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Abstract

:

The excessive use of chemical fertilizers can lead to severe environmental damages. In recent decades, the application of biostimulants to improve soil composition and stimulate plant growth has contributed significantly to environmental preservation. In this paper, we studied the effect of a rhizogenic biostimulant, obtained from fulvic acids, probiotics, and prebiotics, on the fertility of two types of soils, sandy and sandy loam soils, in which turfgrass was growing. Soil samples from plots treated with biostimulant and controls (untreated plots) were collected. The analyzed parameters from the soil include organic matter, microbial activity, soil chemical composition, catalase, dehydrogenase, and phosphatase enzyme activities. Moreover, root lengths was examined and compared in turfgrass species. The biostimulant application improved microbial activity, organic matter, and enzymatic activity in both types of soils. The soil calcium, potassium, magnesium, and phosphorus content increased with the biostimulant application, whereas pH and electrical conductivity decreased. The most relevant improvement was a 77% increase of calcium for sandy loam soil and 38% increase in potassium for sandy soil. Biostimulant application led to a significant increase in turf root length. This increase was greater for sandy soil than in sandy loam soil with an increment of 43% and 34% respectively, compared to control.
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1. Introduction


Chemical fertilization of soil currently corrects soil nutrient deficiency and improves plant growth. However, the excessive use of chemical fertilizers causes soil toxicity [1] and surface and groundwater contamination. The excess of nitrates, urea, and phosphates can lead to accumulation, which can harm the environment and pose a risk to human health. Furthermore, this environmental pollution may increase in the future because of the predicted decrease in precipitation and the increase in evapotranspiration in many regions of the world in the context of global warming. The large amounts of nitrogen, potassium, and phosphorus contributed by commercial fertilizers can also disrupt plant nutrient balance and uptake. The soil microbial activity is also impaired by the excess use of fertilizers [2,3], and overuse of nitrogen fertilizers limits the activity of soil microorganisms. Indeed, excessive application of fertilizers contributes to decreasing soil organic matter and fertility [4], affects the diversity of the soil microbiome [5,6], affects the nitrogen cycle and bacterial populations [7], and reduces soil pH, which can lead to a reduction in the diversity of bacterial communities [8].



In recent decades, the regulations of the European Union governing the use of fertilizers have become tighter, and the legislation of several countries around the world regulates the percentages and amounts of fertilizer that can be applied to crops. Studies of indicators that reflect soil fertility [1], as well as the prediction of the soil organic carbon and nutrient indicators [9], can contribute to the efficient management of crop fertilization. In this context, the application of biostimulants to improve soil composition and stimulate plant growth has gained relevance in agricultural management. The use of natural biostimulants improve soil characteristics and nutrient availability for crops can allow a reduction in the use of chemical fertilizers, which in intensive application cause a serious problem in soil health [10]. Biostimulants have been defined as materials that, in small amounts, promote plant growth [11,12]. They have also been described as any substance or microorganism applied to soils with the aim of improving plant nutritional efficiency and tolerance to abiotic stress [13]. Natural biostimulants facilitate environmental protection and are cost-effective alternatives to synthetic products such as fertilizers, crop protection products and plant growth regulators [14]. These products can improve soil chemical and biological properties, stimulate plant growth, and preserve soil fertility [15]. Biostimulants also increase root biomass, nutrient translocation, and soil enzyme activity [16]. There are many groups and forms of biostimulants, including enzymes, proteins, amino acids, micronutrients, and other compounds [17]. Natural stimulants, such as phenols, salicylic acid, humic and fulvic acids, and protein hydrolases, are often included under the term biostimulants [18,19]. Moreover, fungi and bacteria are also an important group of plant biostimulants that can alter the community of soil microorganisms [17]. In this context, some authors [20,21] state that prebiotics are natural products, including sewage sludge, compost, humus, animal manure, and chitin-bearing wastes, which improve soil biochemical activity and microbial population. Likewise, the applications of prebiotics in soils can improve crop growth by producing bioactive substances such as hormones and enzymes, controlling soil diseases, accelerating decomposition of soil lignin materials and delivering inorganic nutrients for plant uptake [22]. Moreover, researchers [23] stated that probiotics are accepted as advantageous microorganisms, which, once introduced into soil, should develop a significant biomass level with several plant beneficial traits. Biostimulant composed of fulvic acids also improved soil properties and plant growth. Similarly, the addition of fulvic acids to soils can have important implications for soil physical, chemical, and biological characteristics [24,25]. Humic and fulvic acids contain nutrient cations, such as potassium, calcium, and magnesium, in easily assimilable form for plants [26]. Concerning the biological effect of humic substances, researchers [27] reported that addition of these substances enhance soil fertility through their effects on the composition of microbial populations. Calcium lignosulfonate is another element added to biostimulants and which can also improve the soil. The calcium lignosulfonate could be used as soil nutrient source and as a solution additive to resolve the problems of soil degradation and caking [28]; it can also improve soil structure and is used to stabilize cohesive to non-cohesive soils [29]. In recent years, biostimulants have become a useful approach to soil health and environment protection. Several studies have testing effect of biostimulants on soil compositions and properties and on plant growth. The use of biostimulants for soil restoration has been evaluated [30]. The authors reported that under semiarid climatic conditions the application of biostimulants augmented soil enzymatic activities, induced changes in microbial community, and supported soil protection against erosion and contributed to its restoration. Moreover, other studies indicated that biostimulants can increase the activity of rhizosphere microbes and soil enzymes, and the production of soil growth regulators [31,32].



