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Abstract

:

An important problem of container nurseries is ensuring equal and favorable growth conditions for cultivated plants. This can be achieved by ensuring the physical parameters of the substrate used to grow seedlings in individual cells of the container are similar. The nursery container is filled with a specially composed substrate through an automated line. Quickly controlling the parameters related to the quality of substrate filling presents a significant problem, as it requires the ongoing correction of the filling module settings (e.g., extending the vibration time or changing the vibration amplitude). To address this issue, it would be helpful to determine the compactness of the substrate, which can be easily measured using a penetrometer. This paper presents a prototype automated station, known as a multipenetrometer, designed for the simultaneous testing of compactness in 15 selected container cells. The prototype was put to the test at the Nursery Farm in Sukowo, where two types of polystyrene containers (V150—650/312/150 mm; 74 cells; and 0,148 cm3 cell volume and V300—650/312/180 mm; 53 cells; and 0.275 cm3 cell volume) were filled with peat–perlite substrate on the Urbinati Ypsilon automated line. This study investigated the influence of substrate moisture (two levels—70 and 75%) and vibration intensity (two levels—8 and 12 G) of the vibrating table on its compactness within the individual cells of the nursery container. The results indicated that with an increase in substrate moisture and vibration intensity, the compactness of the substrate increased, and the variation in compactness between individual cells decreased. Notably, the V300 containers, with a larger cell volume (265 cm3), experienced a higher level of change compared to the V150 containers (145 cm3). Despite the use of substrate compaction techniques based on the experience of line operators filling containers, the coefficient of variation between the compactness of the substrate in individual cells of the container remained at 30%. Based on the findings, it was confirmed that the optimal parameters for filling V150 and V300 containers with peat–perlite substrate on the Urbinati line, at a filling capacity of approximately 400 containers h−1, are a moisture content of around 75% and a maximum vibration intensity of 12 G.
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1. Introduction


The air–water properties of the substrate and its chemical composition are one of the main factors that affect the cultivation of seedlings in nursery containers [1,2]. In Poland, the substrate used for seedling production is prepared from high-sphagnum peat with a small addition of other components like perlite and vermiculite. High peat has high porosity and water capacity, sterility, and low mineral content, which facilitates the determination of fertilization doses [3]. Recommended parameters for the commonly used peat–perlite substrate in Poland include a total porosity ranging from 70% to 93% by volume, water capacity at 73% by volume, air capacity between 20% and 25% by volume, available water at 48% by volume, and wet weight of 864 kg∙m−3 [3,4,5,6]. The quoted ranges are wide, and the inconsistent measurement methodology poses a problem for ongoing control during seedling breeding [7,8,9]. Inadequate physical parameters of the substrate are difficult to correct, with one of the main issues being the air capacity, which can be either too low or too high and is often related to substrate compaction [10]. The degree of compaction and subsidence of the substrate in the container cells are more pronounced when thicker substrate elements are used, when the bulk density of components varies, or when intensive irrigation is employed. Over time, compaction changes occur due to the movement of fine substrate particles from the upper to the lower levels of the cell and the decomposition of organic matter. Root development also contributes to increased substrate density while enhancing its permeability, which facilitates the diffusion of gases [7,10,11,12,13,14].



An important problem of container nurseries is ensuring equal and favorable growth conditions for cultivated plants. This can be achieved by ensuring the physical parameters of the substrate in individual cells of the container are similar [15]. The process of filling a nursery container with a specially composed substrate is typically automated, involving modules equipped with a vibrating table, scraper brushes, and compaction pins. However, quickly controlling the parameters related to substrate filling poses a significant problem, as it necessitates the ongoing correction of the filling unit settings, such as extending the vibration time, changing the vibration amplitude, and adjusting the scraper units, among others. In this regard, specifying the penetration resistance of the substrate, which can be easily measured using a cone penetrometer, could be beneficial. Penetration resistance, also known as compactness, is considered a measure of soil compaction and finds applications in various fields, including civil engineering, agriculture, and forestry, in addition to its use in the military [16,17,18,19,20,21]. Penetration resistance is the ratio of the resistance arising when pressing the penetrometer cone to the area of its base. Compactness is mainly influenced by the granulometric composition, structure, bulk density, and moisture content of the nursery substrate [22,23,24,25].



