

  sustainability-14-09272




sustainability-14-09272







Sustainability 2022, 14(15), 9272; doi:10.3390/su14159272




Article



Primary Growth Effect of Salix viminalis L. CV. Inger and Tordis in Controlled Conditions by Exploring Optimum Cutting Lengths and Rhizogenesis Treatments



Sorin Daniel Vâtcă 1[image: Orcid], Ștefania Gâdea 1,†, Roxana Vidican 2, Mignon Șandor 3,*,†[image: Orcid], Vlad Stoian 2[image: Orcid], Anamaria Vâtcă 4, Adrian Horvath 5 and Valentina Ancuța Stoian 1,*,†[image: Orcid]





1



Department of Plant Physiology, Faculty of Agriculture, University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca, Calea Mănăştur 3-5, 400372 Cluj-Napoca, Romania






2



Department of Microbiology, Faculty of Agriculture, University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca, Calea Mănăştur 3-5, 400372 Cluj-Napoca, Romania






3



Department of Ecology, Faculty of Agriculture, University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca, Calea Mănăştur 3-5, 400372 Cluj-Napoca, Romania






4



Department of Management and Economics, Faculty of Animal Science and Biotechnologies, University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca, Calea Mănăştur 3-5, 400372 Cluj-Napoca, Romania






5



Department of Environmental Engineering, Faculty of Agriculture, University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca, Calea Mănăştur 3-5, 400372 Cluj-Napoca, Romania









*



Correspondence: sandor.mignon@usamvcluj.ro (M.Ș.); valentina.stoian@usamvcluj.ro (V.A.S.)






†



These authors contributed equally to this work.









Academic Editors: Ali Mohammadi and Georgios Koubouris



Received: 30 May 2022 / Accepted: 26 July 2022 / Published: 28 July 2022



Abstract

:

The major disadvantage of setting up a willow coppice is the low survival rate, which reduces economic efficiency and crop sustainability. The aim of this research was to test, under controlled conditions, the impact of water, gibberellic acid A3 (0.05%), and humic acid (0.2%) on the growth and development of two willow clones. Under humic acid treatment, 20 cm cuttings of the Tordis clone developed up to 15 roots, and 25 cm cuttings developed more than 23. In comparison, water stimulated more than 15 roots for both 20 and 25 cm cuttings. Gibberellins acted as an inhibitor, especially on the roots, and the cuttings dried out from the top to the middle, with weak development of shoots and callus formation. For both clones, the highest number of active buds was observed on 20 and 25 cm cuttings grown in water, with more than four for Inger and more than seven for Tordis. Root development of the Inger clone had a maximum of eight for 25 cm cuttings grown in water; it was three times lower in the same variant of Tordis and two times lower for the Tordis clone with humic acid treatment. In general, Inger cuttings of 15 and 25 cm highlighted a delayed root formation when humic acids and gibberellins were applied. In controlled condition experiments, the Tordis clone was more suitable owing to its higher development and increased growth stability.
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1. Introduction


Given the current energy crisis worldwide, Romania is focusing on alternative energy sources mainly for biomass production of bioethanol or pellets. In this context, willow (Salix viminalis spp.) is intensively targeted because of its low cost and high yield; it is easily converted into alternative energy to reduce the use of conventional sources such as fossil fuel, coal, or crude oil. Therefore, this species represents a valuable green and renewable energy source [1,2,3], and the willow wood is used for combustion. Willow provides a good source of income, with commercial cultivation periods of a few years up to 15–20 years in the same field [4,5] and, on average, 25 years [6]. It provides a large amount of biomass with relatively low start-up costs, and crop success is seen immediately. In general, willow prefers humid, even regularly flooded soils, being less susceptible to waterlogging [7,8]. Fertilizers and water chemistry greatly influence its survival rate and growth performance [8,9] as a sustainable crop.



