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Abstract

:

The production of argan seedlings in nurseries is considered a crucial step for the success of any argan forest regeneration program since it increases the rate of survival and growth. Therefore, the substrate and container play a vital role in argan seedling production, while the use of shade may improve soil moisture and decrease the water stress of the plant. This study aims to determine the effects of these factors and their interactions. For this, the effects of four shade levels (0%, 20%, 40%, and 80%) and six different compositions of the substrate, as well as four different sizes and forms of containers, on argan seedling production were studied for six months under greenhouse conditions, based on analyzing the leaf mineral elements and measuring morphological traits. According to the studied parameters, the results show that 0% and 40% of shade are, respectively, the best shade levels for growth, while the germination rate is higher only in an unshaded compartment (85.28%). Furthermore, the substrate based on peat moss lead to one of the higher germination rates (78.75%) and the finest plants in terms of chlorophyll content, and shoot and root growth, while the largest container (C2) had the best shoot and root growth with 34.34 cm of root length. However, the mineral analysis, mainly the leaf total nitrogen concentration, is correlated with morphological traits. In addition, the cost–benefit analysis study confirmed this finding and valorizes the use of S1 substrate (1/2 black peat and 1/2 blond peat) and a C2 container (volume: 3100 mL) since it is considered the most efficient and economic combination for different shade levels.
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1. Introduction


The argan tree (Arganisa spinosa) is one of the main Moroccan agroforestry trees, aged 80 million years and the only Sapotaceae family still growing in the subtropical zone [1]. It has covered 1.4 million hectares, which makes it the largest forest area in Morocco, although it has now been reduced to 800,000 ha [2,3]. This tree from the genus Argania plays an important socio-economic role in these growing areas since it guarantees the living of many habitants by selling its oil [4]. Argan oil is one of the most expensive oils in the world given its richness in bioactive compounds that can play a protective role against diseases [5,6]. In addition to its use in the food and non-food industries as a nutraceutical and cosmetic product [1], the argan tree has an ecological impact by preventing desertification, conserving biodiversity, and improving soil and water quality [3,7]. However, it faces several threats such as overgrazing [8], overexploitation of the tree for oil extraction due to the high demand from cosmetic companies [9], and a lack of natural regeneration caused by a lower germination rate due to successive years of drought, increasing temperatures, and low rainfall.



The artificial regeneration of the argan tree remains the only solution for the restoration and conservation of the species. This is the most commonly used technique because it is affordable and maintains genetic diversity, which is a key factor for genetic improvement programs. However, the argan tree is known for its difficult propagation [10]. Despite the efforts made by several researchers and the water and forest services, the success rate of argan tree transplantation remains low because of the poor quality of the seedlings produced in nurseries, which is essentially linked to the type of container used, the heterogeneity of the seed germination, the non-use of techniques that promote breaking dormancy, and the right choice of viable seeds. Therefore, the artificial regeneration method is still suffering from a low germination rate due to genotypic reasons, non-viability, and dormancy. The last two causes depend mainly on biotic and abiotic factors such as light, temperature, and soil moisture [11,12,13].



The choice of substrate is a limiting factor that determines the success of young plant production in nurseries. This is because it must fulfill nutritional needs, improve water usage efficiency, provide protection against diseases, and promote robust root development. As a result, this contributes to the successful transplantation and survival of plants in orchards [14]. Various compositions of the substrate (peat moss, compost, perlite, biochar, argan soil, etc.) can be used in argan seedling production depending on the economic cost, environmental attractiveness, and agronomic performance [14,15,16,17,18,19]. Additionally, the improvement of the quality of argan seedlings is also controlled by the container size. De Matta’s study concluded that a small container size affects the root and shoot development as well as the photosynthesis process [20]. Several authors suggest that the use of deep containers allows for the development of long taproots which have an appropriate architecture and biomass to withstand transplantation shocks, which is the key factor in seedling quality and a successful reforestation project [21,22,23]. To control the abiotic and biotic factors, it is mandatory to produce argan seedling under greenhouse conditions that offer a semi-controlling of climate factors as well as the prevention of the access of harmful pests and pathogens. As well, the use of shade has a positive impact on the shoot length and soil moisture, especially in semi-arid and arid areas, and under greenhouse conditions to surpass thermal stress by lowering the evapotranspiration [24,25]. Argan seedlings can face various threats during the post-planting step as well, as shaded plants suffer from a lower development of biomass production and root architecture [24].



The use of shade, substrate mixture based on biochar, perlite, and compost, and containers with a volume surpassing 3100 mL had never been applied in studies related to argan seedling production and germination in the nursery. Therefore, we need to further evaluate the effects of the use of shade, substrate, and container size on argan seedling production (germination rate and plant growth) in the nursery and investigate their interactions, which will lead us to suggest the best treatment for promoting transplantation in orchards.



Cost–benefit analysis (CBA) is a decision-making tool used to determine the productivity and efficiency of a defined production system and can help to allocate resources effectively. Further, it determines the effectiveness of any system depending on the indicators of the results that are achieved or expected and not the monetary value of the results. Generally, the best choice is the system that generates the most effects for the same returns on investments [26].



This paper aims to assess the germination rate, morphological traits, and plant mineral analysis of different combinations of shade, substrate, and container treatments to determine the best combination which would increase the survival and growth rate of argan seedlings in nurseries and, therefore, in the field. As well, this study will be supported by a cost-benefit analysis to determine the most efficient combination as well as the cost of the other combinations.




2. Materials and Methods


2.1. Experimental Design


For this study, two experiments (argan seeds germination and argan seedlings growth) were set up at the same time to determine the best combination of shade percentage, substrate composition, and container size for argan seed germination and argan seedlings growth after 6 months. The experiments were conducted in a semi-controlled greenhouse in the experimental station Melk Zhar (30°02′33.0″ N 9°33′04.0″ W) of the National Institute of Agricultural Research of Morocco (INRA), Regional Center of Agricultural Research of Agadir (CRRA-Agadir). The greenhouse was covered by polyethylene film and an insect-proof net. It was divided into four compartments based on the percentage of shade covering each compartment (0%; 20%, 40%, and 80%), using 80% shade cloth. The seeds of the argan tree were sown in 4 types of containers with different volumes and filled with different compositions of the substrate in 4 different shade percentages. The luminosity was measured by a luxmeter (Lx1332B lighter meter Sanpometeq, Guangdong, China). The environmental conditions inside the greenhouse were different from one compartment to another. For the environmental conditions, a thermohydrometer (Klimaloggpro, TFA Dostman, Wertheim-Reicholzheim, Germany) was used to measure temperature and relative humidity in each compartment. Plants were watered uniformly and twice per week with groundwater obtained from the Melk Zhar experimental well (pH: 7.28, Ec = 1.5 ds/m, Na-K-Ca (ppm) = 40.16–0.23–17.87).




2.2. Treatments


Mature argan fruits were harvested from the trees (12 years old) grown in the experimental station Melk Zher. The fruits were thoroughly washed with tap water then the seeds were exposed to treatment with hot water for 48 h. Subsequently, the treated seeds were sown at 1 cm depth in different types of containers filled with substrate composition which varied based on treatments. The containers used in these experiments varied in size and shape: C1 (cylindrical form, volume: 1800 mL/height: 16 cm/diameter: 12 cm), C2 (cylindrical form, volume: 3100 mL/height: 15 cm/diameter: 17.6 cm), and C3 (cubical form, volume: 1250 mL/height: 12.5 cm/L: 10 cm/L: 10 cm), C4 (cubical form, volume: 1500 mL/height: 13.6 cm/L: 10 cm/L: 11 cm). Containers were filled in with substrate composition that varied based on treatments. In this experiment, six different substrates based on blond peat (BP), black peat (P) (Klasman-Dellman GmbH, Geeste, Germany), argan soil (A) (collected close to argan trees of experimental station Melk Zher), biochar (B), compost (C) (Elephant Vert, Ait Melloul, Morocco) and perlite (PE) (Perlite Inc, Morocco) were tested. The compositions of each substrate are: S1 [BP(½), P(½)]), S2 [A(½), PE(¼), C(¼)], S3 [A(½), P(¼), BP(¼)], S4 [A(¼), PE(¼), C(¼), BP(¼)], S5 [PE(¼, P(¼), C(¼), BP(¼)], and S6 [ B(½), P(¼), Bp(¼)]. A total of 24 treatments (container x substrate) was tested. Each treatment was replicated 30 times in 4 compartments, resulting in 4 shade treatments for both experiments (germination and plant growth).




2.3. Soil Analysis


The pH of different substrates was measured using a pH meter (Consort™ C3010, Angers, France) in the suspension of 10 mL of the substrate and 20 mL of distilled water. Electrical Conductivity (EC) was determined with an EC meter (Consort™ C3010) in suspension with 40 mL of distilled water and 10 mL of the substrate. Sodium, potassium, and calcium contents were determined by flame photometry (BWB XP Flame Photometer, Newbury, UK). Available nitrogen was determined using the Kjeldahl method [27]. Available phosphorus was evaluated using the Olsen method by spectrophotometry (Optizen 3220 UV, Mecasys, Daejeon, South Korea). Substrate organic matter was subjected to weight loss on ignition as described by Schulte et al. [28]. Bulk density is the ratio of the mass (oven-dry weight) of the soil to the bulk volume expressed in grams per cubic cm (g/cm3). In our case, 100 mL of dry material of each substrate was weighed. Soil porosity was calculated with the method of Lamhamedi et al. [29] and soil moisture was calculated according to the black method consisting of the difference in soil weight before and after 24 h of oven drying at 105 °C [30].




2.4. Germination Rate and Plant Growth Parameters Determination


Six months after sowing, the number of emerged seedlings as well as the number of ramifications and the stem diameter at the 1 cm base of the plant by a digital caliper (150 mm ELG tools) were determined. Chlorophyll content was determined by a Chlorophyll meter (CCM30 Opti-Sciences, Hudson, NY, USA). Plants were uprooted from the containers, then roots were washed with tap water to remove the remaining soil. The shoot and root lengths were measured with a 60 cm ruler, and the number of secondary and tertiary roots were counted manually. The main root diameter was measured by a digital caliper. The root system was then separated from the aerial part to measure shoot fresh weight and root fresh weight using an electronic balance (BB Adam, Johannesburg, South Africa). Then, shoot and root dry weight were measured after drying in an oven (Memmert, Schwabach, Germany) for 48 h at 70 °C. The experimental unit for both experiments (germination and plant growth) is 30.




2.5. Leaf Mineral Elements Analysis


Leaf Na, Ca, K, and total phosphorus elements analysis was performed according to Diagayété and Schenkel [31]. First, 0.5 g of the dried leaf sample was incinerated at a temperature of 500 °C for 5 h, then the extraction was carried out by dissolving the ashes in HCl (2N). For phosphorus analyses, aliquots were analyzed using a spectrophotometer (Optizen 3220 UV, Mecasys, Daejeon, South Korea) at 420 nm after colorimetry (ammonium vanadate and ammonium molybdate yellow color method). Furthermore, the determination of Na, Ca, and K was carried out using flame photometry (BWB XP Flame Photometer, Newbury, UK). The total nitrogen of argan leaves was determined by the Kjeldahl method [27].




2.6. Economic Analysis


The economic assessment of the various experiments was monitored by recording the cost of the various inputs and operations carried out throughout the crop cycle. They were then subjected to a comparison to extract the points of similarity and difference between the different driving modes. In case the benefits were not yet apparent, a comparative analysis of the costs by activity or by technique was be carried out. In our case, the main investment costs were greenhouse costs and irrigation system equipment costs. Most of the costs were operational, starting with the substrate, container, shade, irrigation, labor, preparation of pots and seeding, and seeds. Some costs such as investment costs and container costs were amortized. All costs were determined in Moroccan currency MAD (1$ ≈ 10.4 MAD). A survey was conducted to determine the nursery cost and plant price to compare them with our results. The outcome was determined from the results of argan seedling growth parameters based on the experiment conducted on the effects of shade, container, and substrate. To compare the combinations studied with a control which is the most used by the argan growers, we have added to our experiment a combination called S3 based on the substrate 3 [A(½), P(¼), BP(¼)] and a container of a black plastic bag of 2500 mL as a control. The control was introduced as an additional treatment for which the same parameters were measured in the different shade level compartments.




2.7. Statistical Analysis


The obtained data were subjected to a three-way analysis of variance (ANOVA) to determine the effects of shade, substrate, and container and their interaction in each studied parameter. In the case of significant differences between treatments, mean separation analysis by Tukey post hoc test at 5% level was performed. Statistical analyses were performed by the SPSS 22.0 software (IBM, Chicago, IL, USA) for Windows 7. Principal component analysis (PCA) was performed using OriginPro 2023 software (OriginLab) to determine the best treatment related to shade, substrate, and container.





3. Results


3.1. The Effect of Substrate, Container, and Shade on the Argan Seeds Germination


The germination rate was significantly dependent on the shade percentage and substrate composition (p < 0.001). However, the container type did not affect the germination rate (Table 1). The highest germination rate (85.28%) was obtained under the conditions of compartment 1 where no shade was applied (Figure 1A). The use of shade with different percentages significantly affected the germination of the seeds of the argan tree compared to the unshaded compartment. The germination rate dropped by 30.07% for the shaded compartments compared to the unshaded compartment. However, no significant difference was observed between the three shade treatments.