The high level of penetration resistance, resulting from a high bulk density, is considered a factor that inhibits plant growth. This is mainly due to the low porosity and air content in the substrate, and the problem with the penetration of the substrate by plant roots [26,27,28,29]. Excessive compactness also affects the accumulation of elements [30], increases the appearance of pathogens [31], and disrupts the functioning of soil microorganisms [32]. Research on this subject, focused on forest species, has been carried out mainly for forest soils [33,34], as well as for substrates used in nursery containers [35,36].



The advantage of using penetration resistance is that it can be measured quickly and in a relatively simple way. This provides information about the current condition of the nursery substrate and enables tracking changes that may occur under the influence of external factors [37,38]. Penetration resistance is typically measured using various designs of penetrometers, with static cone penetrometers being the most commonly used. Another solution, especially often used in geoengineering, is dynamic penetrometers [23,39,40,41]. Multipenetrometers are also available, which allow for the simultaneous measurement of compactness at multiple places using several penetrometers [42].



In this work, a new prototype measuring station called the “Multipenetrometer for containers” was utilized to measure penetration resistance [43]. The device allows for quick control of the substrate’s compactness in a nursery container, simultaneously performed in several cells. This control accompanies the process of filling containers on automated lines for filling the substrate.



The aim of the research was to determine the value and variability of substrate compactness in container cells after they were filled on an automated substrate-filling line. The measurements were assumed to be carried out while filling the containers with the substrate at various moisture levels and by changing the intensity of vibration on the vibrating table integrated into the line. The research hypotheses were as follows: (a) An increase in substrate moisture and vibration intensity affects the density of the substrate in the container cells. (b) The increase in moisture and vibration intensity affects the variability of substrate compaction among different cells of the containers.




2. Materials and Methods


The research was carried out at the Nursery Farm in Suków Papiernia (coordinates 50.79613, 20.71011), within the Daleszyce Forest District. The experiment involved the use of an automatic Urbinati S.r.l Ypsilon line (Figure 1) to fill polystyrene containers. In the experiment, two types of polystyrene containers (new and not used before), namely Marbet V150 and V300 (Table 1, Figure 2), along with peat–perlite substrate (95/5 by vol.) from Nursery Farms in Nędza, were used. The peat–perlite substrate had the following granulometric composition: fraction 10.1/20 mm—2.5%, 4.1/10 mm—12.5%, 2.1/4.0 mm—12.5%, <2.0 mm—72.5%. Additionally, it had a maximum degree of decomposition of 15% and an organic matter content exceeding 85%.