Currently, the increased interest in obtaining woody plants through short rotations is expected to have a major impact on shrub growth and increased biomass yield for the crescent energy field, without affecting food production [10,11,12,13]. These energy crops have several advantages, including 14–85 times higher levels of energy storage than fossil fuels per unit of fossil energy [14,15]. Greenhouse gas emissions are also reduced by around 9–161 times, compared to coal use [14,15]. The Glasgow COP26 climate change summit highlighted the EU’s latest plan for a green transition (available online: https://www.consilium.europa.eu/en/policies/climate-change/eu-climate-action/ (accessed on 20 April 2022)). The objectives set by the “Fit to 55” legislative package included reducing emissions by at least 55% by 2030, with measures to keep global warming below 1.5 °C. Thus, the aim is to obtain 40% of energy from renewable sources by 2030. In this context, Romania has a great potential for obtaining all forms of renewable energy, especially biomass for sustainable development [16,17]. Short rotation crops contribute to the sustainability of a specific area and offer a series of advantages in helping to reconstruct and restore the degraded land by phytoremediation [3], reducing soil erosion, recycling organic waste, and reducing the demand for wood in natural forests [18,19,20,21]. Willow fiber has also been used successfully in the cellulose and paper industry [6,22]. In addition to the above are the benefits to the environment from using energy plants as primary resources for enzymatic scarification, focusing on the release of sugars and the production of bioethanol [10]. Bioenergy-producing crops also support soil wastewater recycling [23] and decrease in heavy metals accumulation [5,24,25], which pollute the soil and thus stunt crop growth and development.



Many studies have been carried out on various willow hybrids [26,27,28,29,30,31]. In Romania, and at an international level, several problems with rooting, attachment, and the juvenile stages of willow cuttings were highlighted [32,33,34]. Up to the present day in Romania, a great diversity of willow hybrids have been studied, such as Gudrun (Salix dasyclados), Inger (Salix triandra × viminalis), Klara (Salix dasyclados, S. viminalis × schwerinii), Olof (Salix viminalis × schwerinii), Stina (S. aegyptiaca × schwerinii × viminalis × lanceolata), Sven (Salix viminalis × schwerinii), Tora (Salix schwerinii × viminalis), and Tordis (Salix schwerinii × viminalis), by setting up new crops directly in the field [35,36]. Most studies in Timiș, Mureș, and Brașov counties [37] have highlighted the biggest problem encountered in planting, namely, the very low percentage of attachment: 0% for the Gurdun and Tordis hybrid and 29% for the willow hybrid Inger [35]. For the Inger hybrid, studies of soil contaminated with heavy metals recorded 45–71.91% survival rates, with rates between 87 and 91.82% on uncontaminated soils [38]. Another study of Inger and Tordis alone indicated a lower percentage of catches for Inger of between 60.6 (contaminated soil) and 94.5% (uncontaminated soil). The values of the Tordis hybrid ranged from 83.9 to 97.1% [38]. In another study in Romania, no differences were observed between plant height and root development between Inger and Tordis. The plants’ survival rates were similar, at 59.28–94.10% for Inger and slightly higher at 59.44–96.80% for Tordis [36]. Significant differences were observed between Inger and Tordis in terms of root weight and shoot weight. Dry matter high yield was reported for Tordis at 33.1 t ha−1 year−1 and for Inger at 30.4 t ha−1 year−1, and both cultivars showed great efficiency in a short-term cropping system among other tested cultivars [6]. Growth vigor is a desirable property and represents a result of genotype and genetic interactions, together with the growth environment [39]. Most of the studies testing the effects of nitrite and nitrate nutrition on growth morphological parameters [40], and comparative tests for establishing the heavy metal tolerance range [5,25], were made in the field and only a few were in the laboratory. Salix viminalis L. cv. Inger, the so-called basket willow, had a high potential for bioremediation in the case of Cd and Zn and general intensive mineral nutrition [5,41,42]. Through the synergistic actions represented by the handling of the cuttings, soil conditions, and planting technology, the cuttings’ survival percentage was negatively influenced [37,38].