Regarding the effect of the substrate, the highest germination rate was obtained in S6 (81.04%) followed by S1 (78.75%) and S3 (70.63%), while the lowest values were observed in S2 and S4 with a germination rate lower than 50% (48.96% and 49.79%, respectively) (Figure 1B).




3.2. Effect of Shade on Argan Seedling Growth


Shade had a significant effect on all of the studied morphological parameters and the leaf chlorophyll content (p < 0.001) (Table 2). The plants in compartments with 80% shade had the highest mean of shoot length (27.25 cm), while the lowest value was found for the compartments with 20% shade (23.18 cm) (Table 3 and Figure 2). Root length and the number of secondary roots were greater for the compartments covered with 40% and 80% shade, respectively. Yet, the lateral roots were further developed in the compartment with 0% shade. Note that the root diameter had the lowest value (1.56 mm) for the compartment with 80% of shade, while it was developed similarly in the other compartments. Additionally, the biomass production (shoot and root fresh and dry weights) was well developed in the compartments with 0%, and 40% shade, respectively, while the lowest biomass production was measured in plants covered with 80% shade (fresh and dry shoot weight: 2.90 g; 0.99 g/fresh and dry root weight: 0.89 g; 0.29 g, respectively). The shoot diameter was wide (2.16 mm) in the compartment with 0% shade and narrow (1.22 mm) in the 80%-shaded compartment. Regarding the ramification number, the non-shaded plants produced more ramifications (2.36) than the shaded ones (1.62 and 0.41 in 20% and 80% shade, respectively). Moreover, it was revealed that no shade leads to a higher increase in chlorophyll content (375.8 mg/m2), which was 14.88% higher compared to the 80% shade compartment (327.12 mg/m2) and 0.05% higher than the 40% shaded plants (373.66 mg/m2) (Table 3).




3.3. Effect of the Substrate on Argan Seedling Production


3.3.1. Soil Analysis


The results of the soil analysis of different substrates show that there was no significant difference in porosity (Table 4). However, the S2 substrate showed the highest bulk density value compared to S6 and S1, which had the lowest. The highest EC was shown in S6 which was enriched with 50% biochar, followed by S2. The lowest salinity level was recorded in S1 and S3. Most substrates have an adequate pH for plant growth. The Na element content was significantly higher in S6 than in the other substrates. The S4, which contained four substrate compositions with an equal percentage, showed the highest concentrations of K (3.7 ppm) and Ca (57.6 ppm), whereas S3 was poor in K (0.4 ppm) and S2 had a lower amount of Ca (3.63 ppm) compared to the others. The available phosphorus was the highest in S1 (38.18 ppm), followed by S5 (20.83 ppm) and S4 (20.03 ppm). The available nitrogen in the soil was higher in substrates based on peat moss mixed with other compositions such as biochar, soil, perlite, and compost, such as in the cases of S5, S6, and S3. Peat moss alone did not provide higher N compared to other mixes. The substrate S1, based exclusively on two types of peat moss, provided the highest organic matter rate (94.37%), followed by S6 (77.40%) and then S4 (31.62%). However, the lowest OM concentration was recorded in S2 (8.31%), which is made basically of soil, perlite, and compost (2:1:1). The CEC was generally higher in S1, S6, and S3, respectively, compared to the others, while S2 and S4 had the lowest values. The soil moisture analysis revealed that S1 had the best value, followed by S6, while S2 had the weakest one (Table 4).




3.3.2. Effect of the Substrate on Argan Seedling Growth


The substrate composition has a highly significant effect on morphological traits (p < 0.001) and a significant effect on chlorophyll content (p < 0.05) (Table 2). The argan shoot length was the most well-developed in S1 (35.26 cm), followed by S6 (30.14 cm) and S3 (27.35 cm), compared to the remaining substrates, whereas the lowest value was observed in S4 with 18.53 cm (Table 3 and Figure 3). Similarly, the argan root length was greater in S1 and S6, with 32.34 cm and 32.37 cm, respectively, followed by S3 and S5 with root lengths of 27.37 cm and 24.34 cm, respectively. The lowest value was observed in S4, with 18.07 cm. A significant difference was observed in the number of secondary roots, with the highest value being recorded in S6 (29.61), followed by S1 (25.25) and S3 (23.32), respectively, while the lowest value was recorded in S4 (16.13). The number of lateral roots was significantly greater in S1 (21.89) and S6 (21.61) than in S3 (20.34), and the lowest number was observed in S4 (12.78). The root diameter was the highest in S1 (2.98 mm), and the lowest value recorded was for plants sowed in S2 (1.72 cm). There is a clear trend in biomass production values (fresh and dry shoot and root weights) since they have the same pattern. In fact, S1 is considered as the best substrate (mean fresh and dry shoot weight: 8.49 g and 3.16 g; mean fresh and dry root weight: 4.09 g and 1.32 g, respectively) followed by S3 and S6, respectively. The lowest value was observed in S4 (mean fresh and dry shoot weight: 2.27 g and 0.81 g/mean fresh; dry root weight: 1.3 g and 0.33 g, respectively). The shoot diameter was 56.81% higher for substrate S1 (2.07 mm), followed by S3 (1.79 mm) and S6 (1.68 mm), compared to the lowest value for plants, which issued from substrate S2 (1.32 mm). Moreover, a significant difference across substrates for the number of ramification parameters was noted, as S1 had the best value, followed by S6 and S3, respectively. The leaf chlorophyll content results revealed that S1 (385.4 mg/m2) was 16.47% higher than plants from S2, which presented the lowest chlorophyll content (330.9 mg/m2) (Table 3 and Figure 3).





3.4. The Effect of Containers on Argan Seedling Growth


The container type showed a significant effect on most morphological traits and the leaf chlorophyll content (p < 0.001) (Table 2). However, no significant effect of the container on the shoot length was recorded. The argan’s root length planted in C2 was longer (34.34 cm) than the others (Table 3 and Figure 4). The number of secondary roots was 33.86% higher in C1 and C2 compared to C4. Note that the root diameter value was wider in C4 (2.61 mm) and C2 (2.41 mm) than in the other containers. On the other hand, no significant difference was recorded for the number of lateral roots among container sizes. The fresh and dry shoot weights and fresh and dry root weights had the same pattern and showed that C2 had the best value in terms of biomass production compared with the others. The shoot diameter was greater in C3 and C2 than in C4 and C1, respectively. The plants issued from the C2 containers showed a higher number of ramifications (38.46%) compared to C1. On the other hand, C3 was ranked second. The leaf chlorophyll content results revealed that seedlings from the C1 and C3 containers presented a high chlorophyll content (361.86 and 364.20 mg/m2 respectively) compared to C4 (319.29 mg/m2), which had the lowest content (Table 3 and Figure 4).




3.5. Effect of Shade, Substrate, and Container on Argan Seedling Leaf Minerals Accumulation


As shown in the results presented in Table 5, the leaf mineral analysis values had significant differences related to the shade, substrate, and container. Analyses of the sodium accumulation based on the shade level showed that 20% shade presented the highest content (182.09 ppm), followed by 0% shade (75.67 ppm), while the plants grown in 80% shade had the lowest leaf sodium concentration (30.36 ppm) (Table 6). Further, the seedlings grown in container C4 had a Na concentration (113.97 ppm) that was significantly higher than the others. However, no significant effect of the substrate composition was observed on Na accumulation in the leaves. Regarding the potassium accumulation, the leaf analysis showed that the 20%-shaded compartment had the highest value (222.89 ppm), and the lowest value was obtained in the 80%-shaded compartment (49.35 ppm). We note also that the best substrate in terms of potassium accumulation was the S4 substrate (150.34 ppm), followed by S6, S5, and S1. Similarly, for Na, C4 appeared to be the best container (146.06 ppm), followed by the other containers. The calcium accumulation analysis indicated that the best shade percentage was 20% shade (104.12 ppm), then 0% shade (31.66 ppm), while the lowest value was recorded for the 80%-shaded plants. On the other hand, the best substrate in terms of calcium was S2 (51.57 ppm), followed by S6, S3, S1, S4, and S5, respectively. Regarding the total phosphorus, the obtained results confirmed that the best compartment for plants with the greatest phosphorus concentration was 20% shade with a value of 6.71 ppm, which is 30.03% higher compared to the lowest value, recorded in 40% shade. Additionally, with the same is true for the result of Ca and indicates that the S2 substrate presented the highest value (7.15 ppm) compared to the other substrates. Furthermore, based on the P results, the best container was C3 (6.97 ppm), followed by C2 (5.68 ppm). The total nitrogen results differed from the other elements outcomes and indicate that the shadeless compartment was the best one (0.49%), followed by 80% shade (0.43%), while the lowest concentration was found for the plants covered with 40% shade. On the other hand, the best substrate was S6 (0.53%), followed by S1 (0.48%) and S3 (0.47%). The effect of the container size revealed that the plants from C1 had the highest N content (0.50%) compared to the other ones, while C2 had the second best value (Table 6).




3.6. Designate the Best Substrate and Container in Each Shade Percentage


According to the three-way ANOVA analysis (Table 2), the aerial and root part morphological parameters are significantly affected by the three studied factors (substrate, container, and shade percentage). Moreover, most of the measured parameters were affected by substrate, container, and shade interactions. The shoot length was significantly affected by shade × substrate and substrate × container interactions as well as the interaction of the three factors, while shoot diameter was significantly affected by the interaction between the three factors and the shade × substrate interaction. The aerial part biomass production measurements, namely fresh and dry shoot weight, were also significantly dependent on all possible interactions. There was a significant difference between the shade × substrate interaction for the number of ramifications parameter, while the root architecture parameters, including root length, root diameter, and fresh and dry root weight, were significantly affected by all of the possible interactions (shade × substrate, substrate × container, shade × container, and shade × container × substrate), whereas the number of secondary roots was only dependent on the container × substrate interactions. The leaf chlorophyll content was significantly affected by the shade * substrate and shade × container interactions and the interaction between the three factors. For the mineral elements analysis, the argan leaf Na, Ca, total phosphorus, total nitrogen, and K were significantly affected by shade × substrate × container interaction. The shade × substrate interaction significantly affected most of the mineral elements except for total phosphorus. On the other hand, the Na, total phosphorus, and total nitrogen were affected by shade × container and substrate × container interactions. According to the above results, showing the significant effects of interactions between the three factors for most of the parameters studied, we suggest studying the effect of container and substrate for each compartment. Table 7, Table 8 and Table 9 show the results.



3.6.1. No Shaded Compartment


According to the morphological parameters (aerial and root part measurements), substrate S1 was the best, followed by S3 and S6, respectively, while no significant difference was observed regarding the container type for most of the parameters. We found that container C2 was the best container since it ranked first in root length and fresh and dry weight parameters, and second for root diameter and chlorophyll content (Table 7 and Table 8). Also, no significant difference was recorded for the effect of the substrate type for the Na, K, and total phosphorus, but according to leaf Ca concentration and leaf total nitrogen analysis, the best substrate was S1. Knowing that K, Na, total phosphorus, and Ca were not affected by the container size, which only affected the leaf total nitrogen element, the best container was C1. We can conclude that the best container was C2, followed by C1 (Table 9).




3.6.2. Compartment 20% Shaded


Based on the shoot and root measurement, the best substrate was S1, followed by S6 and S3, respectively. In comparison, the best container was C2 since it had the best value in the parameters that were significantly different, such as the shoot diameter, root length, fresh and dry root weight, and fresh and dry shoot weight, while it ranked second for root diameter (Table 7 and Table 8). According to the mineral analysis (Table 9), the plants were not significantly influenced by the substrate composition for the leaf K and total phosphorus analyses, while according to leaf Na concentration, S4 was the best substrate, and S2 had the highest value of Ca element. Based on the total nitrogen, S6 was the best substrate. The Ca and K content were not affected statistically by the container types. If we take Na as a major key factor, we find that C4 was the best container. Regarding the total phosphorus, C3 was the best container, whereas the highest value of total nitrogen was recorded in plants seeded in C1.




3.6.3. Compartment 40% Shaded


Even if we changed the percentage of shade, S1 remained the best substrate, followed by S6 and S3, respectively. C2 also showed its aptitude as the best container based on the morphological parameters that were significantly different, such as the root length, number of secondary roots, and fresh root weights (Table 7 and Table 8). The leaf mineral analysis (Table 9) indicated that the best substrate in this compartment was S1 since it exhibited the highest value of leaf Na and Ca concentration, and the third-best value of total nitrogen, while the remaining mineral elements did not significantly fluctuate within the substrate composition. The best container was C2, based on the total nitrogen, the only element that varied statistically within the container types.




3.6.4. Compartment 80% Shaded


The best substrate was S1, since it had the highest value among most of the parameters studied, followed by S6 and S3, respectively, at the same level. Regarding the container types, it is hard to determine the best container because the highest values differed from one parameter to another, but C2 showed the best value for root length and root diameter, while C3 showed the best values for the shoot diameter and number of ramifications. However, C1 ranked first for the number of secondary roots and fresh root weight parameters (Table 7 and Table 8). Based on the leaf total phosphorus and nitrogen concentrations, the best substrate was S1, while the K and Ca analysis results revealed that S4 was the best. The highest Na value was recorded in S5. For containers, K showed that C4 was the best, while the total nitrogen leaf analysis revealed that C1 and C2 were the best containers (Table 9).