The containers were filled while changing the intensity of vibration on the vibrating table, with the scale of the table regulator ranging from 1 to 6, where the highest value represented the lowest level of vibration. The level of vibrations was measured using the Voltcraft DL-131G device [43], ranging linearly from 12.0 G for the value 1 on the regulator scale to 8 G for the value 6 on the regulator scale. Intermediate vibration level 3 (designation: VibAvg = 10 G) and maximum level 1 (designation: VibMax = 12 G) were selected for the tests. However, the lowest vibration level 6 (VibMin = 8 G) was rejected from further measurements due to the underfilling of the container cells, which eliminates this variant from being used for backfilling the containers with the substrate used in the tests. During the tests, the efficiency of the line was set at 400 containers h−1, which is the normal speed used when filling containers in a nursery. This parameter was kept constant as it does not affect the residence time of the containers on the vibrating table and was not considered a research factor. The containers were filled at two moisture levels, specifically 70% and 75%, which are within the standard range used during their filling. The research utilized a prototype measuring station known as the “Multipenetrometer for containers” (Figure 3), which has been submitted for patent protection (Patent Office of the Republic of Poland, number P.441918) [44]. This automated measurement device allows for the simultaneous measurement of compactness in multiple cells of the container. The measurement can be performed in several evenly distributed cells on the container’s surface by inserting penetrometer cones to the desired depth. The stand consists of a frame (1) with a movable base (2) in the form of a flat steel plate and a fixed upper steel plate (3) on which strain gauges (4) are attached at various positions. These sensors are affected by insertion rods (5) that end with indenters (penetrometers) in the form of cones (6). A nursery container (7) is placed on the base plate (2). The base plate is mounted on linear bearings (8) running on guide shafts (9), and its movement is driven by a drive shaft (10). The upward movement of the movable plates (1) and the container (7) causes the strain gauges (4) on the upper plate (3) to be acted upon by the insertion rods (5) ending with cones (6). The rotation of the drive shafts (5) is caused by chain gears (11), which are driven by an electric motor (12) with a reduction gear (13). The rotational speed of the electric motor (12), controlled by an inverter, regulates the speed of inserting the cones (6) into the cells. The plate’s up and down movement is limited by length limit sensors (14) connected to the system that controls the direction and operation of the drive motor (12). Strain gauges (4) can be mounted at various prearranged places on the upper plate (3), enabling measurements for containers of various types and dimensions. The force of pressing the cones (6) into the substrate in the container cells (7) is measured by strain gauges (4) after amplification and then transferred to a multichannel recorder and computer for data processing and archiving. The experiment involved simultaneous measurements in 15 cells of each of the V150 and V300 containers (Table 1).



The research began with determining the desired moisture content of the peat–perlite substrate, which was supplied in 200 l bags by the manufacturer. Each bag was weighed before pouring the substrate into the mixer. After filling the mixer, the substrate was mixed thoroughly to ensure uniform initial moisture. Nine samples of the substrate (im) were taken from the mixer, and their moisture levels were measured using three WPS 110 ± 0.1 g moisture analyzers, working simultaneously. The initial moisture of the substrate was found to be at the level of im = 58.86% ± 0.86. Once the im was determined, the amount of water required to achieve the desired humidity level (m1 = 70%) was calculated. Water was added to the mixer at a predetermined time using spray nozzles whose output in L s−1 had been previously determined. The substrate was mixed for 30 min, and at 15 and 30-min intervals, three samples were taken for moisture control using weighing dryers (WPS). After obtaining the target moisture level and setting the parameters of the vibrating unit to the average vibration level (VibAvr), the containers were filled. Initially, 10 containers were filled, and after stabilizing the line’s operating conditions, four more V150 containers (C1_150, C2_150, C3_150, and C4_150) were taken for measurements. Subsequently, the line was switched to filling V300 containers, and the same process was repeated with another 10 containers and four additional V300 containers (C1_300, C2_300, C3_300, and C4_300) taken for measurements. Next, the vibration level on the vibrating table was changed to the maximum level (VibMax), and the containers were filled again, similar to the VibAvr variant, with an additional collection of four V300 containers, followed by four V150 containers. The remaining substrate in the mixer was then moistened to achieve a moisture level of m2 = 75%, using the same procedure as before. The amount of water required was calculated, taking into account the weight of the substrate taken for measurements in the containers for the first moisture level (all filled containers were weighed). The moisture level m2 = 75% is considered optimal and is usually used when filling containers with peat–perlite substrate. From each set of four collected containers (C1_150, C1_300), one container was chosen to determine the bulk density of the substrate in selected container cells. A collector with six holes (for V150 containers) or five holes (for V300 containers), evenly distributed over the surface of the container, was used. Volumetric cylinders with a volume of 500 mL were inserted into the holes to collect the poured substrate (see Figure 4a). The container with the collector was then rotated by 180°, causing the contents of the selected cells to be poured into the cylinders (see Figure 4b). The cylinders containing substrate from a single cell were weighed to determine the mass of the wet substrate ms [g]. Using the volume of a single cell V [cm3] and the mass (ms) of the substrate, the bulk density gs [g∙cm−3] of the substrate in selected cells of the V150 and V300 containers was calculated.



