg kg−1); medium CEC (11.4 ± 2.7 cmol.kg−1) and ECa (12.4 ± 4.4 mS.m−1), low levels of organic matter (mean = 1.6 ± 0.6%), and phosphorus (mean = 55.6 ± 21.5 mg kg−1) [22].




2.2. Characterisation of the Climate


The climate of the area where the experimental field was located is Mediterranean. It can be classified as Csa (Köppen–Geiger classification; [23]). High inter-annual irregularity and low rainfall (usually <600 mm), mainly in the autumn–winter seasons and practically expressionless during the summer [8].



The evolution of the monthly mean temperature and rainfall between July 2019 and June 2021 are presented in Figure 4. The above-mentioned inter-annual irregularity is very clear: while 2019/2020 recorded a total accumulated rainfall of 627 mm, close to what is common in the region and evenly distributed over the autumn, winter, and spring seasons (213, 205, and 208 mm, respectively), 2020/2021 was a relatively rainy year, with total accumulated precipitation of 778 mm evenly distributed over the autumn and winter (approximately 300 mm in each season), but with low rainfall in spring (total of 135 mm) and abnormal rainfall events in summer. Flooding and the consequent increase in soil compaction by animal trampling are usual due to the rainfall irregularity, particularly the high concentration of rainfall during some events, which is associated with the poor drainage of these soils [8].




2.3. Soil Apparent Electrical Conductivity (ECa) and Altimetric Surveys


To characterize the soil spatial variability of the experimental pasture, a soil apparent electrical conductivity (ECa) survey was carried out in October 2019. Topsoil data (0–37.5 cm) obtained by an “EM38” device (Geonics Ltd., Mississauga, ON, Canada) were used. A metal-free sledge was used to mount the ECa sensor, and it was pulled behind an all-terrain vehicle equipped with a GNSS receiver. Thus, a topographic survey was also provided.




2.4. Cone Index and Soil Moisture Measurements


With the aim of measuring the soil resistance to penetration (Cone Index, CI, in kPa), an electronic cone penetrometer “FieldScout SC 900” (Figure 5a) (Spectrum Technologies, Aurora, IL, USA) equipped with an ultrasonic depth sensor was used in October 2021. In each of the 48 sampling areas of 1 m2, five CI measurements were performed between 0 and 45 cm (maximum depth allowed by the device). These measurements were conducted with this pattern: one in the central point of the sampling location, and one in each of its four quadrants (Figure 5b). The same operator performed the measurements to avoid errors from the uncertainty of maintaining a constant penetration rate [8]. After the field measurements, data were processed: (i) outliers were removed with a preliminary analysis; (ii) the mean CI value of the set of five measurements were computed for each sampling location and each depth (0–10, 10–20, 20–30 and 0–30 cm); (iii) the graphic representation of CI as a function of soil depth was generated. Readings for all treatments were taken on the same day to avoid soil moisture variability, which can affect the resistance measurements. A gouge auger and a hammer were used to collect soil samples from the 0–30 cm soil layer with the aim of characterizing the soil moisture content (SMC) at the time of CI measurement in the central point of each measurement area (Figure 5b). Soil samples were weighed and dried at 70 °C for 48 h; then they were weighed again to establish the SMC [8].




2.5. Vegetation Multispectral Measurement: NDVI and NDWI Time Series Reconstruction


From the Copernicus data hub, a multi-temporal Sentinel-2 imagery dataset (between 1 September 2020 and 30 June 2021), free of clouds and atmospherically corrected, was downloaded. Band 8 (B8; near infrared, NIR; 842 nm) and band 4 (B4; RED; 665 nm), both with a 10 m spatial resolution, were utilized to compute the satellite normalized difference vegetation index (NDVI = (B8 − B4)/(B8 + B4)) and for the reconstruction of the mean NDVI trends (NDVI time series records). Band 8A (B8A; NIR; 865 nm) and band 11 (B11; short-wave infrared, SWIR; 1610 nm), both with a 20 m spatial resolution, were utilized to compute the satellite normalized difference water index (NDWI = (B8A − B11)/(B8A + B11)) and for the reconstruction of the mean NDWI trends (NDWI time series records).



The calculation of the mean values of these indices took into account, for each grazing park, the set of values of the “10 m × 10 m” Sentinel-2 pixel sampling areas for NDVI (Figure 6a), and the “20 m × 20 m” Sentinel-2 pixel sampling areas for NDWI (Figure 6b).