In general, it is shown that substrate S1 was also ranked first among the different compartments while the C2 container had the best morphological parameters in three compartments, excepting the 80%-shaded compartment.





3.7. Principal Component Analysis


Principal component analyses (PCA) were performed to discover any differences between the morphological parameters, leaf chlorophyll content, and leaf mineral analysis among the different parameters that were studied (shade, substrate, and container) and to determine the different correlations between the parameters studied and the several treatments performed.



The first PCA occurred between the container size and morphological traits, leaf chlorophyll content, and leaf mineral elements (Figure 5). The variability of the two main axes was 41.68% and 40.71%. According to the PCA outcomes, plants grown in the C2 container were positioned on the positive side of PC2 and PC1 while plants grown in C1 and C3 were on the negative side of PC2. All of the studied morphological parameters were closely aligned to the C2 container. Na and K were aligned to C4 while Chl, P, and N were related to C1 and C3.



The second PCA was performed between the substrate composition and morphological traits, leaf chlorophyll content, and leaf mineral elements contents (Figure 6). The elements of PC1 and PC2 described 59.47% and 19.45% of the variability in the data, respectively. The chlorophyll content and all morphological parameters were positively correlated. In addition, they are positioned on the positive side of PC1 and are arranged to S1, S6, and S3, respectively, whereas S4 and S5 are positioned on the negative side of PC1 and PC2, with Na and K aligned to them. P, N, and Ca are aligned to S2.



The third PCA was performed to determine the relationship between the shade level and the growth parameters, namely the morphological and leaf chlorophyll content parameters (Figure 7). The variability of the first main axes, PC1 and PC2, was 51.12% and 36.80%, respectively. Morphological parameters, total nitrogen and leaf chlorophyll content are closely arranged in line with the shadeless and 40% shade compartments, respectively. Shoot length was closely aligned to the 80% shade compartment, while most of the leaf mineral content was in line with the 20% shade compartment.




3.8. Cost-Benefit Analysis


The cost–benefit analysis application for our case was based on determining the best combination of substrate and container in each compartment by comparing five major morphological traits that show the seedling quality for each parameter and the cost of production. We chose S3 as a control since it is the combination used by most nursery growers in Morocco and is considered the cheapest one. The following tables (Table 10, Table 11 and Table 12) were issued from a comparison of 24 combinations. Therefore, the best combinations were reported in these tables in order to determine the best treatment (substrate × container) in each compartment.



Table 10 is based on the three combinations which showed the best qualities. Therefore, we will compare them to suggest the best combination. The S1C2 combination seems to be the most expensive and was 62.55% higher than S3, while S3C2 and S3C4 were 55.96% and 34.15% higher, respectively. In terms of germination, S1C2 and S3C4 had the best values, and were 7.41% higher than S3. For the number of secondary roots, S1C2 was again 61.25% higher, followed by S3C4 with a 5.99% value compared to the control. The root diameter results revealed that S3C4, S3C2, and S1C2 were 60.91%, 55.69%, and 47.50% higher than the control, respectively, while the number of ramifications showed that the best value is related to S3C4, followed by S1C2. The fresh shoot and root weight favor S3C2 since it the best value compared to the other treatments. Based on these comparisons, it can be deduced that S3C2 (substrate soil, black peat, and white peat (1/2:1/4:1/4)/container volume: 3100 mL) has the best quality–price ratio in this compartment, while S1C2 seems to be an interesting alternative.



In the second compartment, we determined the six combinations which provided the best-quality seedlings; however, in this comparison, we attempt to determine the most efficient one. Starting with the cost of production, S1C3 was the cheapest one and was 35.27% higher than the control, while S6C1 was the most expensive one (Table 11). The germination rate shows that S6C1 had the highest value, followed by S1C4, and S6C4, which is on the same level as S1C2, respectively. Based on the root diameter, S1C4 had highest value, followed by S6C4 and S1C2, respectively. The root fractions were greater in the S6C1 combination than in S6C4. However, the number of ramifications was lower in all combinations compared with the control, except for S1C2. In addition, the biomass production in terms of fresh plant weight showed that S3C2, S1C3, and S1C2 had the best values compared with the control, while S6C1 had less weight than the control. We can deduce from this comparison that S1C2 (substrate: black peat and white peat (1/2:1/2)/container volume: 3100 mL) was the most efficient combination in a 20%-shade-covered compartment.



In the 40% shade compartment, 5 combinations were chosen from the 24 as the elite ones (Table 12). The germination rate showed negative results, since only the S1C2 combination had a higher rate compared with the control, while the highest plant production cost was for S6C2 and the lowest one was for S1C3. The number of secondary roots showed that S1C2 and S1C3 were 87.77% and 76.82% higher than the control, while the root diameter results showed S1C4 and then S1C1 as having the highest values. Further, the number of ramifications underlining S6C2, S1C3, and S1C2 were 23.42%, 20.57%, and 20.28% higher than the control. The highest values of biomass production (fresh shoot and root weights) were found in S1C3 first for both, then S1C4 for fresh shoot weight and S1C1 for fresh root weight. Based on these various comparisons, it was shown that S1C3 (substrate: black peat and white peat (1:1)/container volume: 1250 mL) had the best qualities overall with the cheapest cost production, followed by S1C2.



In the 80%-shaded compartment, the plant cost production seemed the be the highest due to the cost of the 80% shade covering (Table 13). S6C1 had the second-most expensive production after S6C2, while S1C4 was 31.29% higher than the control. Even though it was considered as the cheapest cost in this table, S1C4 had the second highest germination rate after S6C1. Considering the number of secondary roots, S6C1 and S1C2 were ranked as the best and had values that were two times higher than the control. The root diameter findings showed that only S1C2 and S1C4 were higher than the control. Adding to that, the number of ramifications for the control cannot be used in the comparison since it had a value of zero. However, S1C2 was the best combination followed by S1C1 and S3C1, respectively. For the fresh shoot weight, S1C2 was, again, the best combination, being 52.50% higher than the control, followed by S6C1 with a 47.18% positive difference from than control. Finally, the fresh root weight showed S3C1 to be the best, followed by S1C2. For this compartment, it appeared that S1C2 (substrate: black peat and white peat (1:1)/container volume: 3100 mL) was the most efficient combination.





4. Discussion


4.1. Germination


Argan germination is one of the issues that growers are afraid of since it has multiple fluctuations due to various interactions that affect its rates, such as genotype, dormancy, and viability. According to the above results, argan seed germination was highly impacted by shade, since seeds sown in shade compartments showed almost 60% germination while 85.28% of the germination was recorded in the non-shaded compartment. The results of Alouani and Bani-Aameur [32] and Kołodziejek et al. [33] are in line with our findings, in which the darkness lowered the germination rate and delayed the time to germination. This can be related to the effect of light on the biosynthesis of gibberellic acid (GA3), which plays a stimulating role in seed germination since it inhibits the abscisic acid effect and further dormancy release [34,35]. The findings of Alouani and Bani-Aameur [11] and Ikinci [36] on argan seeds when they applied treatments of GA3 showed that a high GA3 concentration increases argan seed germination. Furthermore, the temperature played a key role in argan germination [37], since it implies seed dormancy and water absorption; therefore, a lower temperature guaranteed by shade use can cause protein denaturation and mitotic failure [38,39]. The germination rate also depended on the composition of the growth media. S6, S1, and S3, respectively, had the greatest germination rate, the commonality between them being that their composition contained more than 50% peat moss (black, and white). The lowest value was recorded in S2, which is based mainly on soil, perlite, and compost (50%, 25%, 25%). Indeed, the physical characteristics of the soil had a great impact on germination, as S6 and S1 were characterized by a lower bulk density compared to S2, which ensures an adequate oxygen concentration related to soil aeration required for argan germination [40,41]. However, this is not the only reason, since the soil microbiological status may affect it as well, such as the case of fusarium attack of seeds. Our results agreed with several studies which report that the composition and granulometry of the substrate are detrimental to the germination rate difference [42,43]. According to Willmensen [44], it is advisable to use a loose substrate, such as in S1 and S6, rather than a compressed substrate, as in the case of S2, for improving the germination rate. On the other hand, the germination rate was not significantly impacted by container treatment.



A lower germination rate in argan was always an issue for nurseries since, in most lifetimes, the rate does not exceed 50% because of dormancy [45,46], non-viability [47], and the origin of the seeds [48]. Dormancy is divided into two categories, exogenous and endogenous [49]. The mother tree of argan seeds is generally the main cause of germination rate variation since it heightens the dormancy and non-viability of seeds. Since argan has a great potential for genetic diversity, the maturity and abscission of fruits [50,51] and the seed dormancy vary from one tree to another. Moreover, the tolerance to some fungi attacks can also differ within trees [52]. A recent study revealed that the argan stone shape correlates with its germination rate because it has a relationship with seed water imbibition, which favors germination [53]. Even if we adopt the option of harvesting fruits from trees to anticipate seed contamination and dormancy issues, many trees support the double production of fruits in one year, which could confound the choice of fruits by the worker [13]. This shows the genetic diversity effect in the argan tree, which complicates its multiplication, especially when adopting the direct sowing of seeds. In addition, argan seeds are also affected by their storage period. An experiment conducted by Alouani and Ban-Aameur [45] showed that seeds stored for one year have a lower germination rate than freshly harvested seeds. This is most likely due to several factors such as RNA degradation as well as seed deterioration [10,54]. The nutshell acts as a barrier since it restricts water, which is necessary for protein and cell organelles hydration; also, the seed coat inhibits oxygen uptake for seed emergence, although some studies have confirmed an increase in the germination rate by removing it [55]. It is advisable to keep the shell to prevent pathogenic attacks [56,57]. Consequently, the application of pre-treatments before sowing seeds, with a hard and solid seed coat, is needed to break dormancy and improve germination [11,58,59]. Indeed, once cracked, the tegument facilitates the humidification of the seed and triggers the germination process [11,57]. On the other hand, human practices can be a crucial factor in the success of germination. Sowing seeds in the wrong orientation can lead to death due to a lack of oxygen [60].




4.2. Effect of Shade


Shade treatment exhibited an increase in the shoot height of the argan tree, with a higher difference between 80%- and 40%-shaded plants versus plants exposed to direct sunlight. These results corroborate the findings of Díaz-Pérez et al. [61] and Ha et al. [62] which recorded an increase in paprika plant height due to shade treatment. The growth by 10–20 cm of Heracleum moellendorffii was also affected by shade treatment in both unfertilized and fertilized conditions [24]. This can be explained by the intention of plants to capture light energy for photosynthesis by regulating their assimilated carbon for vertical growth [63,64]. Some authors explain this growth by the allocation of more photosynthetic products to the elongation of the main stem in order to catch more light [65]. Others explain the increase in height as being due to plant etiolating, which is presumably because the respiring material is lower than the photosynthesizing material, resulting in stem mass accumulation [66]. On the other hand, the shadeless compartment provided us with plants with a higher shoot and root diameter, as well as a higher number of ramifications compared to the shaded compartments (80% and 40%). The biomass production was also higher in the 0%-shaded plants compared to the 80%-shaded ones, but it seems that it did not decline in plants with 40% shade covering. Similarly, Zhu et al. [67] found that shoot weight is not affected by shade, while another study confirmed that plant biomass production is higher in 0% shade than in 60–90%-shaded plants [68]. Yanez et al.’s [69] findings are in line with ours, recording that half-shade and no-shade treatment lead to higher shoot and dry biomass than full shade. This is due to the decline in the photosynthetic capacity and change in enzyme activity [70]. The root architecture is also impacted by the shade. This may be due to the lower thermal conductivity resulting from lower lighting that declines the shaded compartment temperature, then restricts root development [71]. Only the root length trait was higher in the 40%- and 80%-shaded plants compared to 0%. The chlorophyll content is also affected by shade; again, 40% shade covering seems not to have that much of an affect. This result partly agreed with the observations of Kramer and Kozlowski [72] and Tran [73], which affirm that the leaf chlorophyll content is lower in shaded plants compared to non-shaded plants. According to Jiang [74] and Yue et al. [75], there is a positive correlation between chlorophyll content and photosynthesis and growth in terms of biomass production. Chlorophyll is the main factor that is responsible for photosynthetic electronic transport and processes, which begin with the absorption via PSII and PSI of light energy, the NADPH, and ATP generation by photosynthetic electronic transport. These energy molecules enter a process that leads to the production of sugars from CO2, which leads to biomass production [71]. A study indicated that the use of shade affects the productivity of photosynthetic parameters, such as effective photosynthetic radiation and the red to far-red ratio (R/FR) in the crop canopy, resulting in a shade response of the crop [70].



The accumulation of mineral elements in plants depends on several factors, among them, the production conditions in the nursery. In our study, it turned out that the accumulation of mineral elements such as Na, Ca, P, and K was more important in the 20% shade plants and lower in the 80% shade plants. This can be due to the lower osmotic adjustment capacity of the deep-shaded plant [76], while the total nitrogen concentration was high in plants without shade. Our findings agreed with Jensen’s [77] and Carlsson et al.’s [78] results, who found that grasses’ competition for light decreased their growth, therefore limiting N2 fixation at the plant level. Also, the study of Friel and Frieson [79] found significant differences in the effects of different shade treatments on N2 fixation. There is a study that contradicts our findings, about the growth of pines in deep shade leading to an increase in chlorophyll concentration that increases N concentration [80].