Biostimulants can stimulate the breakdown and mineralization of soil organic matter permitting the improvement of soil nitrogen availability [33]. The European Biostimulants Industry Council also has several studies on biostimulants and defined biostimulants containing organisms whose function, after application to plants or the rhizosphere, is to stimulate the natural procedures to improve nutrient uptake and nutrient efficiency [34]. Biostimulants help plants tolerate biotic and abiotic stresses, increase their nutrient use efficiency and show beneficial effects on soil properties such as pH, soil electrical conductivity (EC) and soil nitrogen [35]. Moreover, soil agronomical treatments affect strongly the enzymatic activity compared to other soil biochemical parameters [36]. Soil enzymes activities are defined as potential indicators of soil quality [37,38] due to their relationship to soil biology and the cycles of nutrients in the soil [31]. Catalase and dehydrogenase are among the best known enzymes related to soil biological characteristics and fertility. Dehydrogenases activity is considered as good indicator of oxidative metabolism in soils and microbiological activity [39]. Moreover, catalase enzyme is defined an important indicator of soil fertility and aerobic microorganisms [39]. Additionally, phosphatase soil enzyme activity catalyzes the hydrolysis of organic phosphorus compounds and transforms them into an inorganic form of phosphorus, which is assimilated by plants and microorganisms [40].



On other hand, several investigations reported the importance of the use of biostimulants in root growth. Biostimulants improved several vegetative growth characteristics of shoots and roots including length and dry weight [41]. Other studies on the effect of biostimulants on root growth also indicated that the addition of biostimulants to plants modifies the morphology of plant root and biostimulants induce better uptake of nutrients via an increase in the absorptive surface area [42,43]. Biostimulant products can be introduced to crop leaves, seeds or soil as a means of stimulating root growth [44]. A review [16] of biostimulants highlighted their advantages, suggesting their usefulness in reducing fertilizer use without negatively affecting yield and summarized the various mechanisms proposed to explain soil and plant improvement observed with the use of biostimulants.



In this paper, we studied the effects of a commercial rhizogenic biostimulant on soil composition and plant root growth. We evaluated soil chemical composition, organic matter, microbial activity and catalase, dehydrogenase, and phosphatase enzyme activities, in two types of soils (sandy loam and sandy soils). Moreover, root length of turf graminea were also examined. In addition, the design of this study is unique in that it evaluates biostimulant effects on two types of soils and on soil properties and plant root growth. Understanding the effects of this biostimulant on soil fertility can contribute to the design of more efficient fertilization strategies, which enhance soil composition and, at the same time, preserve soils and help in the environmental sustainability.