In the remaining three containers (C2_150, C3_150, C4_150, and C2_300, C3_300, C4_300), the penetration resistance was measured using a multipenetrometer (Figure 3b). The multipenetrometer was equipped with penetrometer cones featuring an opening angle of 30°, a cone base diameter of 20.5 mm (area of the base of the cone—3.3 cm2), and a cell penetration speed of 25.4 mm·s−1. The ratio of the area of the inlet opening of the cell to the area of the base of the cone was 6.7 for V300 and 5.0 for V150. A total of 360 compactness measurements were taken (2 types of containers × 2 levels of humidity × 2 levels of vibration × 3 replicates × 15 cells in containers). Additionally, 44 measurements of bulk density were conducted (2 levels of humidity × 2 levels of vibration × 5 cells in V300 containers and 2 levels of humidity × 2 vibration levels × 6 cells in V120 containers). The data obtained from the measurements of compactness and bulk density were subjected to univariate and multifactor analysis of variance to assess differences in maximum penetration resistance values based on the type of container, starting moisture of the substrate, vibration intensity, and container replication (only for compactness). Furthermore, Pearson’s linear correlation (r) was analyzed to examine the relationships between the compactness and bulk density of the substrate, as well as penetration resistance and bulk density with the initial moisture content of the substrate and the acceleration of the vibrating table. The strength of the relationship between the two features was assessed using the scale proposed by Guilford [45] for significant values of correlation coefficients. All statistical analyses were performed using Statistica 12 [46].




3. Results


The analysis of variance (Table 2) showed significant differences in both the maximum penetration resistance and bulk density of the substrate in the container cells due to the substrate moisture during filling and the intensity of vibration. However, there were no differences observed due to the type of container and repetition in the case of the measurement of penetration resistance, where the measurement was performed in three containers.



The maximum average penetration resistance values obtained in 45 cells of V150 containers (C2_150–C4_150 containers) reached 28.1 kPa, and for V300 containers (C2_300–C4_300 containers) reached 27.2 kPa. These values were observed for the moisture variant of 75% (w75%) and the maximum intensity of vibrations (VibMax) (Table 3 and Table 4). As for bulk density, the maximum values for the V150 (C1_150) container were 0.342 g∙cm3, and for the V300 (C1_300) container, it was 0.299 g∙cm3, also occurring at the higher moisture level and the maximum level of vibrations (at 75%; VibMax). An interesting observation is that with an increase in moisture and vibration level, there was a noticeable decrease in the variability of compactness and bulk density in the cells of the containers. For the V150 container, the variability decreased from a maximum value of 67.4% (m1—70%; VibAvg) to 39.9% (m2—75%; VibMax), and for the V300 container, it decreased from 53% (m1—70%; VibAvg) to 33.1% (m2—75%; VibMax). Similarly, in the case of bulk density, the variability decreased for V150 from 9.53% (m1—70%; VibAvr) to 3.46% (m2—75%; VibMax), and for V300, it decreased from 10.9% to 3.14%, respectively. Another interesting finding is the noticeably greater variation in compactness and density at higher moisture levels and lower vibration intensity compared to lower moisture levels. This observation may be attributed to the greater weight of the substrate, which is only compacted in the cell at higher vibration levels.



When analyzing the interaction of vibration and moisture, it can be concluded that the V150 container exhibited a greater response to these factors in terms of both penetration resistance and bulk density. The increments in both penetration resistance and bulk density were higher at higher moisture levels and increased vibration (Figure 5 and Figure 6).



Regarding the relationship between compactness and bulk density of the peat substrate, it was observed that a higher average correlation occurred for V300 containers (r = 0.48). These containers have a larger cell volume compared to the V150 containers, where the correlation was weaker (r = 0.25) (Table 5).