4.3. Effect of Container


The use of containers has become vital for seedling production in nurseries due to their benefits of increasing root volume and maintaining sufficient irrigation with an increase in biomass production [71]. The container size treatment results revealed that ensuring a large volume for roots leads to an increase in the amount of branching. This agrees with the finding in the bell pepper experiment, as it highlights a decrease in the amount of lateral shoot growth (branching) because of root restrictions due to a low container size [81]. The small volume limits the rooting mass and space as well as the pore space, resulting in a lower water holding capacity and aeration [82,83]. It also reduces the shoot diameter, biomass production, root length, and root fraction. Studies conducted on tomatoes and wheat show a positive correlation between the increases in pot size and dry matter [84,85]. This can be due to the higher availability of nutrients in growth media that provide improvement in CO2 consumption in growth compared with small containers [86]. As well, it accelerates the leaf conductance and CO2 assimilation rate [87]. Root restriction can lead to transpiration issues [88], while the use of a large container fixes these. In addition, a study points to a linear increase in salvia root and shoot biomass with container size [89]. Red sunset growth traits are relevant in larger pot sizes [90]. Similarly, a study about the growth of avocado seedlings agreed with our findings and suggests that shoot and root biomass increased in a large container due to maintenance of the nutrients during plant growth, while a nutrient deficiency decreased its development in a small one [91]. Segaw et al. [92] found that Sesbania sesban shows a higher root growth (height and biomass) in a large container. The leaf chlorophyll content fluctuated among treatments. Plants with lower root volumes have higher root diameters than others, which agrees with the results of the Coffee arabica experiment [93]. Our study showed that a small pot size leads to short and thick roots, which might be the reason for lower root N uptake. The accumulation of mineral elements, such as Na, K, and Ca, in plants is more important in C4 than in the highest container size (C1, C2). Bar-Tal et al.’s [94] experiment in pepper confirms our results, since a small pot size lead to a decrease in the leaf content of total N, but not in K. On the other hand, the available phosphorus element lowers its accumulation in plant sowing at the lowest container size. Plants grown in large pot sizes (C1 and C2, respectively) contain available nitrogen concentrations that are greater than those of the lowest size. This may be due to the lower ability of roots to absorb the N element required for their growth, and its availability is important, as shown in the results of the soil analysis in some substrates. Therefore, a decrease in pot volume would lead to a N deficiency [93]. Although some morphological traits did not show any significant difference, such as in the case of shoot length and the number of lateral roots, the highest container volume will still be favorable in the post-planting phase of the transplantation project because of the higher survival rate and large roots with fractions, which ensure that these plants will overcome the shock faster than those with small, long roots. The small containers restrict the development of long tap roots which could cause issues in post-planting [95,96].




4.4. Effect of Substrate


The use of growth media to enhance seedling production designated for reforestation programs is one of the most important practices for any transplantation success [91]. In this study, we investigated the impact of six different substrate compositions, and our investigation revealed that the S1 substrate (blond peat (½), peat (½)) shows the best growing traits. Starting from the aerial part, plants growing in S1 have the highest shoot height, shoot diameter, amount of branching, and shoot fresh and dry weight. Therefore, it provides the best root morphological traits, such as root length and diameter, root fraction, and root fresh and dry weight, along with the highest leaf chlorophyll content and total nitrogen. This can be interpreted from the findings in the S1 soil analysis. It has lower salinity and Na concentration, and adequate soil pH for nutrient absorption. Also, this substrate’s composition of black and white peat moss is higher in terms of organic matter and available phosphorus concentration, which has an enormous role in photosynthesis, as it promotes energy transfer and the transport of carbohydrates as well as enzyme regulation [97]. It is also known that loose substrates favor root growth. Peat moss is considered one of the best available water substrates due to its physical properties, which include lower fine particles and higher macrospore proportions [98]. A study of spinach plants showed that plants seeded in peat moss have a higher shoot fresh and dry weight [99]. A recent study on apple rootstock after 11 weeks of growth shows that a substrate composition with 50% peat moss induces an increase in fresh and dry weight biomass as well as plant height [25]. The substrate treatment study for the argan tree revealed two growth medias that can be a substitute to peat moss in high quantities. Knowing that peat moss releases a higher atmospheric emission and is currently limited due to a high demand, which has caused a deterioration of the peatland ecosystem [100], the use of alternative substrates would be beneficial for resource-saving and as sustainable and recyclable resources [101,102]. Biochar, which is made from the thermochemical conversion of waste biomass, has a great capacity for carbon sequestration [103]. S6 and S3 contain only 50% peat, with the use of biochar in S6 and soil in S3. The use of these two growth medias would be advantageous for the environment. As the results show, S6 and S3, respectively, have the second-best morphological traits after S1. Plants in S6 were rich in total nitrogen compared to S1. This is in accordance with the results of an experiment conducted by García-Rodríguez et al. [102], who concluded that the N element in lettuce leaf increased with the increase in the quantity of biochar used. The S6 (with 50% biochar) analysis mainly showed a higher salinity and Na concentration, but this amount did not affect argan plant growth. Another study exhibited that biochar EC’s negative impact on lettuce growth was not observed until a higher mixture of biochar (70%) was used, and it is enriched with nitrogen, organic matter, and calcium with a lower bulk density and very high porosity compared to others. Besides, S6 has an adequate pH for growth that is adjusted due to the addition of biochar [104]. It also minimizes the uptake of toxic elements [105]. Moreover, Biochar is characterized similarly to peat moss by a higher cation exchange capacity, which favors nutrient uptake because of the high surface charge [106,107]. This agrees with our finding about the effect of an increase in the porosity and water holding capacity as well as cation and anion exchange capacity. Besides, the biochar’s effect is linked with its percentage [108]. According to Graber et al. [109], the use of an adequate quantity of biochar in growth media ensures an appropriate medium for microbe development, enhancing plant growth [110]. Similar results were found by Xiang et al. [111], who found that biochar has a significant impact on root systems with a high resistance to drought. A study conducted on argan seedlings shows that biochar application has a great influence on shoot height and diameter [112]. On the other hand, S3 was enriched with total nitrogen and had a balanced distribution of mineral elements. The remaining growth media did not show great potential as good growth media for argan, even with their enrichment of some mineral elements such as in the case of S4 which had a higher quantity of Ca and organic matter. A study reported, for ornamental plants, that there is a negative correlation between the compost concentration in growth media and the root quality [113]. This finding might explain the restricted morphological traits of seedlings in S4, as this mixture was 1/4 compost. We can conclude from the current results that, in the growing of argan seedlings, substrates with high porosity (except for S3) must be avoided. Chong al. [114] reported that the growth of weigela seedlings is related to pore space and not chemical properties. Also, the study confirms that porosity and soil moisture are the main factors in improving plant growth, such as height, number of branches, and diameter, because the substrate should maintain a higher amount of oxygen for root development [115]. The current study indicates that the use of perlite in a mixture with other substrates did not show a significant impact, seeing as S2, S4, and S5 containing 25% perlite did not grow greatly compared to the others. In citrus, it has been shown that the organic matter concentration in soil plays a key role in the availability of nitrogen by blocking its volatilization and minimizing the exchange of nutrients [116]. Additionally, the lower potassium concentration in leaves of the S2 and S3 plants was due to the higher rate of soil in their composition [117]. The availability of mineral elements in the soil is not sufficient for growth, but as already declared, the soil’s physical status affects the mineral inflow in plants, such as in the case of onions, where the low level of soil moisture reduced the root growth and plant potassium assimilation [118]. Even in the S3 growth media soil analysis which showed a lower concentration of mineral elements, the argan plants showed great growth compared to other substrate compositions such as S2, S4, and S5, which reflect that argan seedlings do not need a higher amount of minerals elements; in contrast, the available elements need to be easily absorbed by offering a higher CEC and an adequate pH.



The results obtained regarding the effects of larger containers and substrate composition based on peat are in line with the findings of Al-Menaie et al. [119]. These authors reported that argan seedling production in the nursery, in jiffy pots and growth media based on peat moss, soil, and humus in the ratio 1/2-1/4-1/4, are the best combinations compared with polyethylene pots and growth media with 50% soil, 25% peat moss, and 25% humus. Ferradous et al. [120] reported that boosting a mixture with compost improves the porosity of the soil. The compost quantity needs to be rational for the mixture, as it was shown in their experiments that a decrease in plant height and root and fresh dry weight, in growth media composed of 75% and 100% compost compared to 25% and 0% mixture, was observed. This is consistent with our results which show that S3 was greater than S4, S5, and S2. Another experiment was, again, conducted by Ferradous et al. [120] on effect of the container size, and they again confirmed the impact of larger containers on the growth of argan seedlings. This is also confirmed by Belghazi et al.’s [121] results. Additionally, small containers can lead to root chignon, causing issues for argan trees post-planting [122,123]. On the other hand, Ferradous et al.’s [120] results contradict our results regarding argan leaf analysis, since they did not find any significant relationship between the leaf mineral analysis and substrate and container effect. From S2, S4, and S5 soil analysis, we anticipated that this growth media can boost argan growth, while we observed the opposite, in fact, what was missing is that a higher pH value and lower CEC affect the absorption of mineral elements [106,121]. Peat moss was the best substrate in our findings. Another study revealed that peat moss contains a low nutrient content but a high CEC [123].




4.5. Cost-Benefit Analysis


CBA can be used as a decision support tool such as in ex-post evaluation to assess the economic efficiency of a production system [124]. According to the CBA results, it can be deduced that the use of large-size containers (C2) and growing media based on peat moss has an important effect on the growth of argan seedlings. I the current study, most combinations are mainly composed of black and blond peat, and S1C2 placed first when in 40% shade and 80% shade, and second when in 20% shade (S1C3 was ranked first in this compartment). In the non-shade compartment, S3C2 ranked first. These findings were in line with the results for morphological traits and mineral elements that favored S1 and C2 as the best substrate and container, and our CBA valorized the results since these parameters are correlated with production costs, as they are cheaper, such as in the case of S1. Even though C2 has a higher price and substrate volume capacity, its impact on root and shoot growth compensates for its cost. The choice of morphological parameters such as root diameter, biomass production, and root system are based on studies that show the importance of these parameters in survival prediction and growth in the field [125]. A great root system volume leads to an increase in seedling survival and growth in the field since it guarantees the absorption of minerals and water uptake needed for shoot growth [126,127]. According to our survey, most growers sell argan plants with a price range between 10 MAD to 18 MAD depending on the quality and the number purchased; therefore, our production cost for S1C2 is 3.98 MAD which allows an increase in terms of seedling quality with a lower mortality and a higher germination rate at a cheap price that leads to good profitability for the grower’s investment.