2. Materials and Methods


2.1. Soil Texture, Plant Material, and Growth Conditions


Field experiments were conducted in 2019 at two sites, the Madrid Institute for Rural Research and Agrarian Development and Food (IMIDRA) characterized by sandy loam soil and at the Encín Golf Club, characterized by sandy soil. The texture of the two types of soil is described in Table 1. In both soils, turf graminea were cultivated. Grass mixture formed by Lolium perenne L.–Festuca arundinacea Schreb.–Poa pratensis L. was cultivated in sandy loam soil, while in the sandy soil, turfgrass Agrostis stolonifera Tee One was used. Both experiments were well irrigated daily. Full irrigation to 100% of container capacity was applied and controlled by the Rain Bird system irrigation (ESP-LXME Model, Tucson, AZ, USA).




2.2. Biostimulant Characteristics and Application


The product applied is a rhizogenic biostimulant composed of fulvic acids, calcium nutrient (10% of complex Calcium), calcium lignosulfonate, and a minimum trace of nitrogen. Moreover, the biostimulant also contains prebiotic molecules that are generated from the fermentation of humic acids, probiotic molecules formed by a bacterial strain of Bacillus sublitis (with high capacity for soil and plant growth promotion) with a concentration in the product of at least 6 × 105 CFU/mL. The biostimulant is prepared and commercialized by the Agrotechnology Group (Alicante, Spain). The biostimulant was applied to the soil cultivated with turfgrass from March to November 2019, every 20 days and with 10 L/ha of the product solution (for the type of soils) mixed in 80 L of water. For the sandy loam soil, three plots of 4.5 m2 were treated with biostimulant, and another three plots of 4.5 m2 were used as controls (untreated). Meanwhile, for the sandy soil, the study was achieved in an area of 600 m2 divided into three replicates (three zones) with biostimulant application and another three replicates as controls (untreated). Soil samples were collected at the end of the experiments, in 0–20 cm of soil depth and in each replicate. Soil auger of 10.7 cm of diameter and 17 cm depth was used for soil sampling. In each replicate, several core samples were taken and pooled prior to analysis.




2.3. Soil Chemical Composition, Microbial Activity, and Organic Matter


Soil calcium (Ca2+), magnesium (Mg2+) and potassium (K+) content was determined by atomic absorption spectrometry methods The determination of soil assimilable phosphorus (P) was done using the Olsen method [45]. The exchangeable cations of the soil were displaced by successive extractions of a 1 N solution of ammonium acetate at pH = 7 and it is determined in this extract. Soil pH and the soil electrical conductivity (EC) were also determined. Microbial activity was analyzed in soil samples by respiration method following the method of Gracía and Hernandez [46]. Moreover, soil organic matter was determined by the Walkey and Black method [47].




2.4. Soil Enzyme Activity Measurement


The Dehydrogenase enzyme activity was determined by spectrophotometry following Trevors et al. methods [48] and modified by Garcia et al. [49]. The catalase activity was determined by permanganometry following the Jonhson and Temple method [50]. Finally, the phosphatase activity was measured by permanganometry using the Tabatabai and Bremner method [51].




2.5. Root Growth


Three replicates of roots were sampled for each treatment (at the end of the experiment) using an auger of 10 cm diameter and 22 cm depth. Root samples were washed, and the length of each replicate was measured using a ruler with 1 mm of precision.




2.6. Statistical Analysis


Data were subjected to factorial analyses of variance (ANOVA) to test the effects of biostimulant on soil characteristics and root growth. Data of all parameters studied were analyzed separately for each type of soils. Means were compared by Tukey’s honestly significant difference (HSD) for each type of soil and turfgrass. A bivariate Pearson correlation procedure was used to analyze the relationships of root length with soil chemical parameters, organic matter, microbial activity, and enzymatic activity under biostimulant treatment for each type of soil. Statistical analysis was done using IBM SPSS Statistics 24 (SPSS Inc., Chicago, IL, USA). Sigma-Plot 11.0 for Windows (Systat Software Inc., Point Richmond, CA, USA) was used for the creation of figures. Moreover, canonical analysis combining all data measured under biostimulant application and control for each type of soil was performed using the Past (PAleontological STatistics) program.