There were no significant correlations between compactness and moisture, while high correlations occurred between bulk density and moisture, indicating a direct relationship between bulk density and the mass of the substrate and the water content in the substrate (Table 6). For V300 containers, this association was higher (r = 0.677) compared to V150 containers (r = 0.529). On the other hand, when analyzing the correlation of compactness with vibration intensity and bulk density with vibration intensity, high correlations were found regardless of the container type. The V300 container showed the lowest high correlation with vibration for compactness (r = 0.57), while the V150 container exhibited the highest high correlation with vibration for bulk density (r = 0.602). There was no correlation between the compactness of the substrate and the ratio of the inlet surface area to the cell and the surface area of the cone base (r = 0.0796; p = 0.132).



The measurement of compactness in the container carried out with a multipenetrometer allowed for visualizing the changes in compaction as a function of depth (Figure 7). Notably, there were clear differences in the course of compactness as a function of depth, depending on the type of container (V150, V300), vibration level (VibAvr, VibMax), and substrate humidity (m1—70%, m2—75%).




4. Discussion


The proposed prototype station was used to measure the maximum compactness of the substrate in the container cells, and this measurement was then correlated with the bulk density determined from substrate samples taken from the container cells. The correlation value depended on the volume of the container cell (r = 0.250 for V150 and r = 0.480 for V300). However, there was a poor correlation in the case of the V150 container, possibly due to the cone being too large in diameter compared to the cell size of the container. Despite the fact that there was no correlation between compactness and the surface area of the cone base and the surface area of the inlet to the cell ratio (r = 0.0796), to improve accuracy, it is suggested to use a smaller cone that is proportional to the cell size in this case. Nevertheless, statistically significant correlations were found in both cases, which allows us to conclude the compaction of the substrate in the container cells based on the compactness measured with the proposed device. The significance of this method is particularly important in the challenges of quickly measuring substrate density in container cells. The conventional approach involves substrate sampling, which proves to be difficult and time-consuming, especially within nursery containers. When attempting to analyze substrate density during the automated filling process on a line that operates at an efficiency of 350–400 containers/h, this standard method fails to provide timely data for correcting automated filling line parameters. As a result, the current practice involves controlling substrate compactness in cells through an organoleptic approach, where a person presses a finger into a selected cell. However, this method is highly imprecise and relies on the individual’s experience in performing the measurement. In contrast, the proposed technical solution of using a station to measure compactness in multiple container cells simultaneously offers a quick and efficient measurement process. Each measurement cycle takes less than a minute, enabling the ability to randomly control compaction in selected containers during the filling process. It was shown that increasing moisture and vibration intensity leads to higher values of penetration resistance and bulk density, with greater increases in the V300 containers (cell volume of 275 cm3) compared to the V150 containers (cell volume of 145 cm3). Additionally, higher substrate moisture levels, combined with vibration, led to increased compactness and bulk density for both container types. The course of changes in compactness as a function of depth reflects the increase in compaction value with increasing moisture of substrate and vibration intensity; it is also consistent with the course of the soil material compaction curves. The multipenetrometer not only indicates the value of compactness in a single cell but, by using multiple penetrometers simultaneously, also helps determine the variability of compactness within the container. This information holds significant importance as a high value of variability indicates a lack of substrate homogeneity. Such variability can be attributed to several factors, including inadequately performed mixing and wetting processes, such as insufficient mixing time. Additionally, it may stem from issues with the substrate itself (e.g., high variability of granulometric compositions with the presence of particles with large dimensions, and with inaccurate fragmentation of peat fibers). Furthermore, the multipenetrometer allows the evaluation of the work of employees handling the process of filling containers. Despite the optimal parameters of filling the containers with the substrate, according to the experience of the operators, the coefficient of variation of the maximum compactness