5. Conclusions


This study on the effects of the shade, substrate, and container on argan seedling production has shown interesting results about the importance of peat moss in argan growth and germination. However, the use of these resources may lead to ecosystem degradation and carbon emissions. Therefore, the use of substitutes such as biochar and argan soil is becoming a necessity to decrease the emission of greenhouse gases. The shade treatment did not have a positive effect on germination in the compartments covered with shade, which confirms the importance of light to enhance dormancy breaking, while the use of 40% shade covering has an impact on argan seedling growth. The container treatment did not have any significant effect on the germination rate, while the current study shows the importance of a large pot for root development and seedling growth. Also, this study has shown that there is a significant interaction within this factor across all morphological traits as well as leaf mineral analysis. The cost–benefit analysis study suggests that S1 is the best substrate and that C2, as the largest container, is the best container in terms of growth and economic efficiency. Further investigations are needed in the acclimatization and post-planting steps to ensure the efficiency of this substrate and container for argan’s survival and growth. However, these findings can help nurseries in their choice of efficient growth conditions for argan seedling production.
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Figure 1. The effect of shade (A) and substrate (B) on the germination percentage of argan seeds after six months in a semi-controlled greenhouse. Histograms with the same letters are not significantly different at 5% level of Tukey test. 
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Figure 2. Effect of shade levels (in the S1C2 combination of substrate and container) on argan seedlings after six months in a semi-controlled greenhouse, (A) 0% shade compartment, (B) 20% shade compartment, (C) 40% shade compartment, (D) 80% shade compartment. 
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Figure 3. Effect of different substrates on argan seedlings sowed in a C2 container in a compartment without shade after six months in a semi-controlled greenhouse. (S1) S1C2, (S2) S2C2, (S3) S3C2, (S4) S4C2, (S5) S5C2, and (S6) S6C2. 
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Figure 4. Effects of four container sizes on the argan seedlings sown in S1 in compartment without shade after six months in a semi-controlled greenhouse, (C1) S1C1, (C2) S1C2, (C3) S1C3, and (C4) S1C4. 
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Figure 5. The principal component analysis (PCA) illustrates the variations between the studied parameters and the four containers (C1, C2, C3, and C4) used for the growth of argan plants in the nursery for six months. The lines starting from the central point of the biplots display the negative or positive associations of the different variables, and their proximity specifies the degree of correlation with the different types of containers. SL: Shoot Length (cm); RL: Root Length (cm); NSR: Number of Secondary Roots; NLR: Number Of Tertiary Roots; FSW: Fresh Shoot Weight (g); FRW: Fresh Roots Weight (g); DSW: Dry Shoot Weight (g); DRW: Dry Roots Weight(g); NA: Leaf Sodium Concentration (ppm); K: Leaf Potassium Concentration (ppm); CA: Leaf calcium Concentration; P Leaf Total Phosphorus Concentration; N: Leaf Total Nitrogen (%); chl Chlorophyll Content (mg/m2). 
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Figure 6. The principal component analysis (PCA) illustrates the variations between the studied parameters and the different treatment groups of substrate composition (S1, S2, S3, S4, and S5) used for the growth of argan plants in the nursery for six months. The lines starting from the central point of the biplots display the negative or positive associations of the different variables, and their proximity specifies the degree of correlation with the different types of containers. SL: Shoot Length (cm); RL: Root Length (cm); NSR: Number of Secondary Roots; NLR: Number of Tertiary Roots; FSW: Fresh Shoot Weight (g); FRW: Fresh Roots Weight (g); DSW: Dry Shoot Weight (g); DRW: Dry Roots Weight (g); NA: Leaf Sodium Concentration (ppm); Leaf Potassium Concentration (ppm); CA: Leaf calcium Concentration; P Leaf Total Phosphorus Concentration; Leaf Total Nitrogen (%); Chl Chlorophyll Content (mg/m2). 
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Figure 7. The principal component analysis (PCA) illustrates the variations between the studied parameters and the four shade levels (SH0, SH20, SH40, and SH80) used for the growth of argan plants in the nursery for six months. The lines starting from the central point of the biplots display the negative or positive associations of the different variables, and their proximity specifies the degree of correlation with the different types of containers. SL: Shoot Length (cm); RL: Root Length (cm); NSR: Number of Secondary Roots; NLR: Number of Tertiary Roots; FSW: Fresh Shoot Weight (g); FRW: Fresh Roots Weight (g); DSW: Dry Shoot Weight (g); DRW: Dry Roots Weight(g); NA: Leaf Sodium Concentration (ppm); Leaf Potassium Concentration (ppm); CA: Leaf Calcium Concentration.; P Leaf Total Phosphorus Concentration; Leaf Total Nitrogen (%); Chl Chlorophyll Content (mg/m2). 
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Table 1. Three-way ANOVA results of the effects of shade, substrate, container, and their interaction on the germination percentage of argan seeds after six months.
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	Factors
	Shade (SH)
	Substrate (S)
	Container (C)
	SH × S
	SH × C
	S × C
	SH × S × C





	Mean Square
	124.031 ***
	92.637 ***
	6.429 ns
	9.142 *
	10.494 *
	5.563 ns
	4.876 ns







ns: non significant; * and ***: significant at p < 0.05 and p < 0.001.













 





Table 2. Three-way ANOVA results on the effects of shade, substrate, container, and their interactions on the morphological parameters of the seedlings of Argania spinosa.






Table 2. Three-way ANOVA results on the effects of shade, substrate, container, and their interactions on the morphological parameters of the seedlings of Argania spinosa.





	

	
Shoot Length (cm)

	
Shoot Diameter (mm)

	
Number of Ramifications

	
Fresh Shoot Weight (g)

	
Dry Shoot Weight (g)

	
Root Length (cm)

	
Root Diameter (mm)

	
Number of Secondary Roots

	
Number of Lateral Roots

	
Fresh Root Weight (g)

	
Dry Root Weight (g)

	
Chlorophyll Content (mg/m2)




	

	
Df

	
Mean Square






	
Shade (SH)

	
3

	
319.529 ***

	
73.921 ***

	
265.55 ***

	
168.735 ***

	
16.582 ***

	
814.28 ***

	
22.696 ***

	
292.675 *

	
4681.142 ***

	
79.202 ***

	
42.687 ***

	
85,093.451 ***




	
Substrate (S)

	
5

	
3032.268 ***

	
26.738 ***

	
255.326 ***

	
457.974 ***

	
44.006 ***

	
2311.597 ***

	
12.068 ***

	
1791.242 ***

	
997.919 ***

	
87.996 ***

	
55.066 ***

	
24,967.393 *




	
Container ©

	
3

	
97.772 ns

	
2.933 **

	
12.231 ns

	
51.514 ***

	
6.954 ***

	
4811.99 ***

	
7.116 ***

	
789.81 ***

	
226.922 ns

	
10.368 **

	
3.324 *

	
38,881.113 **




	
SH × S

	
15

	
163.238 ***

	
2.428 ***

	
28.606 ***

	
61.186 ***

	
6.654 ***

	
220.054 **

	
3.571 ***

	
127.793 ns

	
189.016 ns

	
16.313 ***

	
9.935 ***

	
20,058.064 **




	
SH × C

	
9

	
73.415 ns

	
1.167 ns

	
12.112 ns

	
19.212 **

	
2.771 **

	
244.092 **

	
1.346 *

	
181.504 ns

	
251.695 ns

	
3.425 *

	
2.147 *

	
25,695.597 **




	
S × C

	
15

	
103.457 **

	
1.363 *

	
13.374 ns

	
30.553 ***

	
4.273 ***

	
379.765 ***

	
1.335 **

	
441.349 ***

	
414.553 **

	
3.626 *

	
3.616 ***

	
11,054.987 ns




	
SH × S × C

	
45

	
132.631 ***

	
1.3 **

	
5.698 ns

	
22.884 ***

	
2.687 ***

	
166.437 **

	
1.475 ***

	
107.063 ns

	
219.773 ns

	
4.4249 ***

	
2.505 ***

	
18,476.028 ***








Df: degree of freedom; ns: non-significant; *, **, and ***: significant at p < 0.05, p < 0.01, and p < 0.001.













 





Table 3. Average values (mean ± standard error) of the morphological parameters (shoot length, Shoot Diameter, Number of Ramifications, Fresh Shoot Weight, Dry Shoot Weight, Root Length, Root Diameter, Number of Secondary Roots, Number of Lateral Roots, Fresh Root Weight, and Dry Root Weight) and Chlorophyll Content after six months in a semi-controlled greenhouse of Argania spinosa seedling growing in different shade levels, substrates, and containers.
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Shoot Length (cm)

	
Shoot

Diameter (mm)

	
Number of Ramifications

	
Fresh Shoot Weight (g)

	
Dry Shoot Weight (g)

	
Root Length (cm)

	
Root

Diameter (mm)

	
Number of

Secondary Root

	
Number of Lateral Roots

	
Fresh Root Weight (g)

	
Dry Root Weight (g)

	
Chlorophyll

Content (mg/m2)






	
Shade




	
0%

	
24.06 ± 8.78 bc

	
2.16 ± 1.11 a

	
2.36 ± 3.38 a

	
5.84 ± 4.43 a

	
1.99 ± 1.17 ab

	
25.52 ± 15.9 bc

	
2.58 ± 1.18 a

	
21.18 ± 13.32 ab

	
26.68 ± 17.04 a

	
2.59 ± 2.02 a

	
0.8 ± 0.18 a

	
375.8 ± 132.98 a




	
20%

	
23.18 ± 10.39 c

	
1.46 ± 0.8 b

	
1.62 ± 2.91 b

	
4.2 ± 4.31 b

	
1.62 ± 1 b

	
22.11 ± 9.97 c

	
2.47 ± 1.07 a

	
20.6 ± 10.51 b

	
13.93 ± 10.96 c

	
1.92 ± 1.66 b

	
0.59 ± 0.13 b

	
320.41 ± 91.26 b




	
40%

	
25.86 ± 11.79 ab

	
1.6 ± 0.99 b

	
2.13 ± 3.84 ab

	
5.43 ± 4.83 a

	
2.14 ± 1.67 a

	
29.24 ± 15.27 a

	
2.55 ± 1.18 a

	
24.5 ± 12.81 a

	
21.14 ± 16.71 b

	
2.96 ± 2.8 a

	
0.94 ± 0.19 a

	
373.66 ± 99.34 a




	
80%

	
27.25 ± 9.91 a

	
1.22 ± 0.6 c

	
0.41 ± 1.6 c

	
2.9 ± 1.73 c

	
0.99 ± 0.6 c

	
25.82 ± 13.14 ab

	
1.56 ± 0.52 b

	
21.5 ± 12.45 ab

	
11.3 ± 11.08 c

	
0.89 ± 1.03 c

	
0.29 ± 0.09 c

	
327.12 ± 90.77 b




	
Substrate




	
S1

	
35.26 ± 11.04 a

	
2.07 ± 1.24 a

	
2.76 ± 1.96 a

	
8.49 ± 5.13 a

	
3.16 ± 1.88 a

	
32.34 ± 15.13 a

	
2.98 ± 1.41 a

	
25.92 ± 13.73 ab

	
21.89 ± 18.3 a

	
4.09 ± 2.87 a

	
1.32 ± 0.94 a

	
385.4 ± 94.56 a




	
S2

	
19.51 ± 6.01 c

	
1.32 ± 0.59 c

	
0.53 ± 1.35 b

	
1.86 ± 1.23 c

	
0.69 ± 0.3 c

	
19.97 ± 9.4 de

	
1.72 ± 0.62 d

	
16.96 ± 9.01 d

	
13.97 ± 12 bc

	
0.85 ± 0.15 c

	
0.32 ± 0.13 c

	
330.9 ± 103.73 b




	
S3

	
27.35 ± 11.04 b

	
1.79 ± 1.01 b

	
2.12 ± 1.62 a

	
6.64 ± 6.22 b

	
2.52 ± 1.82 b

	
27.37 ± 13.51 bc

	
2.55 ± 1.21 b

	
23.32 ± 11.15 bc

	
20.43 ± 15.84 ab

	
2.61 ± 1.85 b

	
0.84 ± 0.26 b

	
338.05 ± 85.06 b




	
S4

	
18.53 ± 5.83 c

	
1.36 ± 0.64 c

	
0.57 ± 0.48 b

	
2.27 ± 1.65 c

	
0.81 ± 0.42 c

	
18.07 ± 7.66 e

	
2.15 ± 0.8 c

	
16.13 ± 8.47 d

	
12.78 ± 11.51 c

	
1.3 ± 0.76 c

	
0.33 ± 0.10 c

	
337.98 ± 89.9 b




	
S5

	
19.73 ± 6.62 c

	
1.38 ± 0.86 c

	
0.75 ± 0.53 b

	
2.91 ± 1.6 c

	
0.96 ± 0.48 c

	
24.23 ± 11.1 cd

	
2.04 ± 0.92 cd

	
19.73 ± 11.44 cd

	
18.91 ± 14.87 abc

	
1.44 ± 0.88 c

	
0.38 ± 0.13 c

	
351.05 ± 149.34 ab




	
S6

	
30.14 ± 7.3 b

	
1.68 ± 0.91 b

	
2.26 ± 1.71 a

	
5.41 ± 3.5 b

	
1.95 ± 1.03 b

	
32.06 ± 17.8 ab

	
2.3 ± 1.06 bc

	
29.61 ± 13.82 a

	
21.61 ± 16.91 a

	
2.24 ± 1.47 b

	
0.73 ± 0.21 b

	
350.06 ± 106.94 ab




	
Container




	
C1

	
24.56 ± 9.14 a

	
1.52 ± 0.87 b

	
1.43 ± 2.88 b

	
4 ± 2.52 b

	
1.36 ± 1.01 b

	
28.57 ± 14.24 b

	
2 ± 0.96 c

	
24.08 ± 14.29 a

	
19.08 ± 15.93 a

	
2.03 ± 1.12 b

	
0.58 ± 0.29 c

	
361.86 ± 86.34 a




	
C2

	
25.75 ± 9.2 a

	
1.68 ± 1.04 a

	
1.98 ± 3.64 a

	
5.65 ± 3.98 a

	
2.14 ± 2.08 a

	
34.34 ± 16.63 a

	
2.41 ± 1.01 ab

	
24.05 ± 13.78 a

	
19.95 ± 15.79 a

	
2.56 ± 1.54 a

	
0.76 ± 0.38 a

	
349.32 ± 135.2 ab




	
C3

	
23.94 ± 12.64 a

	
1.74 ± 1.03 a

	
1.69 ± 3.1 ab

	
4.22 ± 2.98 b

	
1.55 ± 1.08 b

	
19.77 ± 9.84 c

	
2.15 ± 0.99 bc

	
17.99 ± 8.93 b

	
17.5 ± 16.37 a

	
1.95 ± 1.04 b

	
0.62 ± 0.25 ab

	
364.2 ± 95.64 a




	
C4

	
26.1 ± 10.05 a

	
1.65 ± 0.96 ab

	
1.54 ± 2.95 ab

	
4.52 ± 2.75 b

	
1.68 ± 1.1 b

	
20.02 ± 7.46 c

	
2.61 ± 1.33 a

	
21.66 ± 10.85 ab

	
16.53 ± 13.5 a

	
1.82 ± 1.08 b

	
0.66 ± 0.31 ab

	
319.29 ± 103.67 b








Means with the same letters are not significantly different at 5% level of Tukey test.