3. Results


3.1. Effect of the Biostimulant on Soil Chemical Composition


The biostimulants caused a significant decrease in pH and EC in both soils (Table 2). In addition, biostimulant application had a marked effect on the concentration of Ca2+, Mg2+, P, and K+ (Table 2), with higher ion concentrations observed under biostimulant application for Ca2+ in sandy loam soil compared to control. Biostimulant increased Ca2+, Mg2+, K+, and P by 77%, 14%, 5%, and 34%, respectively, in sandy loam soil and by 35%, 15%, 38%, and 21% in sandy soil compared to control.




3.2. Changes in Soil Organic Matter and Microbial Activity


Biostimulants enhanced soil organic matter content and soil microbial activity in the two types of soils (p < 0.00) (Figure 1). The soil organic matter of the treated sandy soil was about 4 times greater (0.40 ± 0.04) than the control (0.13 ± 0.02), while the treated sandy loam soil showed an almost 2-fold (0.68 ± 0.01) increase in this parameter (Figure 1A) versus the control (0.44 ± 0.05). However, the soil microbial activity of the sandy soil treated with the biostimulant was about 3 times greater (56.62 ± 0.09) than the control (19.37 ± 0.07). In contrast, in the treated sandy loam soil (Figure 1B), the microbial activity was 2-fold greater (193.66 ± 12.00) than that of the control (107.09 ± 11.00).




3.3. Effect of the Biostimulant on Soil Enzyme Activity


The biostimulant had a significant effect on catalase, dehydrogenase, and phosphatase enzymatic activity (Figure 2A–C). Concerning catalase activity, the biostimulant increased the activity of this enzyme by about 15% in both sandy and sandy loam soils compared to the control. Similarly, dehydrogenase activity also increased in response to biostimulant and was greater (4.30 ± 0.12) than control (3.18 ± 0.05) by 35% in the sandy soil. However, in the sandy loam soil, dehydrogenase activity increased by about 8% (Figure 2B). Furthermore, the biostimulant had a significant effect on phosphatase activity in both soil types (Figure 2C), with an increase compared to control of about 90% and 77% in sandy soil and sandy loam soil, respectively (Figure 2C).




3.4. Root Growth Evaluation


Biostimulant application had a significant effect on the root growth (Figure 3) and in both soils. Root length in the two soil types increased strongly and significantly (p < 0.000) by about 34% and 43% in the sandy and sandy loam soils, respectively (Figure 3).




3.5. Relationships between the Growth Parameters and Soil Organic Matter, Microbial and Enzymatic Activities under Biostimulant Application


The activity of catalase, dehydrogenase, and phosphatase was positively related to root length across biostimulant application in both soils (Table 3). The highest coefficient correlation was found with dehydrogenase and catalase in both soils. Soil organic matter was also positively correlated with root length under both soils, with strong correlation under sandy soil (0.704 **) and a coefficient of 0.369 * in sandy loam soil. The microbial activity was correlated with roots length only under sandy soil (Table 3).




3.6. Relationships between Root Growth and Chemical Soil Properties


We also examined the relationships between the different ion signatures and root growth under biostimulant treatment in each soil type (Table 4). Under biostimulant application, root length correlated negatively with the pH and EC in sandy soil, while in the case of sandy loam soil, a negative correlation was found only with the pH. Root length correlated positively only with Ca2+ and P in sandy loam soil, whereas in sandy soil strong correlations were found with Ca2+, Mg2+, and K+.




3.7. Canonical Multivariable Analysis


A canonical analysis (Figure 4) of all parameters studied was achieved with the two types of soils and the two tratements (Control and biostimulant). The two axes 1 and 2 explained together 99% of the total variance in the two types of soils and variables. The results showed that root length (RL) was associated with microbial activity, organic matter, and catalase activity (Figure 4). Moreover, RL was also related to Ca2+, Mg2+, P, and K+, whereas pH and EC were not associated with roots growth.



In turn, the two types of soil with biostimulant application corresponded closely to enzyme activity and Ca2+, Mg2+, P, and K+. However, the control of both soils (without application of biostimulant) was separated from the two soils with biostimulant and from enzymes activities and nutrient elements.