in the container cells reached 39.9% (V150) and 33.1% (V300) (Table 2 and Table 3). At lower moisture and vibration intensity than optimal, the variability of compactness and bulk density within the containers increased significantly to 67.4% (V150) and 53.0% (V300). Understanding the value and variability of compaction is important because both excessively high and low compactness levels, as well as significant variability, can affect production effects, leading to variations in seedling characteristics. Notably, parameters like shoot height, diameter at the root collar, root dimensional structure, and the degree of root overgrowth of the lump can be affected [35,36]. Different plant species have different preferences concerning substrate density. For example, research on the container production of pine Pinus sylvestris L., the predominant species in Poland covering 58.6% of the forest area [47], has demonstrated its high sensitivity to substrate density. The level of density significantly influences its biometric features, including height, root collar thickness, dry weight of needles, shoots, and roots, as well as the average length of skeletal roots (diameter >2 mm) and small roots [35]. The findings indicate that both excessively high and low densities restrict the growth of pine seedlings. On the other hand, for beech (Fagus sylvatica L.), another important species in Poland, occupying 8% of the forest area [47], it has been observed that high substrate density in containers negatively affects the growth of seedlings of this species [36]. Both pine and beech seedlings are affected by substrate compaction levels, particularly concerning the growth of very fine roots (diameter below 0.05 mm) responsible for element uptake. In both species, changes in substrate density within nursery containers also influence the content of macroelements in the seedlings, with high density leading to a reduced uptake of elements, especially in the assimilation apparatus [48]. An important issue related to container nursery and substrate compaction is the process of seed germination. Low levels and high variability of density result in uneven seed germination. This is because seeds placed in cells with intense moistening settle at different depths due to gravity, leading to varying water access and water retention by the substrate [15,49]. A loose substrate quickly releases water, resulting in low or short-lived moisture near the seed. Conversely, excessive water in a densely compacted cell can hinder outflow and create a conducive environment for pathogenic factors, particularly increased fungal growth [31]. However, this is not always the case, as studies on black spruce (Picea mariana Mill.) and banks pine (Pinus banksiana Lamb.) have not shown a significant effect of different soil compaction levels on seed germination [50]. Moreover, the germination analysis of linseed (Linum usitatissimum L.) revealed an optimal level of bulk density for this crop plant species [51]. Excessive bulk density and penetration resistance can also cause hindered root growth of seedlings due to increased substrate penetration resistance. This effect has been confirmed for pine and beech grown in containers [35,36], as well as for other species growing on soil substrates [27,28,29]. The proposed technical solution provided the opportunity to present, for the first time, the course of substrate penetration resistance within the container cell space. The multipenetrometer not only enables the continuous monitoring of the compaction parameter in individual cells of containers used in nursery production, but also proves to be valuable for optimizing or designing new container solutions or testing new substrates for container nurseries. Moreover, the instrument’s versatility allows for the installation of indenters in various places and the use of indenters with different shapes, as previously demonstrated with peat material [52]. Peat is known to be a challenging material to diagnose in terms of compaction. The results of the experiment confirmed that filling containers with peat–perlite substrate below 70% moisture and at a low level of vibration (VibMin) is not recommended. Under such conditions, the container cells are not adequately filled, and the substrate spills during transport on the elements of the Urbinati Ypsilon automated line.




5. Patents


P.441918 Stanowisko pomiarowe do badania zwięzłości podłoża w kontenerach, zwłaszcza szkółkarskich Zgłoszenie patentowe. Measuring stand for testing the compactness of the substrate in containers, especially nursery containers. Patent pending P.441918 on 2 August 2022. Creators: Kormanek, M.; Małek, S.; Mateusiak, Ł.; Banach, J. Polish Patent Office, Warsaw, Poland 2022. p. 12.




6. Conclusions


Based on the tests and analysis of the measurement results, the following key findings were observed:




	
The prototype multipenetrometer measuring station allowed for the rapid measurement of substrate compactness in multiple cells of the container. This capability enables the quick quality control of container filling by the automatic line and assessment of the operators’ performance.