Based on all the benefits and constraints, willow represents a very interesting paradox. This plant is a valuable means of achieving sustainability, and it is notable from short-coppice to long-term cultivation. It has a good survival rate in nature, contrary to anthropic cultivation where the survival rate is very low. In this context, our study aimed to stimulate rhizogenesis and indirectly determine how to maximize the plant response of the two willow clones, Inger and Tordis. A pre-field short experiment, under controlled conditions, was necessary to develop recommendations on the growth evolution of willow clones and their behavior, in terms of root development in contact with macro- and micronutrients, humic acids, and root hormones such as gibberellins. The experiment was designed to assess the best cutting size from a total of three selected sizes. A supplementary objective was to assess the rhizogenesis development with two organic stimulators and their impact on physiological features, which will lead to a high survival rate and willow biomass formation. The following hypotheses were tested: (i) What is the right size for both Salix clones and different cuttings sizes when setting up a crop? (ii) What stimulants or nutrients have a direct impact on rhizogenesis? (iii) Are there any differences between the willow clones Inger and Tordis in the primary start-up effect in vegetation dependent on specific characteristics?




2. Materials and Methods


The experiment was set up in 2021 in the research laboratory of the Plant Physiology Department at the University of Agricultural Studies and Veterinary Medicine in Cluj-Napoca, Romania. The growth and development of two energy crop clones Salix viminalis cv. Inger and Salix viminalis cv. Tordis were assessed in a completely randomized experimental design. The two willow clones were subjected to the effects of three treatments, with three replications for each variant. All the variants were kept at room temperature 20 ± 2 °C, 40% air humidity, with a photoperiod of 15 h daylight (1000 μMol m−2 s−1) and 9 h dark. The entire set of observations was made every 5 days. The experiment was stopped in the short term, after 20 days, because most of the observed cuttings formed a complete callus at the immersed part, a phenomenon that affected their further development.



2.1. Plant Material


Plant material was represented by Inger [EU 11635], the most cultivated Swedish commercial clone in Romania [43]. This clone was created as a cross between a Russian Siberian clone, Salix triandra, and the species Salix viminalis Jorr; the reason being that it is more tolerant of pedological drought conditions. Inger is a species recommended in mixed plantations. It is the highest yielding variety for a mild warm climate with optimal water supply. The second variety, Tordis (Salix schwerinii × Salix viminalis), gives high yields and it is adapted to north-central Europe. It was obtained by crossing the species Torah and Ulv. Tordis [EU9288] is one of the best hybrids for both biomass and cuttings production. Swedish one-year short rotation energy willow stems (SalixEnergi Europa AB, Sweden) were assessed. Inger and Tordis clones were each cut to three different sizes, 15, 20, and 25 cm, with no more than a 1 cm diameter and with the same bud number. All the stem cuttings had 3 buds soaked in the solutions, and the 15 cm cuttings had 3 buds above, the 20 cm had 5 buds above, and the 25 cm cuttings had 9 buds above.




2.2. Measurements and Growth Parameters


Measurements comprised root morphological parameters (number of root insertions), bud onset (number of active buds visible), and shoot growth and development (length, number of leaves). The shoot length was measured using the caliper method (0.001 mm precision). The number of leaves on each shoot was counted. Plant images were captured with a 16 MP, 2280 × 1080 resolution camera. Shoots and roots dry weight was determined by collecting them in metallic containers at the end of the experimental trial and oven-drying them (Binder FD 115, Tuttlingen, Germany) at 105 °C for 48 h until two constant weight readings were obtained (Kern 440-21A, 0.001 g, Balingen, Germany).




2.3. Solution Compositions


The cuttings were placed in 400 mL Berzelius glasses, 7 cm loaded glass height with 250 mL solutions. This quantity was maintained throughout the experimental trial. The clone cuttings were placed in three different solutions: water, water + gibberellins (GIB), and water + humic acid (HA). The solution compositions were formed following the effect of normal doses for irrigation water, respectively, 0.125 g gibberellins (90% gibberellinic acid A3 + 10% inactive substance) (Nordic Chemicals, Cluj-Napoca, Romania) in 250 mL water (0.05%), and 0.5 mL Gekka-Bio (BIO Pyrolytic Condensate, Organic Fertilizer Solution–Pyroligeous Acid–Humic Acid) (Nordic Chemicals, Cluj-Napoca, Romania) in 250 mL water (0.2%). This solution amount was maintained throughout the experimental trial.