2.6. Statistical Analysis


A descriptive statistical analysis was conducted for CI. Inferential analysis consisted of: (i) regression analysis between SMC and CI to 0–30 cm data (with a 95% significance level); and (ii) analysis of variance (ANOVA) between treatments (CG versus DG) and between CI depths (0–10, 10–20, 20–30 and 0–30 cm). The IBM SPSS Statistics package for Windows (version 28.0, IBM Corp., Armonk, NY, USA) was used to perform these analyses.



With the aim of analysing the mean separation whenever the variables presented significant differences in the ANOVA (p < 0.05), multiple comparisons were conducted using the Tukey’s HSD test.



The maps of soil variables (SMC, ECa, and CI) and the altimetric map were produced through geostatistical analyses with the “Geostatistical Analyst” extension of ArcGIS software (version 10.5, ESRI, Inc., Redlands, CA, USA). Kriged maps were generated using the ArcMap module of ArcGIS.





3. Results


The elevation map (Figure 7a) is representative of the undulating topography characteristic of the region, which is known to have an impact on the spatial variability of soil parameters. This soil spatial variability is also evident in the ECa map (Figure 7b): although as well as the preponderance of areas with intermediate values (10–15 mS.m−1), there are also representative areas with low ECa (<10 mS.m−1) and areas with high ECa (>15 mS.m−1).



The cone index (mean, standard deviation, and range) for different depths in each treatment (CG versus DG) is presented in Table 1. Although average CI values tend to be higher in areas with DG (Figure 8a) at all depths (Figure 8b), the differences obtained are not statistically significant (p = 0.337). The ANOVA showed CI significant differences (p = 0.000) between depths, with higher CI values at 10–20 cm depth (p = 0.000) compared to 0–10 cm depth, and 20–30 cm depth (p = 0.000) compared to 0–10 cm depth. The multiple comparisons showed no significant differences (p = 0.949) between 10–20 cm and 20–30 cm depths. These multiple comparisons also showed no significant differences (p = 0.891) for interactions between treatments and depths.



The maps of SMC (a) and CI (b) at 0–30 cm depth are presented in Figure 9. The spatial patterns of these two parameters are relatively opposite, with higher CI values in areas with lower SMC content. This inverse relationship between CI and SMC is evident in Figure 10. The spatial pattern of CI at different depths is presented in Figure 11.



The pattern of NDVI (a) and NDWI (b) time series (CG versus DG) over the pasture vegetative cycle of the 2020/2021 (between 1 September 2020 and 30 June 2021) indicates a trend of higher vegetative vigour (higher NDVI and higher NDWI) in areas under DG (relative to areas under CG) between the beginning of January and the end of May 2021 (Figure 12).




4. Discussion


It is known that increased stocking rates have negative effects on soil properties and are positively correlated with animal trampling [15]. Donkor et al. [24] suggested that DG systems have associated greater CI than CG systems. Recent studies [8,10] have sought to assess the impact of different cattle management approaches on CI. It is known that sheep have a much lower individual impact on soil compaction than cattle (based in the ratio between the body weight and the soil contact area) [25]; however, this specie has a very marked gregarious behaviour [2], therefore, this pilot study aims to assess the impact that two grazing management strategies (CG versus DG) on soil penetration resistance (CI) as result of sheep trampling. The practical question is: which situation has a greater impact on soil compaction, (i) low stocking rates (few animals) in permanent grazing (CG) or (ii) high stocking rates (many animals) in intermittent grazing with periods, of variable duration, of recovery, i.e., temporary livestock exclusion (DG).



Several works have shown the strong spatial variability of topsoil characteristics in Montado areas in general [26,27], and, in particular, in the pasture used in this study (Mitra farm), either through direct and exhaustive soil sampling [19], and/or by the use of expedient tools, usually based on ECa surveys with contact sensors [28] or electromagnetic induction sensors [29]. The CI tool has been widely used by researchers and service providers because it is easily used in the field [30], allowing farmer’s decision support to adopt sustainable grazing management [28].



This spatial variability is the first condition for differentiated management implementation, a fundamental step in the intensification of forage-based livestock systems [19], characteristic of the Mediterranean region of southern Portugal [2]. Spatial variability reflects the effect of several factors, mainly such as edaphic, climatic and management [2]. Among the edaphic factors, the nature of the original rocks and, consequently, the texture [18], has the potential to identify and predict spatial variability of soil compaction. In this study, predominate coarse-textured soils, typically less susceptible to compaction than silt loam soils [10,30], which demonstrates the interest, in the future, in extending these exploratory studies to other soil types.