 





Table 4. Physico-chemical characteristics of the substrate compositions.
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	Substrates
	S1
	S2
	S3
	S4
	S5
	S6





	Porosity %
	57.0 ± 0.02 a
	63.0 ± 0.04 a
	51.0 ± 0.02 a
	61.0 ± 0.01 a
	52.0 ± 0.10 a
	53.0 ± 0.01 a



	Soil Moisture %
	2.54 ± 0.91 a
	0.28 ± 0.13 b
	0.41 ± 0.01 b
	0.63 ± 0.08 b
	1.12 ± 0.07 b
	1.19 ± 0.03 b



	Bulk Density (g/cm3)
	0.24 ± 0.01 e
	1.22 ± 0.04 a
	1.16 ± 0.05 a
	1.02 ± 0.04 b
	0.88 ± 0.04 c
	0.39 ± 0.04 d



	Ec (µs/cm)
	869.00 ± 288.86 b
	2638.33 ± 754.95 ab
	1007.66 ± 156.75 b
	1976.66 ± 60.70 ab
	1991.33 ± 34.04 ab
	3256.66 ± 1145.14 a



	pH
	4.51 ± 0.06 c
	8.37 ± 0.32 a
	6.25 ± 0.02 b
	7.50 ± 0.01 a
	8.02 ± 0.76 a
	5.91 ± 0.31 b



	Na (ppm)
	4.13 ± 1.12 b
	4.36 ± 0.15 b
	4.30 ± 0.88 b
	4.46 ± 0.80 b
	2.53 ± 0.41 b
	14.43 ± 3.46 a



	K (ppm)
	0.63 ± 0.15 a
	1.40 ± 0.05 a
	0.40 ± 0.26 a
	3.70 ± 2.97 a
	1.90 ± 0.79 a
	0.50 ± 0.26 a



	Ca (ppm)
	11.20 ± 1.41 b
	3.63 ± 0.20 c
	4.80 ± 1.69 c
	57.60 ± 9.01 a
	4.66 ± 0.73 c
	16.30 ± 1.96 b



	P2O5 (ppm)
	38.18 ± 3.88 a
	12.08 ± 3.40 bc
	6.21 ± 0.58 c
	20.03 ± 1.23 b
	20.83 ± 5.22 b
	18.92 ± 8.77 bc



	N %
	0.10 ± 0.04 b
	0.24 ± 0.08 b
	0.31 ± 0.11 b
	0.17 ± 0.01 b
	0.29 ± 0.12 b
	0.76 ± 0.07 a



	OM %
	94.37 ± 0.23 a
	8.31 ± 0.31 c
	9.52 ± 0.69 c
	31.62 ± 2.23 b
	13.98 ± 1.85 c
	77.4 ± 0.96 a



	CEC (méq/100 g)
	139.21 ± 12.34 a
	15.53 ± 3.35 c
	21.27 ± 2.62 bc
	16.13 ± 3.94 c
	21.19 ± 1.91 bc
	109.86 ± 11.34 ab







Means (mean ± standard error) with the same letters are not significantly different at 5% level of Tukey test.













 





Table 5. Three-way ANOVA results on the effects of shade, substrate, container, and their interactions on the argan leaf mineral elements.
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Na (ppm)

	
K (ppm)

	
Ca (ppm)

	
P (ppm)

	
N (%)




	
df

	
Mean Square






	
Shade (SH)

	
3

	
429,340.983 ***

	
669,064.034 ***

	
169,215.003 ***

	
48.824 *

	
0.135 ***




	
Substrate (S)

	
5

	
5457.802 ns

	
38,782.205 **

	
5936.887 *

	
42.358 *

	
0.307 ***




	
Container (C)

	
3

	
34,315.122 ***

	
40,883.117 **

	
3329.757 ns

	
67.692 **

	
0.219 ***




	
SH × S

	
15

	
14,047.853 ***

	
22,244.416 **

	
4482.085 *

	
20.266 ns

	
0.077 ***




	
SH × C

	
9

	
23,310.125 ***

	
8137.58 ns

	
1039.948 ns

	
28.419 *

	
0.039 ***




	
S × C

	
15

	
13,749.4 ***

	
13,073.521 ns

	
3476.994 ns

	
39.703 ***

	
0.113 ***




	
SH × S × C

	
45

	
11,791.162 ***

	
18,281.725 **

	
4924.786 ***

	
22.208 **

	
0.096 ***








Df: degree of freedom; ns: non-significant; *, **, and ***: significant at p < 0.05, p < 0.01 and p < 0.001.













 





Table 6. Average values (mean ± standard error) of leaf mineral elements (Na: sodium, K: potassium, Ca: calcium, P: Total Phosphorus, and N: Total Nitrogen after six months in a semi-controlled greenhouse of Argania spinosa seedlings growing in different shade levels, substrates and containers.






Table 6. Average values (mean ± standard error) of leaf mineral elements (Na: sodium, K: potassium, Ca: calcium, P: Total Phosphorus, and N: Total Nitrogen after six months in a semi-controlled greenhouse of Argania spinosa seedlings growing in different shade levels, substrates and containers.





	
Na (ppm)

	
K (ppm)

	
Ca (ppm)

	
P (ppm)

	
N (%)






	
Shade




	
0%

	
75.67 ± 25.75 ab

	
142.1 ± 22.28 b

	
31.66 ± 17.14 b

	
5.25 ± 3.54 b

	
0.49 ± 0.17 a




	
20%

	
182.09 ± 23.3 a

	
222.89 ± 13.67 a

	
104.12 ± 22.98 a

	
6.71 ± 2.47 a

	
0.41 ± 0.26 c




	
40%

	
54.69 ± 15.32 b

	
49.96 ± 22.95 c

	
18.13 ± 9.77 b

	
5.16 ± 2.76 b

	
0.39 ± 0.12 c




	
80%

	
30.36 ± 10.54 c

	
49.35 ± 25.5 c

	
14.57 ± 8.56 b

	
6 ± 3.31 ab

	
0.43 ± 0.14 b




	
Substrate




	
S1

	
86.96 ± 14.11 a

	
118.57 ± 21.43 ab

	
44.43 ± 15.22 ab

	
6.39 ± 3.34 ab

	
0.48 ± 0.1 b




	
S2

	
76.09 ± 15.3 a

	
92.18 ± 12.26 b

	
51.57 ± 28.85 a

	
7.15 ± 4.56 a

	
0.36 ± 0.15 d




	
S3

	
87.02 ± 13.9 a

	
89.44 ± 25.52 b

	
44.26 ± 11.42 ab

	
5.33 ± 2.78 ab

	
0.47 ± 0.05 b




	
S4

	
101.28 ± 30.09 a

	
150.34 ± 27.12 a

	
44.19 ± 15.28 ab

	
4.94 ± 2.49 b

	
0.32 ± 0.15 e




	
S5

	
86.5 ± 15.31 a

	
107.55 ± 14.66 ab

	
23.35 ± 11.3 c

	
5.3 ± 2.08 ab

	
0.41 ± 0.23 c




	
S6

	
76.35 ± 14.27 a

	
138.36 ± 26.28 ab

	
44.92 ± 9.89 ab

	
5.57 ± 3.17 ab

	
0.53 ± 0.26 a




	
Container




	
C1

	
78.05 ± 11.75 b

	
113.33 ± 19.3 b

	
47.86 ± 12.41 a

	
5.03 ± 1.95 b

	
0.5 ± 0.28 a




	
C2

	
76.38 ± 16.67 b

	
102.68 ± 29.65 b

	
46.5 ± 14.49 a

	
5.68 ± 2.99 ab

	
0.44 ± 0.13 b




	
C3

	
74.4 ± 12.51 b

	
102.23 ± 24.75 b

	
36.49 ± 17.1 a

	
6.97 ± 3.97 a

	
0.39 ± 0.13 c




	
C4

	
113.97 ± 28.93 a

	
146.06 ± 26.25 a

	
37.63 ± 20.24 a

	
5.42 ± 2.8 b

	
0.38 ± 0.14 c








Different letters note significant differences (Tukey test at p < 0.05) as comparisons were made between means.













 





Table 7. The effects of substrate and container in each shade-percentage compartment on the aerial part morphological parameters: Shoot Length, Shoot Diameter, number of ramifications, Fresh Shoot Weight, Dry Shoot Weight after six months in a semi-controlled greenhouse.






Table 7. The effects of substrate and container in each shade-percentage compartment on the aerial part morphological parameters: Shoot Length, Shoot Diameter, number of ramifications, Fresh Shoot Weight, Dry Shoot Weight after six months in a semi-controlled greenhouse.





	

	
Shoot Length (cm)

	
Shoot Diameter (mm)

	
Number of Ramifications

	
Fresh Shoot Weight (g)

	
Dry Shoot Weight (g)