BIO Pyrolytic Condensate, Organic Fertilizer Solution–Pyroligeous Acid–Humic Acid is designed to help plants grow healthier. This commercial bio-product has a pH of 3.6, <5 mg/L NO2, <1.0 mg/L N Kjeldahl, <50 mg/L NO3 and different microelement contents < 2 mg/L B, <0.4 mg/L Cu, 533 Fe, <0.4 mg/L P, 0.81 mg/L Mg, 3.42 mg/L Mn, <0.2 mg/L Mo, <20 mg/L K, 0.922 mg/L Zn.




2.4. Data Analysis


The data analysis was performed in RStudio [44], version 1.4.1106, by integrating the necessary packages for each of the used tests. The distribution of all data was analyzed by histogram function, with the package “graphics” [45], prior to the extraction of basic statistics for each parameter, based on functions from the “psych” package [46]. One-way ANOVA with F test was used for the extraction of the experimental factors’ singular and combined impact; before exploring the differences through the LSD test, both were performed with the “agricolae” package [47] and extracted from RStudio with the “broom” package functions [48]. The condensed form of the data originated from leaves and shoots developed by the willow clones and were analyzed by clustering with the “ape” package [49]. The average values for root and shoot growth and development were visually expressed to detect the general reaction trend of each clone to applied treatments (Supplementary Figures S1 and S2). The synthesis of observations over the entire experiment was used as a supplementary database for the description of the physiological phenomena recorded, detailed below Supplementary Figures S1 and S2.





3. Results


ANOVA analysis of the Inger cultivar showed treatment to be the most important factor for bud development (Table 1), followed by shoot length. The overall effect of these two factors on bud development highlighted a reduction in F test values, which sustained the hypothesis of bud emergence based on a specific combination of shoot length × treatment. Five days from the experiment set-up, the highest number of bud emergences were visible for the 25 cm cuttings kept in water (IN_25_W). Significant differences were recorded between this treatment and both GIB and HA applied on cutting lengths of 15 and 25 cm.



The 20 cm length cuttings displayed interesting bud emergence. Overall, GIB treatments gave the lowest number of buds, and the difference between HA and water was not significant. Application of the GIB treatment diminished the bud emergence at rates lower than 1:3 up to 1:9.



At the second assessment (M2) of Inger growth, the treatment had the highest impact on bud emergence (F test = 15.17, p < 0.001). This moment was representative of the maximum influence of cutting length, which decreased in value after this point. These trends were associated with an increase in the combined length × treatment interaction. The highest value was seen for 25 cm cuttings grown in water. Hereby, the bud numbers were significant compared with the GIB and HA treatments. The ratio between the active buds and the total number of buds registered significantly higher values for 25 and 20 cm cuttings in water of 4:9 and 4:5, followed by 20 cm in humic acid of 2:5, which was not significant in number compared with other treatments.



After 15 days, the shoot number varied significantly within treatments and shoot cutting lengths (Figure 1).



The lowest number of developed shoots was seen in all the treatments with GIB and was significantly lower than the other two treatments. Compared with the initial existing buds, the ratio between active and inactive buds was 2:3 for 15 cm cuttings in all treatments, 4:5 for 20 cm and 5:9 for 25 cm cuttings in water. At the last assessment, after 20 days, the number of shoots was the highest in the water treatment, around three times greater in comparison with the HA treatment for the 25 cm cutting length, and at 5% compared to HA for the 20 cm cutting length. A significant difference was registered between the treatment IN_25_W and all the other treatments except IN_20_W. The ratio between active and inactive buds respective to the number of shoots followed the same trend as the previous measurement.



The bud appearance of the Tordis cultivar was significantly influenced by treatment and cutting length factors, but not by the interaction between them (Table 2).