	
Increasing substrate moisture and vibration intensity had a significant impact on substrate compaction and its variability within the container cells. This effect was indicated by an increase in both compactness and bulk density, along with a decrease in the variability of these parameters.



	
With higher moisture levels and vibration intensity, there was a notable increase in penetration resistance and bulk density, and the variability of these parameters decreased more significantly in the cells of V300 containers (with a larger cell volume of 265 cm3) compared to V150 containers (with a cell volume of 145 cm3).



	
The study confirmed the optimal parameters for filling V150 and V300 containers using a peat–perlite substrate on the Urbinati Ypsilon automated line, which operates at a capacity of approximately 400 containers h−1. The ideal settings are a moisture level of approximately 75% and a vibration set to the maximum level of G.
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Figure 1. Urbianati S.r.l. Ypsilon line in the Nursery Farm in Suków, general view (left), substrate filling unit (right). Photo: M. Kormanek. 
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Figure 2. V300 (left) and V150 (right) containers filled with substrate. Photo: M. Kormanek. 
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Figure 3. Prototype station multipenetrometer for measuring soil penetration resistance in nursery containers [43]. Scheme of the station (left): frame (1), movable base (2), top plate (3), strain gauges (4), inserters rods (5), conical indenters (6), nursery container (7), linear bearings (8), guide rollers (9), drive shaft (10), chain gears (11), electric motor (12) reduction gear (13), length limit sensor (14); measurement in the cassette (right). Figure and photo: M. Kormanek. 
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Figure 4. Bulk density measurement in container cells. Collector with volumetric cylinders placed on the container (a); pouring the substrate into the cylinders (b). Photo: M. Kormanek. 
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Figure 5. Change in compactness with increasing moisture (m1; m2) and vibration intensity (VibAvr—medium level vibration; VibMax—maximum level of vibration). 
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Figure 6. Change in bulk density with increasing moisture (m1; m2) and vibration intensity intensity (VibAvr—medium level vibration; VibMax—maximum level of vibration). 
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Figure 7. The course of the compactness of the substrate as a function of cone penetration into the substrate with varying moisture (m1—70%, m2—75%) and vibration intensity (VibAvr—average vibration level; VibMax—maximum vibration level) when filling containers: V150 (a); V300 (b). 
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Table 1. Parameters of the containers used in the experiment.
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	Parameter
	V150
	V300





	Length/width/height
	650/312/150 mm
	650/312/180 mm



	Number of cells
	74 pc.
	53 pc.



	Cell volume
	0.145 dm3
	0.275 dm3



	Cell opening diameter
	5.3 cm
	4.6 cm










 





Table 2. The influence of the analyzed factors on the penetration resistance and bulk density of the nursery substrate.






Table 2. The influence of the analyzed factors on the penetration resistance and bulk density of the nursery substrate.





	
Substrate Parameters

	
Factor




	
Container

Type

	
Substrate

Moisture

	
Vibration

Intensity

	
Container

Repeat




	
F-Test

	
p

	
F-Test

	
p

	
F-Test

	
p

	
F-Test

	
p






	
Penetration

resistance (kPa)

	
3.486

	
0.063

	
4.392

	
0.037 *

	
186.910

	
<0.001 **

	
0.586

	
0.557




	
Bulk density (g∙cm3)

	
3.495

	
0.062

	
4.402

	
0.366

	
187.340

	
<0.001 **

	
–

	
–








Significant differences were marked “*”at <0.05 and “**” at < 0.01.













 





Table 3. Average values of penetration resistance and bulk density depending on substrate moisture and vibration intensity for a V150 container.
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Moisture

Variant

	
Vibration Variant

	
Value

	
Penetration Resistance [kPa]

	
Bulk den.

[g∙cm−3]




	
Container

	
C1

	
C2

	
C3

	
C1–C3

	
C4






	
m1

70%

	
VibAvr

	
Average

	
12.6

	
15.0

	
11.3

	
12.97

	
0.234




	
St. dev.