	
Shade 0%

	
Substrate

	
S1

	
28.7 ± 9.14 a

	
2.75 ± 1.22 a

	
3.23 ± 1.27 a

	
8.87 ± 4.36 ab

	
2.94 ± 1.68 ab




	
S2

	
20.4 ± 4.2 bc

	
1.61 ± 0.74 d

	
0.92 ± 0.31 b

	
2.31 ± 1.19 c

	
0.89 ± 0.39 cd




	
S3

	
29.61 ± 9.88 a

	
2.49 ± 1.03 ab

	
3.57 ± 2.21 a

	
11.78 ± 6.01 a

	
4.29 ± 2.55 a




	
S4

	
19.21 ± 5.54 c

	
1.67 ± 0.72 d

	
0.92 ± 0.55 b

	
2.68 ± 1.88 cd

	
0.74 ± 0.4 d




	
S5

	
19.18 ± 8.18 c

	
1.95 ± 1.29 cd

	
1.46 ± 0.84 b

	
3.17 ± 1.92 cd

	
0.79 ± 0.34 cd




	
S6

	
27.25 ± 7.79 ab

	
2.32 ± 1.03 bc

	
3.78 ± 1.76 a

	
6.26 ± 3.96 bc

	
2.28 ± 1.29 bc




	
Container

	
C1

	
25.87 ± 11.34 a

	
2.11 ± 1.02 a

	
2.23 ± 1.14 a

	
5.7 ± 3.63 ab

	
1.88 ± 1.1 ab




	
C2

	
23.18 ± 9.06 a

	
2.06 ± 1.12 a

	
2.52 ± 1.48 a

	
7.45 ± 4.62 a

	
2.81 ± 2.03 a




	
C3

	
21.97 ± 6.95 a

	
2.3 ± 1.24 a

	
2.28 ± 1.37 a

	
4.21 ± 2.57 b

	
1.34 ± 0.98 b




	
C4

	
25.2 ± 7.01 a

	
2.15 ± 1.04 a

	
2.4 ± 1.89 a

	
6.01 ± 3.71 ab

	
1.93 ± 1.08 ab




	
Shade 20%

	
Substrate

	
S1

	
29.93 ± 10.4 a

	
1.92 ± 1.07 a

	
2.94 ± 3.65 a

	
8.28 ± 5.57 a

	
3.13 ± 2.22 a




	
S2

	
18.67 ± 7.12 b

	
1.19 ± 0.45 bc

	
0.32 ± 0.14 c

	
1.73 ± 1.33 c

	
0.62 ± 0.15 c




	
S3

	
25.93 ± 16.82 ab

	
1.54 ± 0.87 b

	
2 ± 1.59 ab

	
6.14 ± 4.88 ab

	
2.65 ± 1.47 ab




	
S4

	
18.49 ± 5.74 b

	
1.34 ± 0.64 bc

	
0.51 ± 0.22 bc

	
1.92 ± 1.21 c

	
0.75 ± 0.43 c




	
S5

	
18.85 ± 4.66 b

	
1.11 ± 0.31 c

	
0.31 ± 0.12 c

	
3.08 ± 1.74 c

	
1.1 ± 0.57 c




	
S6

	
27.18 ± 6.96 a

	
1.35 ± 0.63 bc

	
2.15 ± 1.49 a

	
4.07 ± 2.68 bc

	
1.46 ± 1.21 bc




	
Container

	
C1

	
22.39 ± 6.39 a

	
1.27 ± 0.6 b

	
1.5 ± 1.03 a

	
2.62 ± 1.69 b

	
0.87 ± 0.51 b




	
C2

	
22.76 ± 7.74 a

	
1.61 ± 1.02 a

	
2.11 ± 1.56 a

	
5.36 ± 4.2 a

	
2.1 ± 1.25 a




	
C3

	
24.43 ± 14.63 a

	
1.46 ± 0.72 ab

	
1.12 ± 1.28 b

	
3.77 ± 3.99 ab

	
1.35 ± 1.02 ab




	
C4

	
23.13 ± 11.33 a

	
1.52 ± 0.79 ab

	
1.96 ± 1.43 a

	
5.06 ± 3.5 a

	
2.14 ± 1.66 a




	
Shade 40%

	
Substrate

	
S1

	
40.64 ± 8.24 a

	
2.11 ± 1.37 a

	
3.93 ± 2.4 a

	
12.74 ± 4.1 a

	
5.11 ± 2.55 a




	
S2

	
18.37 ± 7.5 c

	
1.22 ± 0.42 bc

	
0.46 ± 0.27 b

	
1.5 ± 1.07 c

	
0.59 ± 0.42 d




	
S3

	
28 ± 9.84 b

	
1.74 ± 0.97 a

	
2.34 ± 1.04 ab

	
5.53 ± 3.61 ab

	
2.19 ± 1.55 bc




	
S4

	
16.98 ± 6.38 c

	
1.11 ± 0.44 c

	
0.51 ± 0.26 b

	
2.35 ± 2.29 c

	
1 ± 0.8 cd




	
S5

	
17.63 ± 6.98 c

	
1.14 ± 0.39 c

	
0.6 ± 0.19 b

	
2.92 ± 1.2 bc

	
1.1 ± 0.41 cd




	
S6

	
33.56 ± 7.24 b

	
1.66 ± 0.89 ab

	
2.81 ± 1.65 a

	
7.57 ± 3.9 b

	
2.84 ± 1.53 b




	
Container

	
C1

	
24.18 ± 8.51 a

	
1.5 ± 0.9 a

	
1.64 ± 0.76 a

	
4.5 ± 2.85 a

	
1.68 ± 0.41 a




	
C2

	
28.68 ± 8.54 a

	
1.64 ± 1.06 a

	
2.69 ± 1.88 a

	
6.46 ± 3.59 a

	
2.49 ± 1.73 a




	
C3

	
24.26 ± 17.57 a

	
1.55 ± 0.83 a

	
2.16 ± 1.42 a

	
6.13 ± 3.85 a

	
2.56 ± 1.88 a




	
C4

	
26.34 ± 10.28 a

	
1.66 ± 1.08 a

	
1.98 ± 1.81 a

	
4.65 ± 2.93 a

	
1.82 ± 0.95 a




	
Shade 80%

	
Substrate

	
S1

	
41.78 ± 10.02 a

	
1.41 ± 0.85 a

	
0.85 ± 0.45 a

	
4.07 ± 1.83 a

	
1.47 ± 0.68 a




	
S2

	
20.58 ± 4.77 c

	
1.05 ± 0.22 c

	
0.13 ± 0.02 ab

	
1.9 ± 1.27 bc

	
0.67 ± 0.37 b




	
S3

	
25.87 ± 4.94 c

	
1.15 ± 0.48 abc

	
0.11 ± 0.05 ab

	
3.13 ± 2 ab

	
0.96 ± 0.44 ab




	
S4

	
19.44 ± 5.89 c

	
1.12 ± 0.43 bc

	
0.08 ± 0.04 b

	
2.13 ± 0.93 bc

	
0.74 ± 0.35 b




	
S5

	
23.27 ± 5.28 c

	
1.13 ± 0.42 abc

	
0.34 ± 0.18 ab

	
2.46 ± 1.5 ab

	
0.85 ± 0.53 b




	
S6

	
32.56 ± 5.02 b

	
1.35 ± 0.7 ab

	
0.63 ± 0.36 ab

	
3.74 ± 1.65 ab

	
1.21 ± 0.54 ab




	
Container

	
C1

	
25.82 ± 9.71 a

	
1.05 ± 0.29 b

	
0.15 ± 0.09 b

	
3.18 ± 1.97 a

	
1 ± 0.59 a




	
C2

	
28.37 ± 10.13 a

	
1.24 ± 0.61 b

	
0.34 ± 0.17 b

	
3.32 ± 2.06 a

	
1.16 ± 0.77 a




	
C3

	
25.08 ± 9.12 a

	
1.45 ± 0.85 a

	
1.13 ± 0.62 a

	
2.76 ± 1.55 a

	
0.96 ± 0.56 a




	
C4

	
29.72 ± 10.51 a

	
1.17 ± 0.47 b

	
0.11 ± 0.08 b

	
2.36 ± 1.11 a

	
0.82 ± 0.42 a








Different letters note significant differences (Tukey test at p < 0.05) as comparisons were made between means.













 





Table 8. The effects of substrate and container on each shade-percentage compartment on the root part morphological parameters: Root Length, Root Diameter, Number of Secondary Root, Number of Tertiary Root, Fresh Root Weight, Dry Root Weight after six months in a semi-controlled greenhouse.






Table 8. The effects of substrate and container on each shade-percentage compartment on the root part morphological parameters: Root Length, Root Diameter, Number of Secondary Root, Number of Tertiary Root, Fresh Root Weight, Dry Root Weight after six months in a semi-controlled greenhouse.





	

	
Root Length (cm)

	
Root Diameter (mm)

	
Number of Secondary Root

	
Number of Tertiary Roots

	
Fresh Root Weight (g)

	
Dry Root Weight (g)






	
Shade 0%

	
Substrate

	
S1

	
34.21 ± 16.62 a

	
2.79 ± 1.24 ab

	
22.46 ± 15.62 ab

	
28.87 ± 21.41 a

	
4.01 ± 2.15 a

	
1.19 ± 0.75 ab




	
S2

	
18.41 ± 10.51 cd

	
2.14 ± 0.58 b

	
18.74 ± 7.15 ab

	
26.54 ± 12.2 a

	
1.33 ± 1.34 b

	
0.53 ± 0.54 c




	
S3

	
30.83 ± 9.55 abc

	
3.37 ± 1.05 a

	
19.89 ± 7.28 ab

	
32.61 ± 15.36 a

	
4.12 ± 2.55 a

	
1.42 ± 0.83 a




	
S4

	
16.53 ± 8.94 d

	
2.36 ± 1.12 b

	
17.81 ± 7.9 b

	
18.46 ± 12.62 a

	
1.63 ± 1.22 b

	
0.34 ± 0.17 c




	
S5

	
21.12 ± 11.69 bcd

	
2.72 ± 1.38 ab

	
17.5 ± 9.15 b

	
26.06 ± 14.41 a

	
2.13 ± 1.38 b

	
0.45 ± 0.26 c




	
S6

	
32.01 ± 24.29 ab

	
2.07 ± 1.17 b

	
30.65 ± 22.31 a

	
27.53 ± 22.67 a

	
2.31 ± 1.35 b

	
0.8 ± 0.58 bc




	
Container

	
C1

	
24.86 ± 15.23 ab

	
2.31 ± 0.9 bc

	
24.26 ± 16.92 a

	
29.68 ± 19.11 a

	
2.56 ± 1.74 a

	
0.73 ± 0.33 a




	
C2

	
33.41 ± 21.69 a

	
2.84 ± 1.22 ab

	
23.08 ± 16.91 a

	
21.52 ± 15.91 a

	
2.85 ± 1.89 a

	
0.86 ± 0.43 a




	
C3

	
21.92 ± 12.4 b

	
2.02 ± 0.92 c

	
16.41 ± 7.51 a

	
27.56 ± 17.45 a

	
2.45 ± 1.41 a

	
0.65 ± 0.21 a




	
C4

	
21.88 ± 9.75 b

	
3.14 ± 1.33 a

	
20.95 ± 8.18 a

	
27.95 ± 15.4 a

	
2.49 ± 1.83 a

	
0.92 ± 0.7 a




	
Shade 20%

	
Substrate

	
S1

	
22.84 ± 8.95 ab

	
3.37 ± 1.33 a

	
21.59 ± 11.7 ab

	
16.28 ± 11.38 a

	
3.56 ± 2.27 a

	
1.28 ± 0.85 a




	
S2

	
20.82 ± 11.94 ab

	
1.65 ± 0.68 c

	
16.66 ± 9.74 b

	
7.89 ± 6.11 a

	
0.74 ± 0.51 c

	
0.24 ± 0.17 b




	
S3

	
19.48 ± 8.9 bc

	
2.36 ± 1.03 bc

	
20.46 ± 9.04 b

	
12.96 ± 8.44 a

	
2.07 ± 1.73 b

	
0.74 ± 0.5 ab




	
S4

	
16.48 ± 3.58 bc

	
2.4 ± 0.87 bc

	
15.47 ± 7.49 b

	
12.56 ± 6 a

	
1.47 ± 1.01 ab

	
0.36 ± 0.27 ab




	
S5

	
24.28 ± 7.93 c

	
2.13 ± 0.49 bc

	
19.43 ± 8.25 b

	
16.65 ± 9.39 a

	
1.64 ± 1.07 ab

	
0.4 ± 0.22 ab




	
S6

	
28.79 ± 12.48 a

	
2.91 ± 1.06 ab

	
29.96 ± 11.04 a

	
17.25 ± 11.79 a

	
2.03 ± 0.89 b

	
0.54 ± 0.31 ab




	
Container

	
C1

	
26.56 ± 12.99 a

	
2.2 ± 0.89 b

	
21.07 ± 13.15 a

	
15.31 ± 9.33 a

	
1.5 ± 1.07 a

	
0.41 ± 0.33 b




	
C2

	
26.83 ± 8.69 a

	
2.4 ± 0.9 ab

	
22.9 ± 9.41 a

	
16.64 ± 7.15 a

	
2.42 ± 1.25 a

	
0.72 ± 0.76 a




	
C3

	
15.13 ± 4.1 c

	
2.37 ± 1 ab

	
17.02 ± 7.52 a

	
12.1 ± 6.45 a

	
1.67 ± 1.09 a

	
0.5 ± 0.43 ab




	
C4

	
19.94 ± 7.06 b

	
2.9 ± 1.38 a

	
21.4 ± 10.9 a

	
11.68 ± 5.38 a

	
2.08 ± 1.63 a

	
0.74 ± 0.7 a




	
Shade 40%

	
Substrate

	
S1

	
42.37 ± 13.68

	
4.03 ± 1.28

	
28.47 ± 13.81 a

	
26.22 ± 16.26 a

	
7.54 ± 1.67 a

	
2.35 ± 0.63 a




	
S2

	
21.96 ± 8.33

	
1.74 ± 0.51

	
19.59 ± 11.37 a

	
13.81 ± 10.63 ab

	
0.88 ± 0.68 d

	
0.34 ± 0.14 c




	
S3

	
32.73 ± 18.79

	
3.02 ± 1.17

	
28.15 ± 15.31 a

	
25.84 ± 17.14 a

	
2.93 ± 2.3 bc

	
0.94 ± 0.69 b




	
S4

	
20.64 ± 10.16

	
2.14 ± 0.52

	
18.63 ± 9.53 a

	
10.45 ± 6.03 b

	
1.48 ± 0.78 cd

	
0.4 ± 0.21 c




	
S5

	
25.38 ± 11.98

	
1.69 ± 0.41

	
22.3 ± 13.26 a

	
21.86 ± 10.49 ab

	
1.32 ± 0.6 d

	
0.4 ± 0.23 c




	
S6

	
32.37 ± 16.2

	
2.69 ± 0.95

	
29.87 ± 9.45 a

	
28.68 ± 16.89 a

	
3.62 ± 2.23 b

	
1.22 ± 0.82 b




	
Container

	
C1

	
34.39 ± 13.76 a

	
2.29 ± 1.1 a

	
22.94 ± 12.19 ab

	
21.61 ± 15.23 a

	
2.82 ± 3 b

	
0.84 ± 0.83 a




	
C2

	
40.82 ± 16.44 a

	
2.65 ± 0.98 a

	
30.38 ± 13.67 a

	
26.07 ± 17.88 a

	
3.99 ± 2.83 a

	
1.14 ± 0.81 a




	
C3

	
21.21 ± 12.1 b

	
2.47 ± 1.25 a

	
20.9 ± 10.77 b

	
19.67 ± 19.5 a

	
2.83 ± 2.77 b

	
1.01 ± 0.97 a




	
C4

	
20.55 ± 6.59 b

	
2.81 ± 1.38 a

	
23.79 ± 13.19 ab

	
17.23 ± 13.31 a

	
2.21 ± 2.43 b

	
0.78 ± 0.94 a




	
Shade 80%

	
Substrate

	
S1

	
29.95 ± 14.3 a

	
1.72 ± 0.61 a

	
31.14 ± 12.29 a

	
16.19 ± 9.08 a

	
1.25 ± 0.69 a

	
0.45 ± 0.25 a




	
S2

	
18.67 ± 6.3 b

	
1.35 ± 0.48 a

	
12.86 ± 6.08 c

	
7.63 ± 4.45 a

	
0.46 ± 0.3 a

	
0.18 ± 0.1 b




	
S3

	
26.44 ± 11.52 ab

	
1.43 ± 0.54 a

	
24.78 ± 10.25 ab

	
10.3 ± 5.95 a

	
1.32 ± 0.49 a

	
0.25 ± 0.18 ab




	
S4

	
18.64 ± 6.16 b

	
1.72 ± 0.37 a

	
12.59 ± 8.27 c

	
9.65 ± 6.47 a

	
0.61 ± 0.35 a

	
0.23 ± 0.13 b




	
S5

	
26.13 ± 12.61 ab

	
1.61 ± 0.63 a

	
19.68 ± 14.47 bc

	
11.08 ± 6.11 a

	
0.69 ± 0.5 a

	
0.28 ± 0.19 ab




	
S6

	
35.07 ± 17.35 a

	
1.55 ± 0.38 a

	
27.93 ± 9.4 ab

	
12.97 ± 8.46 a

	
1 ± 0.58 a

	
0.35 ± 0.18 ab




	
Container

	
C1

	
28.45 ± 13.92 b

	
1.19 ± 0.3 b

	
28.04 ± 14.44 a

	
9.73 ± 6.56 a

	
1.23 ± 0.81 a

	
0.33 ± 0.21 a




	
C2

	
36.31 ± 14.78 a

	
1.75 ± 0.54 a

	
19.83 ± 12.63 b

	
15.56 ± 10.76 a

	
1 ± 0.69 ab

	
0.31 ± 0.22 a




	
C3

	
20.82 ± 7.24 c

	
1.73 ± 0.56 a

	
17.63 ± 9.39 b

	
10.67 ± 7.09 a

	
0.85 ± 0.51 ab

	
0.32 ± 0.22 a




	
C4

	
17.69 ± 5.66 c

	
1.59 ± 0.45 a

	
20.5 ± 10.95 b

	
9.27 ± 5.85 a

	
0.48 ± 0.28 b

	
0.21 ± 0.11 a








Different letters note significant differences (Tukey test at p < 0.05) as comparisons were made between means.