The spatial variability in the CI found in this study (CV of 22 to 41%; Table 1) combined with the variability in the soil profile (depths of 0–10; 10–20; 20–30; and 0–30 cm; Figure 8), are similar to those found in a study with cows, in a nearby plot and with very similar characteristics [8]. The scale of magnitude of these CVs shows that the measurement of CI value is influenced by the management system, in addition to the soil intrinsic factors (e.g., soil structure, texture, and moisture) [29].



Although average CI values tend to be higher in areas with DG (Figure 8a) at all depths (Figure 8b), as indicated by the study of Donkor et al. [24], the differences obtained are not statistically significant. These findings are a positive signal in terms of soil conservation and sustainability from the perspective of potential intensification of forage-based livestock systems. These results, that correspond to two years (2019/2020 and 2020/2021), suggest that this could be a dynamic process, with recovery cycles [8], where physical and biological restorative processes may mitigate near surface soil impacts [10,12]. In future works, longer term monitoring of changes in soil penetration resistance may be required [10].



The multiple comparisons showed significant differences (p = 0.000) in CI values between depths, with lower CI values at 0–10 cm depth compared to the other two soil layers considered (10–20 or 20–30 cm). This pattern is different from that registered in other study of animal trampling for the same soil type but carried out with cattle grazing [8], where the highest compaction was recorded in the 10-20 cm soil layer. In this same study, livestock trampling effect was significant at a depth of 0-10 cm. In general, studies report that the highest animal trampling impact occurs at the topsoil layer [10,12,24,25,26,30,31,32,33]: 0–5 cm according to Debiasi et al. [31] and Roesh et al. [25], 0-10 cm according to Sharrow [12], and 0–15 or 0–20 cm according to Donkor et al. [24], Nawaz et al. [30] and Mayerfeld et al. [10]. The CI pattern registered in this study justifies replicating this study of trampling monitoring in other soil types.



Another result of this study confirms the significant and inverse relationship between CI and SMC (R2 = 0.55): the exponential increase in the CI with the decrease in SMC content, or vice-versa [32]. This pattern, attributed to the lubricating effect of SMC on cone penetration [33] and to the reduction in the cohesive forces between soil clay particles [34], was registered in several works [8,32,33].



The prospect of intensifying extensive forage-based livestock through the adoption of dynamic grazing systems should take into consideration the long-term impact on soil compaction and, mainly, the system’s productivity indicators. One of the criteria used in the comparison and evaluation of grazing systems is the development and vegetative vigour of the pasture. Time series of RS indices (Sentinel-2 imagery), such as NDVI and NDWI [35], can address this goal because they are sensitive to changes in the vegetation cover before and after grazing and can be efficient tools to determine the response pattern of pasture [20]. The typical pattern of these indices throughout the vegetative cycle of the pastures (Figure 12) reflects the effect of temperature and precipitation [34]. In this study, a trend of higher vegetative vigour (higher NDVI and higher NDWI) was observed in areas under DG (relative to areas under CG), between the beginning of January and the end of May 2021 (Figure 12). This vegetative response shows that DG livestock systems, with appropriate sheep stocking rates and recovery periods, despite causing small changes to soil penetration resistance (CI), are unlikely to negatively impact plant growth, aspect also highlighted by Mayerfeld et al. [10] and Ma et al. [36].



These results show that soil physical parameters, namely soil compaction, and pasture response relationships are needed to provide improved practical tools for farmers [11]. These tools are particularly important to enhance the ability to make informed and economically viable decisions for management options [11]. An approach that uses monitoring tools to support decisions in complex and dynamic systems exposed to changing conditions, as is the case of the Montado ecosystem, should be used in the future to guide and aid farmers’ decision-making process [3]. Although statistically not significant, the systematic tendency observed at all depths evaluated in this study towards greater CI in plots subjected to DG, suggests that future works of longer duration to evaluate compaction/recovery cycles, should also consider the trend towards increased intensification of extensive livestock production, based on electric and mobile fences, with a stocking rates of up to three times higher than in CG systems (approximately 1 UA, per hectare, corresponding to approximately 6–7 sheep.ha−1).



Since sheep exhibit highly selective grazing, CG is said to be responsible for degradation of vegetation and soils and declines in productivity and biodiversity [37,38]. In contrast, DG can be used as a tool to improve pasture resilience, livestock performance, pasture quality and profitability at a farm scale, when considering a typical spring surplus [36,39]. Dynamic grazing systems, that combine DG with flexible stocking rate based on changing rainfall conditions, are fundamental for achieving sustainable outcomes [36,38]. Nevertheless, long term studies are required [37] to quantify responses of different pasture types in variable climatic scenarios and, mainly, whole-farm analysis to integrate the multiple impacts of DG on the farm system, which include the positive impacts on the pasture performance after the deferred period, and the negative impact on pasture growth and nutritive value during the deferred period [39]. These studies should also include the measurement of parameters indicating change in ecosystem function, resilience, and ecological services [36,38].