4. Discussion


4.1. Effect of Biostimulant on Soil Fertility and Microbial Activity


This study demonstrated that biostimulant significantly increased soil organic matter content. Indeed, the organic biostimulant application has been reported to enhance the soil organic matter in most cases [52]. Similar to our results, authors [53] indicated that the organic particles that form fulvic acids promote soil organic matter. The improvement in soil organic matter content achieved by biostimulants can boost soil fertility and plays a significant role in soil sustainability by regulating the physical properties and nutrient balance of this matrix. Our study also revealed that treatment with biostimulant led to a significant increase in the microbial activity of the two soils studied, which is consistent with previous findings for amendments with fulvic acid [53]. Liquid or foliar forms of fulvic acid contain many small microbes that polarize soil [54] and enhance the microbial community of soils. The microbial activity improvement in our study is also due to the prebiotic molecules generated from the fermentation of humic acids and the probiotic molecules formed by a bacterial strain of Bacillus sublitis, which form the biostimulant. In this context, researchers [22] reported that prebiotics and probiotics are products which improve microbial diversity and soil microbial health by promoting the growth of soil microorganisms already present within the soil–plant system. The development of a healthy soil microbe community in response to biostimulant application has not only a direct effect on soil properties and fertility but also a higher indirect effect on plant growth. The soil microbial community is an essential factor influencing plant health since plant disease resistance depends on the rhizosphere microbial community [55]. Additionally, and given its rapid response and sensitivity to environmental changes, soil microbial activity has been considered an indicator of soil quality [56].



Moreover, our study also showed that the biostimulant decreased the soil pH and EC. These findings are consistent with those of another study examining fulvic acids as a soil amendment [52]. In this context, organic acids are responsible for decreasing soil pH, thereby releasing phosphate ions [57]. Moreover, due to the calcium lignosulfonate content of the biostimulant used, the permeability of the substrates increased, implying a decrease in conductivity and pH. According to our results, the decrease in soil pH permitted the assimilation and availability of Ca2+, Mg2+, K+, and P plant nutrient elements. Biostimulants affected the chemical composition of the soil, improving the content of Ca2+, Mg2+, K+, and P. According to this, researchers [58] stated that biostimulants containing fulvic acids increase the N, P and K+ content of soil. Therefore, we conclude that biostimulant application contributes to soil enrichment in plant nutrient elements and facilities plant accessibility, allowing better growing conditions and preserving and improving soil structure and chemical composition.




4.2. Biostimulants and Soil Enzyme Activity


Given that many of the reactions and metabolisms occurring in the soil are related to enzymatic activity, we examined the biostimulant effect on catalase, dehydrogenase, and phosphatase activity. Biostimulant application increased the catalase, dehydrogenase, and phosphatase activities. These results are consistent with the findings of other studies [30,59,60]. In this regard, the treatment of soil with organic fertilizers stimulates microbial growth and increases enzymatic activity compared to the use of inorganic fertilizers alone [30]. Other studies recognize that the increase in enzymatic activity that occurs after a soil amendment with biostimulants is due to the input of organic substrates, which stimulate microbial growth and enzyme synthesis [61,62]. The authors of a previous study [59] also added that the increase in enzymatic activity could be explained by the degradation of the organic acids of the biostimulant by soil microorganisms—soil being the richest carbon source, thus leading to greater induction of microbial metabolism. Moreover, since most biostimulants have a high percentage of proteins, they markedly increase soil enzymatic activity, induce changes in the microbial community, and have a considerable effect on soil biological properties, possibly because the low molecular weight protein content can be easily assimilated by soil microorganisms [30]. The increase of dehydrogenase and catalase activities evaluated in both soils with biostimulant in our study was comparable to that observed in soil microbial activity and organic matter. In this regard, dehydrogenase activity changes reflect soil status [60] and have been proposed as a good indicator of soil microbial activity [59]. Dehydrogenase and catalase activities are representative of different chemical and biological cycles of importance in soils such as carbon, nitrogen and phosphorus [63]. Furthermore, catalase has been used as an index of soil fertility [64], as well as dehydrogenase activity [63]. Moreover, our results indicate biostimulant incited higher phosphatase activity in both soils (sandy loam and sandy soil). This enzyme activity increased phosphorus bioavailability in soils [61]; excretion of hydrolytic enzymes is stimulated by signals from these enzymes under nutrient-limited growth conditions [65]. The increase in the activity of all the enzymes evaluated in this study in response to biostimulants confirms the positive effect of this treatment on soil enzyme metabolism and mechanisms, which in turn enhance soil properties and plant growth.