The overall representative treatment was TO_20_W with significantly higher bud number. At the first measurement, after 5 days, the 15 cm cuttings activated two buds out of three. Differences between treatments were significant from the cuttings of 20 and 25 cm immersed in water, compared to most of the other registered values. An interesting case was the treatment with gibberellins, which activated fewer than two buds, regardless of the cutting length. The highest ratio was 5:5 at the treatment TO_20_W, followed by 2:3 at 15 cm and 5:9 at 25 cm. After 5 and 10 days, respectively, only three treatments showed significant differences—TO_20_W, TO_25_HA, and TO_25_W. The treatments with gibberellins reduced by two times the bud number compared with humic acid and water. After 15 days the measurement indicated that humic acid and water had similar values for cuttings of 15 cm and 25 cm, respectively. In contrast, 20 cm cuttings recorded a doubled number of active buds in the case of water treatment compared to humic acid. All gibberellin treatments, regardless of cutting length, displayed two or three active buds. The last measurement, after 20 days, presented a low increase trend for water and humic acid, the differences between the variants being maintained from 5 days before. In the case of gibberellin treatments, there was a decrease in the number of active buds, under two, in the case of 15 and 20 cm cuttings. This phenomenon was due to a drying-up process that affected the bud activity and growth.



The roots of Salix viminalis cv. Inger showed significant differences within treatment factors after 10, 15, and 20 days (Table 3). Only the treatment produced significant differences, and only 10 days from the start of the experiment. In the first measurement, only the 20 cm cuttings presented roots, and among the rest of the cuttings, the 25 cm ones immersed in water.



The second measurement presented a high increase in the roots developed by the 20–25 cm cuttings treated with water and humic acid (only cuttings of 20 cm). The emergence of roots was visible on all cuttings, except for the treatments with gibberellins and humic acid for 15 cm cuttings. After 15 days, water treatment induced a significant development of roots in all cutting lengths, all of these values being exceeded by the application of humic acid on 20 cm cuttings. In the last measurement, only 15 cm cuttings treated with gibberellins did not develop roots (Figure 2).



The increase in root was 1 unit for the water treatment in 15 cm cuttings, almost 2.8 in the 20 cm cuttings, and more than 3 units in the 25 cm length. As for humic acid, the highest increase was for 20 cm cuttings, with more than 2.5 units. For the same treatment in the 25 cm cuttings, the roots showed a double value compared to the previous measurement, and only 0.33 units for 15 cm cuttings.



In terms of root development, the Tordis cultivar showed the most interesting impact of humic acids, compared to water and gibberellins (Table 4). Both cutting length and applied treatment had different impacts during the fourth measurement period (M4). There, we noticed that treatment provided significant values for rhizogenesis, and there was an overall impact of different cutting lengths × treatment combination.



The middle of the experiment after 10 days was defined by significant impacts of both factors, but not their combination. At the end of the experiment, the last values recorded for both factors and their interaction were significant. Except for the 25 cm cuttings immersed in water, all roots recorded in the first measurement were below 1. Compared to this value, 15 and 25 cm cuttings treated with gibberellins and 20 cm cuttings treated with water showed lower values by 0.5–0.9 units, but with no significant differences.



The second measurement after 10 days showed a great difference between the experimental combinations, with clear significant differences. The two groups in terms of similar differences were separated by a range of 2.11 (25 cm HA) to 2.78 (15 cm W). The water treatment applied to 20 and 25 cm cuttings was higher than this interval. All gibberellin treatments were below the interval, regardless of the cutting length and, most importantly, in the case of 20 cm cuttings where the roots were lost.



Root number reached 13 after 15 days in the variant with 25 cm cuttings treated with water. Only two other results were close to this variant, the 20 and 25 cm cuttings treated with water. Humic acid produced similar root numbers in cuttings lengths of 15 and 20 cm, but almost three times lower than in the 25 cm ones. Gibberellins maintained the roots at reduced values for 15 and 25 cm cuttings, with 1.0 and 1.78 cm, respectively. The last measurement, after 20 days, showed a more than three times increase in the roots developed by the 20 cm size of cuttings treated with humic acid, compared to the previous measurement of the same treatment. Similar to this phenomenon, the humic acid applied on 15 and 25 cm cuttings doubled the root number. The application of water on all types of cuttings produced a gradual increase from 15 to 20 days. For this treatment, roots increased with 1.2 units for 15 cm cuttings, more than 3.5 units for 20 cm cuttings, and 5.0 units for 25 cm cuttings. Roots did not develop on the 20 cm cuttings treated with gibberellins.