	
8.5

	
6.9

	
5.8

	
7.1

	
0.012




	
Coef. of var. [%]

	
67.2

	
46.0

	
51.6

	
54.5

	
4.95




	
VibMax

	
Average

	
27.4

	
16.7

	
24.2

	
22.8

	
0.263




	
St. dev.

	
11.2

	
13.0

	
11.4

	
11.9

	
0.010




	
Coef. of var. [%]

	
40.7

	
77.7

	
47.2

	
52.1

	
3.88




	
m2

75%

	
VibAvr

	
Average

	
9.5

	
7.3

	
7.1

	
7.9

	
0.276




	
St. dev.

	
5.3

	
4.5

	
4.8

	
4.8

	
0.026




	
Coef. of var. [%]

	
55.9

	
61.7

	
67.4

	
61.1

	
9.53




	
VibMax

	
Average

	
30.0

	
25.7

	
28.8

	
28.1

	
0.342




	
St. dev.

	
10.2

	
11.1

	
12.3

	
11.2

	
0.012




	
Coef. of var. [%]

	
34.2

	
43.3

	
42.7

	
39.9

	
3.46











 





Table 4. Average values of penetration resistance and bulk density depending on substrate moisture and vibration level for a V300 container.
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Moisture

Variant

	
Vibration Variant

	
Value

	
Penetration Resistance [kPa]

	
Bulk den.

[g∙cm−3]




	
Container

	
C1

	
C2

	
C3

	
C1–C3

	
C4






	
m1

70%

	
VibAvr

	
Average

	
12.8

	
8.9

	
12.4

	
11.34

	
0.251




	
St. dev.

	
5.1

	
3.3

	
4.9

	
4.4

	
0.012




	
Coef. of var. [%]

	
40.1

	
37.3

	
39.2

	
39.0

	
4.7




	
VibMax

	
Average

	
22.3

	
26.9

	
23.6

	
24.3

	
0.285




	
St. dev.

	
10.5

	
10.5

	
6.5

	
9.2

	
0.021




	
Coef. of var. [%]

	
47.2

	
38.9

	
27.3

	
37.7

	
7.3




	
m2

75%

	
VibAvr

	
Average

	
14.4

	
18.6

	
15.9

	
16.3

	
0.266




	
St. dev.

	
6.2

	
11.7

	
8.0

	
8.6

	
0.029




	
Coef. of var. [%]

	
42.9

	
62.9

	
50.5

	
53.0

	
10.9




	
VibMax

	
Average

	
27.8

	
27.4

	
26.5

	
27.2

	
0.299




	
St. dev.

	
9.1

	
10.0

	
8.0

	
9.0

	
0.009




	
Coef. of var. [%]

	
32.6

	
36.4

	
30.2

	
33.1

	
3.1











 





Table 5. Correlation analysis of compactness and bulk density.
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Factor

	
Bulk Density




	

	
V150

	
V300

	
V150 and V300




	

	
r

	
p

	
r

	
p

	
r

	
p






	
Penetration resistance

	
0.250

	
0.024 *

	
0.480

	
0.032 *

	
0.327

	
0.030 *








Significant correlations are marked “*” at <0.05.













 





Table 6. Correlation analysis of compactness, bulk density, moisture, and vibration intensity.
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Container

	
V150

	
V300

	
V150 and V300




	

	
Moisture Content [%]




	

	
r

	
p

	
r

	
p

	
r

	
p






	
Penetration resistance [kPa]

	
−0.094

	
0.663

	
0.181

	
0.446

	
0.181

	
0.446




	
Bulk density [g∙cm−3]

	
0.529

	
0.007 *

	
0.677

	
0.001 *

	
0.677

	
0.002 *




	

	
Vibration intensity [m∙s−2]




	
Penetration resistance [kPa]

	
0.602

	
0.000 **

	
0.570

	
0.000