4.3. Improving Root Growth with Biostimulant Application


Regarding plant growth, we observed a positive effect of the biostimulant application on root length. In this context, several studies have reported that treatment of plants with humic substances of distinct origin induces the proliferation of lateral roots and root hairs [66,67]. The improvement in root growth obtained by biostimulant application can help plants access soil nutrients and water at different depths. Biostimulant substances lead to nutrient accumulation in soil, thereby increasing their availability and favoring greater root growth [18,68,69].



Additionally, we consider that the higher root performance under biostimulant application is due to the rhizogenic effect of fulvic acids of the biostimulant. Moreover, authors [70] reported that organic biostimulant already contains many proteins decomposed during the fermentation process and humidified into amino acids. The authors reported that amino acids activate bacterial life in the soil and stimulate root activity in crops [70]. Our results also revealed a significant correlation between root length and the soil enzyme activities, organic matter, microbial activity and nutrient under the biostimulant application in the two types of soil. The canonical analysis supports these associations and confirms that soil with biostimulant is related to enzymatic activities, organic matter, and nutrient content, enhancing root growth.




4.4. Biostimulant and Soil Texture


This study analyzed the effect of biostimulant on two types of soil, sandy loam, and sandy soil. The biostimulant improve soil biological activity and chemical composition in both soil, but to a different degree. The percentage of improvement was higher in sandy soil compared to sandy loam soil. These findings confirm the need to test the soil before applying any biostimulant. Knowledge of texture, availability, and nutrient content in the soil will enable more appropriate decisions regarding the most suitable biostimulant application in each soil. The amount of biostimulant and the number of applications depend on soils type (very poor like sandy soil, or soil with moderate fertility) and crop requirements. Thus, the difference in the degree of the response to the biostimulant observed by the two types of soil highlights the relevance of analyzing soil before biostimulant application and understanding all components of each amendment.





5. Conclusions


This study showed that the application of the biostimulant improved the physical and chemical composition of sandy loam and sandy soils as well as its biological community, enzymatic activity and root accessibility to soil nutrients. Similarly, regarding plant morphology, root growth increased with biostimulant application. Our results also showed differences in the response of the two types of soils to the biostimulant application. We recommend soil analysis (texture and chemical composition) to allow an informed decision regarding the quantity and number of applications suitable for each type of soil. Finally, this study reveals the capacity of biostimulant to correct and improve soil deficits and fertility. Biostimulants offer an opportunity to circumvent the excessive use of chemical fertilizers, which lead to a deterioration of the structure and biological composition of soils and thus to contribute to environmental protection. In summary, we conclude that biostimulant treatments can help to preserve soil health and ecosystems, and enhance root plant growth, which contribute to improved plant development and productivity. The smart strategies of soil amendments with biostimulants can support sustainable agriculture and contribute to environmental protection. In future work, we would like to study the effect of biostimulants on the crop over several years, focusing on the expected enhanced health. To evaluate the changes in the plant vigor, plant quality, and vegetation status, we will use spectral reflectance approach like the Greenseeker device to measure the normalized difference vegetation index (NDVI) and drone imagery (true color and thermal imagery). Root architecture and biomass will be evaluated with the aim of assessing the effect of biostimulants in the plant radicular system. Furthermore, and linked to the turfgrass quality, we will evaluate the effect of biostimulants in the prevalence of plant diseases and weed plants according to the methodology described previously [71]. Additionally, all parameters evaluated in this study (enzyme activity, soil nutrient and microbial activity) will be evaluated in future work, with the aim of determining the persistence of the observed changes in soil properties. Finally, we will evaluate if the enhanced plant vigor and improved soil characteristics can help turfgrass to tolerate severe hydric stress compared to that generated in a previous study [72]. On the other hand, we will also compare the changes in soil properties and roots using biostimulants with different composition.
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Figure 1. Mean values of soil organic matter (A) and microbial activity (B) of soil samples treated by biostimulant and control of about the two types of soil. Means followed by different letters are significantly different (p < 0.05) according to Tukey’s HSD test. Significance levels: *** p < 0.001. 