The application of the graphical LSD test to explore the differences between shoots and roots biomass was useful for the establishment of the treatment hierarchy (Figure 3). For both willow cultivars, the water treatment applied on 25 cm cuttings produced the highest shoots biomass, with a slightly high value and smaller differences between replications for Tordis. For this cultivar, all humic acid treatments and water applied on 20 cm cuttings maintained the observed biomass over 0.8 g.



Interestingly, the gibberellin treatments altered the potential biomass of the cuttings, regardless of their initial length. Inger, in terms of shoot biomass, showed a group of variants located in the 0.2–0.6 g range (HA, W, and GIB at 20 cm, and W at 15 cm). Most of the obtained biomasses were significantly lower, only compared to water treatment and 25 cm cuttings. Root biomass showed an interesting case of biomass allocation to roots altered by the treatment application. The only treatment that produced recordable root biomass was water immersion in the case of Inger cultivars. The hierarchy for this treatment was 20—15—25 cm willow cuttings. Root biomass development status showed the opposite in the case of the Tordis cultivar. All water and humic acid treatments applied on these cultivar cuttings produced a recordable root biomass. The maximum was achieved for 25 cm cuttings immersed in water, followed by the same cutting length with humic acid. The hierarchy was continued for 20 cm in water, 15 and 20 cm in humic acid, and ended with 15 cm in water treatment. All gibberellin treatments blocked the formation of recordable root biomass and began to produce a callus after 10 days.



The first global analysis of shoot clustering in the Inger clone showed two small and reduced groups (Figure 4). The first one consisted of only the 20 cm cuttings treated with HA at the end of the experiment, a group that had less than 10 cm length for the first four shoots, but increased to 14 cm at the fifth one, and 30 cm (the maximum of the entire experiment) in the sixth shoot. The total length of developed shoots was 72.54 cm, 6 cm higher compared to the next variant. The second condensed group comprised the 25 cm cuttings treated with water, at 15 and 20 days from the start (DFS), a group that activated eight shoots with a total length of 45.68 and 66.89 cm, respectively, both variants having similar values for the first three shoots and for the seventh one.



The differences recorded between the two variants were in the range of 4–5 cm, which sustained an increase in the shoot length of 1 cm/day between the two measurements. The third cluster was a very heterogeneous one. In the middle point of the cluster, it comprised three variants at 10 DFS, HA 15, HA 25, and GIB 25, all of them activating only three shoots, with values lower than 2 cm for the first shoot, between 1 and 3 cm for the second one, and between 2 and 5 cm for the first one. Interestingly, the application of GIB stimulated the shoot elongation faster than HA for the analyzed variants. The lateral positions of this cluster were occupied by another four variants from the same 10 DFS period and the same cutting length—W 25 and GIB 20, and HA 20 and W 20. The first two, HA 20 and GIB 20, had a total of 17.27 and 18.24 cm shoot elongations, respectively, with 5/4 shoots activated, but with the length of the fourth and fifth from the first one equal to the length of the fourth from the second variant. The second sub-cluster, composed of 20 and 25 cm cuttings treated with GIB and water, had a total length of shoot elongation of 22.03–23.19 cm, with longer fourth to sixth shoots for 20 cm cuttings, and smaller shoots with the addition of another two shoots (seventh and eighth) activation for 25 cm cuttings. The fourth cluster showed a good collection of multiple similarly treated cuttings/variants, starting with the combination of all the measurements of GIB 15 cm in one cluster. These variants activated only two to three shoots, with a total length varying in the range of 10–14 cm. Shoot elongations were unbalanced, all recorded lengths being associated with shoots developed in different positions. The two HA 25 cm cuttings (15 and 20 DFS) each activated four shoots, with over 20.6 cm total length and a gradual increase from one period to another one. Their similarity was due to only a 0.4 cm/day increase from 15 to 20 DFS. Both W 15 cm (10 DFS) and HA 15 cm cutting (15 DFS) variants had similar values for all three shoots activated, with total elongation of only 11.43–11.78 cm. The last sub-cluster showed a great similarity between the water and HA treatments applied on 15 cm cuttings (15 DFS) and two GIB treated variants of 25 cm cuttings (15 and 20 DFS). All four variants activated only three shoots, with a 3–4 cm elongation of the first shoot and more than 7 cm for the last one.