Recent studies show the potential of the Montado to provide a range of ecosystem services. Guimarães et al. [40] go further and propose a results-based model implemented under Common Agricultural Policy and based on specific environmental results, namely, a healthy and functional soil ecosystem and a biodiverse native Mediterranean pasture. For example, soil degradation is identified as an important problem in the Montado, where animal grazing activity impacts soil health and its productivity through trampling [40]. It is in this framework that expedient technologies such as the electronic cone penetrometer, the soil electrical conductivity meter, satellite imagery and others will become indispensable monitoring tools for the quantification of payments to farmers and for the follow-up by public authorities and policy makers.




5. Conclusions


Compared to continuous grazing (CG), deferred grazing (DG) consists in adapting the number of animals and the number of days grazed to the availability of pasture and represents a more dynamic, intensive, and productive strategy for grazing management. The impact of sheep trampling on soil compaction, associated with different grazing systems, is a complex and little-studied process and could become an important tendency indicator of soil sustainability. This reflects the balance between restorative and compactive mechanisms on grazed and ungrazed areas.



The results of soil resistance measurements (CI) in this study showed no significant differences between CG and DG in all depths evaluated (0–10, 10–20, and 20–30 cm). At the same time, there was no negative impact on vegetative response, measured by vegetation indices obtained by RS (NDVI and NDWI). These findings are encouraging not only from the perspective of sustainability, but also reveal good prospects for the intensification of extensive forage-based livestock systems.



In future works, decision support tools should evaluate the long-term impact on soil compaction of grazing management systems with appropriate sheep stocking rates and recovery periods and should consider at the same time the system’s productivity indicators.
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Figure 1. Experimental pasture “Eco-SPAA”, located at Mitra farm. 
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Figure 2. Detail of the separator fence between the two grazing systems under study. 
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Figure 3. Number of grazing days in each treatment in 2019/2020 and 2020/2021. 
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Figure 4. Thermo-pluviometric diagram of Meteorological Station of Mitra (Évora, Portugal) between July 2019 and June 2021. 
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Figure 5. “FieldScout SC 900” cone penetrometer (a) and schematic representation of Cone Index (CI) and Soil Moisture Content (SMC) sampling area (b). 






Figure 5. “FieldScout SC 900” cone penetrometer (a) and schematic representation of Cone Index (CI) and Soil Moisture Content (SMC) sampling area (b).



[image: Agriengineering 05 00047 g005]







[image: Agriengineering 05 00047 g006 550] 





Figure 6. Sentinel-2 pixel sampling areas of the experimental pasture: (a) “10 m × 10 m” pixels; (b) “20 m × 20 m” pixels. 
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Figure 7. Elevation map (a) and soil apparent electrical conductivity (ECa) map (b) of the experimental pasture. 
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Figure 8. Average cone index (CI, in kPa) for continuous (CG) versus deferred grazing (CG) at: (a) 0–30 cm soil depth; (b) 0–10 cm, 10–20 cm, 20–30 cm and 0–30 cm soil depths. “ns”—Not significant. 
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Figure 9. Soil moisture content (SMC) map (a) and cone index (CI) map (b) at 0–30 cm depth. 
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Figure 10. Relationship between soil moisture content (SMC) and mean cone index (CI) in the 0–30 cm soil layer. 
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Figure 11. Cone index maps at different depths: (a) 0–10 cm; (b) 10–20 cm; (c) 20–30 cm. 
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Figure 12. Sentinel-2 time series: (a) normalized difference vegetation index (NDVI); and (b) normalized difference water index (NDWI), between 1 September 2020 and 30 June 2021. 
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Table 1. Mean, standard deviation (SD) and range of cone index (CI, in kPa) for different depths in each treatment (continuous grazing, CG versus deferred grazing, DG).
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Depth

	
CG

	
DG




	
(cm)

	
Mean ± SD

	
Range

	
Mean ± SD

	
Range






	
0–10

	
1501 ± 617

	
500–3450

	
1696 ± 624

	
837–2795




	
10–20

	
2619 ± 655

	
1334–3536

	
2664 ± 894

	
1078–4200




	
20–30

	
2520 ± 893

	
802–4519

	
2656 ± 886

	
1483–4511




	
0–30

	
2194 ± 484

	
1303–3214

	
2338 ± 639

	
1250–3597
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