Figure 1. Mean values of soil organic matter (A) and microbial activity (B) of soil samples treated by biostimulant and control of about the two types of soil. Means followed by different letters are significantly different (p < 0.05) according to Tukey’s HSD test. Significance levels: *** p < 0.001.



[image: Agronomy 11 00573 g001]







[image: Agronomy 11 00573 g002 550] 





Figure 2. Mean values of catalase (A), dehydrogenase (B), and phosphatase (C) enzymatic activities of soil samples treated by biostimulant and control from the two type of soils. Means followed by different letters are significantly different (p < 0.05) according to Tukey’s HSD test. Significance levels: *** p < 0.001. 
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Figure 3. Mean values of root length of turfgrass plants under biostimulant, and control conditions from the two type of Scheme 0. Means followed by different letters are significantly different (p < 0.05) according to Tukey’s HSD test. Significance levels: *** p < 0.001. 
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Figure 4. Canonical analysis using, as a variable, all parameters measured for the two types of soil. CAT, Catalase; PHO, Phosphatase; DEH, Dehydrogenase; MA; Microbial activity; OM, Organic matter; RL, Root length. 
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Table 1. Texture and nitrogen content of the two types of soils studied.
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	Soil 1
	Soil 2





	Clay
	11%
	1%



	Silt
	21.5%
	6.5%



	Sandy
	67%
	92%



	Nitrogen
	0.01%
	0.04%



	Texture
	Sandy loam
	Sandy
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Table 2. Biostimulant effect on soil pH, EC and Ca2+, Mg2+, K+, and phosphorus ion concentrations in the sandy loam and sandy soils. Means followed by different letters within a column and within a soil type are significantly different (p < 0.05) according to Tukey’s HSD test. Significance levels (Sig): *** p < 0.001; ** p < 0.010.
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Soil

	
Treatment

	
pH

	
EC dS/m

	
Ca2+ (mg/kg)

	
Mg2+ (mg/kg)

	
P (mg/kg)

	
K+ (mg/kg)






	
Sandy loam

	
Control

	
8.89 c

± 0.10

	
0.38 b

± 0.05

	
647.75 a

± 52.41

	
186.75 a

± 10.54

	
23.60 a

± 0.84

	
163.50 a

± 10.08




	
Biostimulant

	
8.31 a

± 0.08

	
0.33 b

± 0.01

	
1146.00 b

± 53.45

	
212.00 b

± 10.15

	
24.75 b

± 0.79

	
219.00 b

± 5.27




	
F-prob

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.000 ***




	
Sandy

	
Control

	
8.14 b

± 0.13

	
0.05 b

± 0.01

	
137.52 a

± 4.46

	
23.08 a

± 1.02

	
5.00 a

± 0.09

	
10.22 a

± 1.02




	
Biostimulant

	
7.61 a

± 0.15

	
0.03 a

± 0.01

	
186.00 c

± 2.21

	
26.50 b

± 0.44

	
6.90 b

± 1.13

	
12.33 b

± 0.48




	
F-prob

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.000 ***

	
0.006 **
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Table 3. Correlation coefficients of the linear relationships between organic matter, microbial activity, and enzymatic activities (catalase, dehydrogenase and phosphatase) with the root length under biostimulant condition from the two types of soils. Significance levels: ns, not significant; ** p < 0.01; * p < 0.05.
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	Sandy Loam Soil
	Sandy Soil





	Catalase
	0.625 **
	0.771 **



	Dehydrogenase
	0.606 **
	0.460 **



	Phosphatase
	0.523 **
	0.292 *



	Microbial activity
	0.218 ns
	0.340 *



	Organic matter
	0.369 *
	0.704 **
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Table 4. The relationship of root length with soil Ca2+, Mg2+, P, and K+ content under biostimulant condition from the two types of soils. Levels of significance are as follows: ns, not significant: ** p < 0.01.
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	Sandy Loam Sandy Soil
	Sandy Soil





	Ca2+
	0.547 **
	0.746 **



	Mg2+
	0.115 ns
	0.688 **



	P
	0.656 **
	0.124 ns



	K+
	0.211 ns
	0.456 **
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