Cluster analysis was suitable for the detection of similar patterns in leaf development of the Inger clone as a result of applied treatments on different length cuttings (Figure 5). The inclusion of all measurements in the analysis allowed the comparison between experimental factors for a continuous leaf development.



One treatment was visible as a case unrelated to the other ones—the 20 cm cuttings treated with gibberellins. From the four shoots developed, three had fewer than 6 leaves and the fourth developed 20 leaves. This case presented an unbalanced allocation of resources for leaf development between shoots. A second cluster comprised five experimental combinations—the three measurements of 15 cm cuttings treated with gibberellins and a similar image for 25 cm cuttings treated with gibberellins and 15 cm cuttings treated with water, the first in the last measurement and the last one after 15 DFS. The GIB 15 cm case presented a development of leaves on the first two shoots and fewer or absent leaves on the third one. The similarity between water 15 cm at 15 days and gibberellins 25 cm at the end of the experiment was due to the development of the same number of leaves on the three shoots of 9/15/18 and 10/16/18, respectively. The pattern of similarity between W 15 cm and GIB 25 cm was visible again in the next cluster. GIB 25 at 15 DFS and W 15 at 10 DFS developed two to three fewer leaves than in the previous cluster, but the repeatability of this trend indicated a 5-day faster emergence in the case of water, or a 5-day delay caused by gibberellins. Humic acids applied on 15 cm cuttings were present in the large form of this cluster. All the data from measurements M3 and M4 were similar, with a global leaf production between 22 and 28 units. The application of gibberellins induced an allocation of 17 leaves on the third shoot, and a total leaf number similar to these treatments. The first sub-cluster (HA 20 cm M2 and M3) in the third cluster presented five shoots with numerous leaves developed. The maximum values were recorded on the last three shoots. At the opposite part of the cluster, the same treatment applied on 25 cm cuttings stimulated the appearance of leaves on only four shoots, but with a balanced allocation for each shoot. A similar trend was visible in the water treatments applied on 15 cm cuttings at the end of the experiment (M4). Although gibberellin treatment on 20 cm cuttings stimulated the emergence of leaves on six shoots (15 and 20 DFS), the maximum was recorded on shoot number four, and an unbalanced allocation of leaf emergence was recorded between the shoots within the two measurements. The most stable and cohesive treatment in terms of leaf development was water, with each of the 20 and 25 cm cuttings in the experiment showing the same development from the beginning. The 20 cm cuttings immersed in water stimulated the emergence of leaves on six shoots (10 and 15 DFS) and on the seventh shoot at the end of the experiment. In the case of 25 cm cuttings, leaf emergence was visible on eight shoots with an increased number of leaves every 5 days. The highest number of recorded leaves occurred at the end of the experiment in the variant treated with humic acid and 20 cm cuttings. A total number of six shoots presented leaves, with more than 100 leaves developed.



The number of active shoots developed by the Tordis clone, and their length, varied greatly owing to the applied treatments on different cutting lengths (Figure 6). Cluster analysis revealed that most of the treatments were grouped in the same area, a phenomenon that indicated a gradual development of these aboveground growths.



All GIB treatments applied on 15 cm cuttings, and the last measurement on 20 cm cuttings, were grouped in the first cluster for Tordis. All these variants showed an average of only two shoots activation, with a total length between 16 and 32 cm. For GIB 15 cm cuttings, the increase was almost 6 cm from 10 to 15 DFS, and 10 cm from 15 to 20 DFS. The GIB 20 M4 case was interesting because of the presence of only two active shoots, which was caused by a sudden drying-out of two shoots: one activated in 10 DFS and another one active in 15 DFS. The second cluster showed the shoot length in 15 and 20 DFS by two cuttings of 15 and 20 cm treated with humic acids. For these four variants, the 15 cm cuttings treated with water (20 DFS) were present. The HA 20 cm cuttings activated five shoots, with a 6.4 cm increase from 15 to 20 DFS. The length of these two variants increased from the bottom to the upper part. The two HA 15 cm cuttings activated six shoots each, with a total increase between 15 to 20 DFS of 13 cm. The W 15 cm variant had eight active shoots, with the first five longer and the seventh in an emergence process. The rest of the two measurements on W 15 cm cuttings were located in cluster three, each with seven shoots activated. The cluster was composed of additional variants in 10 DFS, the three cuttings treated with HA, 25 cm cuttings immersed in water, and the GIB 25 cm. The different numbers of activated shoots for these variants implied a reduction of each shoot length. The fourth cluster consisted of two cutting groups (20 and 25) in the following periods, all treated with GIB. Each of the last period variants (GIB 20 M3 and GIB 25 M4) activated a supplementary shoot. The last cluster included all 20 cm cuttings treated with water, and the last two measurements were for 25 cm cuttings treated with water and HA. The 20 cm cuttings activated 10 shoots from the beginning, with an overall 29 cm increase from 10 to 15 DFS, and 12 cm until the end of the experiment. The rest of the variants showed nine shoots activated, with increases of 15–17 cm between the two periods.