 





Table 9. The effects of substrate and container in each shade-percentage compartment on the argan leaf mineral elements: Na: sodium, K: potassium, Ca: calcium, P: total phosphorus, and N: total nitrogen after six months in a semi-controlled greenhouse.






Table 9. The effects of substrate and container in each shade-percentage compartment on the argan leaf mineral elements: Na: sodium, K: potassium, Ca: calcium, P: total phosphorus, and N: total nitrogen after six months in a semi-controlled greenhouse.





	

	
Na (ppm)

	
K (ppm)

	
Ca (ppm)

	
P (ppm)

	
N (%)






	
Shade 0%

	
Substrate

	
S1

	
97.81 ± 24.52 a

	
194.29 ± 45.81 a

	
56.33 ± 18.54 a

	
6 ± 1.98 a

	
0.46 ± 0.1 cd




	
S2

	
82.1 ± 27.99 a

	
112.44 ± 36.52 a

	
37.99 ± 15.36 ab

	
5.84 ± 2.7 a

	
0.44 ± 0.16 e




	
S3

	
58.95 ± 17.37 a

	
176.87 ± 30.49 a

	
27.27 ± 14.01 ab

	
4.67 ± 1.66 a

	
0.47 ± 0.03 c




	
S4

	
79.9 ± 26.87 a

	
202.96 ± 53.57 a

	
29.66 ± 14.79 ab

	
4.89 ± 2.04 a

	
0.44 ± 0.03 de




	
S5

	
48.1 ± 18.75 a

	
108.14 ± 37.17 a

	
9.6 ± 4.95 b

	
4.66 ± 2.09 a

	
0.59 ± 0.37 a




	
S6

	
87.15 ± 33.36 a

	
157.88 ± 36.36 a

	
29.12 ± 12.87 ab

	
5.46 ± 1.57 a

	
0.54 ± 0.02 b




	
Container

	
C1

	
72.03 ± 27.88 a

	
73.22 ± 33.63 a

	
42.23 ± 26.94 a

	
4.71 ± 2.6 a

	
0.63 ± 0.25 a




	
C2

	
61.56 ± 27.01 a

	
86.12 ± 23.45 a

	
45.03 ± 28.66 a

	
4.58 ± 1.38 a

	
0.46 ± 0.12 b




	
C3

	
85.15 ± 23.83 a

	
65.89 ± 12.21 a

	
18.51 ± 9.86 a

	
6.86 ± 3.72 a

	
0.45 ± 0.13 bc




	
C4

	
83.94 ± 24.35 a

	
92.01 ± 13.88 a

	
20.88 ± 8.6 a

	
4.86 ± 1.69 a

	
0.43 ± 0.08 c




	
Shade 20%

	
Substrate

	
S1

	
152.38 ± 47.32 ab

	
195.4 ± 34.48 a

	
95.07 ± 29.94 ab

	
5.75 ± 2.04 a

	
0.45 ± 0.09 b




	
S2

	
152.83 ± 45.55 ab

	
196.31 ± 35.8 a

	
145.23 ± 35.68 a

	
9.44 ± 5.02 a

	
0.41 ± 0.18 c




	
S3

	
208.61 ± 39.78 ab

	
230.08 ± 48.72 a

	
115.54 ± 29.07 ab

	
4.99 ± 1.62 a

	
0.46 ± 0.06 b




	
S4

	
258.23 ± 46.71 a

	
275.41 ± 53.53 a

	
109.13 ± 36.14 ab

	
5.78 ± 0.57 a

	
0.2 ± 0.12 e




	
S5

	
193.95 ± 36.46 ab

	
205.53 ± 27.31 a

	
53.1 ± 13.37 b

	
6.92 ± 2.48 a

	
0.33 ± 0.17 d




	
S6

	
126.57 ± 21.4 c

	
274.58 ± 55.29 a

	
106.65 ± 26.37 ab

	
7.52 ± 5.08 a

	
0.58 ± 0.52 a




	
Container

	
C1

	
167.27 ± 33.59 b

	
219.87 ± 41.31 a

	
114.64 ± 27.03 a

	
5.42 ± 1.99 b

	
0.52 ± 0.43 a




	
C2

	
160.98 ± 28.87 b

	
191.55 ± 46.79 a

	
105.52 ± 25.77 a

	
6.68 ± 3.36 ab

	
0.39 ± 0.16 b




	
C3

	
125.39 ± 12.64 b

	
207.34 ± 35.67 a

	
97.56 ± 17.92 a

	
9.62 ± 4.02 a

	
0.36 ± 0.17 c




	
C4

	
274.73 ± 43.78 a

	
272.79 ± 59.73 a

	
98.76 ± 14.73 a

	
5.1 ± 1.91 b

	
0.35 ± 0.18 d




	
Shade 40%

	
Substrate

	
S1

	
80.37 ± 29.73 a

	
66.26 ± 19.93 a

	
14.66 ± 4.64 a

	
5.57 ± 3.68 a

	
0.41 ± 0.06 c




	
S2

	
36.99 ± 8.46 b

	
29.22 ± 16.88 b

	
13.79 ± 2.33 a

	
5.7 ± 1.19 a

	
0.25 ± 0.04 e




	
S3

	
48.11 ± 21.84 b

	
31.61 ± 13.07 b

	
16.32 ± 7.82 a

	
5.01 ± 1.03 a

	
0.47 ± 0.04 b




	
S4

	
37.79 ± 2.73 b

	
18.72 ± 4.11 b

	
14.33 ± 3.32 a

	
3.88 ± 0.12 a

	
0.3 ± 0.12 d




	
S5

	
65.17 ± 4.77 ab

	
75.29 ± 12.53 a

	
18.55 ± 9.5 a

	
5.76 ± 0.88 a

	
0.41 ± 0.1 c




	
S6

	
59.7 ± 11.15 ab

	
78.67 ± 21.03 a

	
31.1 ± 15.36 a

	
5.02 ± 1.32 a

	
0.51 ± 0.05 a




	
Container

	
C1

	
47.63 ± 15.1 a

	
35.7 ± 19.24 a

	
20.49 ± 8.19 a

	
5.02 ± 0.91 a

	
0.39 ± 0.14 ab




	
C2

	
50.6 ± 11.84 a

	
57.19 ± 25.35 a

	
21.71 ± 13.32 a

	
4.97 ± 2.44 a

	
0.46 ± 0.09 a




	
C3

	
56.28 ± 11.05 a

	
48.94 ± 27.24 a

	
15.91 ± 9.46 a

	
4.67 ± 1.29 a

	
0.35 ± 0.07 c




	
C4

	
64.25 ± 18.08 a

	
58.02 ± 24.66 a

	
14.4 ± 6.94 a

	
5.97 ± 2.14 a

	
0.37 ± 0.13 b




	
Shade 80%

	
Substrate

	
S1

	
17.3 ± 1.8 b

	
18.33 ± 2.48 b

	
11.67 ± 3.43 b

	
8.25 ± 4.22 a

	
0.61 ± 0.03 a




	
S2

	
32.44 ± 1.91 a

	
30.75 ± 11.97 b

	
9.28 ± 5.43 b

	
7.76 ± 5.48 ab

	
0.36 ± 0.1 cd




	
S3

	
32.42 ± 2.67 a

	
19.21 ± 8.1 b

	
17.92 ± 7.41 ab

	
6.65 ± 2.44 abc

	
0.49 ± 0.06 b




	
S4

	
29.19 ± 0.7 ab

	
104.28 ± 49.74 a

	
23.62 ± 6.62 a

	
5.2 ± 1.19 abc

	
0.32 ± 0.17 d




	
S5

	
38.8 ± 8.73 a

	
81.24 ± 31.82 a

	
12.14 ± 3.37 b

	
3.87 ± 2.01 c

	
0.31 ± 0.09 d




	
S6

	
31.99 ± 7.39 a

	
42.3 ± 11.47 b

	
12.8 ± 4.17 ab

	
4.27 ± 1.19 bc

	
0.48 ± 0.08 b




	
Container

	
C1

	
25.29 ± 7.44 a

	
38.44 ± 27.37 b

	
14.1 ± 4.91 a

	
4.96 ± 2.17 a

	
0.47 ± 0.15 a




	
C2

	
32.38 ± 6.75 a

	
50.33 ± 14.11 ab

	
13.73 ± 5.1 a

	
6.55 ± 3.05 a

	
0.46 ± 0.13 a




	
C3

	
30.78 ± 6.99 a

	
34.1 ± 16.19 b

	
13.97 ± 5.87 a

	
6.73 ± 5.5 a

	
0.4 ± 0.14 b




	
C4

	
32.97 ± 8.1 a

	
74.55 ± 32.9 a

	
16.48 ± 5.3 a

	
5.76 ± 1.43 a

	
0.38 ± 0.14 b








Different letters note significant differences (Tukey test at p < 0.05) as comparisons were made between means.













 





Table 10. Plant production cost of the best three combinations + control in the non-shade compartment with parameters chosen for comparison of argan seedling quality.






Table 10. Plant production cost of the best three combinations + control in the non-shade compartment with parameters chosen for comparison of argan seedling quality.





	

	
SH-0




	
Combination (Substrate Container)

	
S1C2

	
S3C2

	
S3C4

	
S3






	
Cost of plant production (MAD/plant)

	
3.98

	
3.82

	
3.29

	
2.46




	
Germination rate (%)

	
96.67

	
93.33

	
96.67

	
90.00




	
Number of secondary roots

	
35.75

	
16.50

	
23.50

	
22.17




	
Root diameter (cm)

	
3.85

	
4.06

	
4.20

	
2.61




	
Number of ramifications

	
4.00

	
3.38

	
4.70

	
3.16




	
Fresh Shoot Weight (g)

	
10.03

	
22.03

	
10.87

	
10.55




	
Fresh Root Weight (g)

	
3.16

	
7.34

	
4.48

	
3.46











 





Table 11. Plant production cost of the best six combinations + control in 20%-shade-covered compartment with parameters chosen for argan seedling quality comparison.






Table 11. Plant production cost of the best six combinations + control in 20%-shade-covered compartment with parameters chosen for argan seedling quality comparison.





	

	
SH-20




	
Combination (Substrate Container)

	
S6C1

	
S6C4

	
S1C2

	
S3C2

	
S1C4

	
S1C3

	
S3






	
Cost of plant production (MAD/plant)

	
4.52

	
4.12

	
4.10

	
3.94

	
3.50

	
3.49

	
2.58




	
Germination rate (%)

	
100.00

	
83.33

	
80.00

	
70.00

	
90.00

	
83.33

	
66.66




	
Number of secondary roots

	
40.00

	
32.00

	
29.00

	
28.56

	
28.25

	
18.38

	
18.38




	
Root diameter (cm)

	
3.05

	
3.56

	
3.41

	
1.94

	
4.79

	
3.40

	
2.65




	
Number of ramifications

	
2.09

	
2.75

	
3.90

	
3.25

	
2.13

	
2.33

	
4.90




	
Fresh Shoot Weight (g)

	
3.41

	
7.79

	
10.47

	
14.35

	
10.19

	
11.21

	
7.00




	
Fresh Root Weight (g)

	
2.49

	
2.55

	
5.17

	
3.98

	
4.79

	
3.19

	
3.00











 





Table 12. Plant production cost of the best five combinations + control in 40%-shade-covered compartment with parameters chosen for argan seedling quality comparison.






Table 12. Plant production cost of the best five combinations + control in 40%-shade-covered compartment with parameters chosen for argan seedling quality comparison.





	

	
SH-40




	
Combination (Substrate Container)

	
S6C2

	
S1C2

	
S1C1

	
S1C4

	
S1C3

	
S3






	
Cost of plant production (MAD/plant)

	
5.46

	
4.29

	
3.98

	
3.69

	
3.68

	
2.77




	
Germination rate (%)

	
80.00

	
93.33

	
70.00

	
76.67

	
73.33

	
86.66




	
Number of secondary roots

	
30.00

	
34.50

	
22.17

	
24.75

	
32.50

	
18.38




	
Root diameter (cm)

	
3.24

	
3.44

	
3.90

	
5.40

	
3.41

	
3.05




	
Number of ramifications

	
4.32

	
4.21

	
3.48

	
3.78

	
4.22

	
3.50




	
Fresh Shoot Weight (g)

	
12.09

	
11.51

	
11.18

	
13.94

	
14.37

	
8.00




	
Fresh Root Weight (g)

	
6.49

	
7.59

	
7.89

	
7.09

	
7.61

	
3.00











 





Table 13. Cost plant production of the best five combinations + control in 80%-shade-covered compartment with parameters chosen for comparison of argan seedling quality.






Table 13. Cost plant production of the best five combinations + control in 80%-shade-covered compartment with p