The Tordis cluster analysis of leaf development revealed the assemblage of four clusters, with a total sum of leaves developed between 23 and 139 (Figure 7). The first cluster represented a group of 20 cm cuttings treated with water, all three recorded leaf values were over 100, with a 17-leaf increase from 10 to 15 DFS, and the same value from 15 to 20 DFS and activating 10 shoots. The 25 cm cuttings from 15 and 20 DFS treated with water and HA showed similar leaf values for all the nine shoots activated, with an increase in leaf number of 13–14 from 15 to 20 DFS. The second and third clusters were dominated by GIB treatments, independent of the DFS periods.



These variants stimulated the appearance of leaves on only two to four shoots, with an inconsistent gradual allocation on shoot hierarchy. Only two variants activated four shoots (GIB 25 and HA 15, both at 10 DFS), and their overall leaf production was set below 50. The fourth cluster represented small groups of water and HA treatments, with two W 15 cm cuttings in 10–15 DFS with similar values. For these variants, the seven shoots activated produced 60 leaves (10 DFS) and 65 leaves, respectively, after another 5 days. An interesting case was the similarity between 25 cm cuttings treated with water and with HA, both activating eight shoots to produce 75 and 94 leaves, respectively. The leaf allocation on shoots presented similar patterns, with a maximum value of leaves on the fifth shoot. The HA treatment on 20 cm cuttings produced 52 leaves with 10 DFS, but the secondary increase in these structures was only 13 after another 5 days (15 DFS), and only 1 leaf developed after another 5 days.




4. Discussion


For willow and for perennial species in general, crop sustainability and feasibility, from an economic perspective, are determined by the survival rate and in the end by the shrubs’ yield over time [50]. A large number of studies have been conducted in the field with different willow hybrids and clones. The development of sustainable willow short rotation for biomass production lacks adapted and improved technics to succeed and promote high yield. Hereby, it is notable that a high percentage of cuttings were not activated under field conditions; therefore, the crop did not achieve a high success rate owing to the co-occurrence of multiple factors. Usually, the main reason for willow cuttings dry-out remains unknown.



Humic substances are ubiquitous in the natural soil environment in different shares and play an important role in providing easy uptake of nutrients for plants [51]. Dissolved organic matter, such as humic acid, acts like hormones for plants. Its use offers a series of advantages: it increases the root weight system, increases biomass overall, speeds up cell division, facilitates mineral absorption and nutrient transport to the plant [52,53,54,55]. Humic acids promote plant growth by altering pH, contain redox potential as an advantage for nutrient uptake, and also changes membrane properties to ensure nutrient absorption from organic matter decomposition [56]. Soil microbial activity is regulated by the quantity of dissolved organic matter [57] and represents a central point for sustainable ecosystem functioning [58]. In solutions, humic acids are soluble only if the pH is higher than 4, and those in the soil are usually insoluble and associated with mineral constituents [59].



The GIB A3 natural growth stimulator is intended for many agricultural and horticultural crops: vegetables, cereals, sunflowers, potatoes, fruit trees and shrubs, alfalfa, clover, and vines [60,61,62,63,64,65,66]. As a result, the growth stimulator, which contains gibberellic acid GA3 (gibberellin), increases yields of superior strength and quality. Additionally, the main changes that occur in plant metabolism from gibberellins are an intensification of photosynthesis, respiration, and water consumption, delaying the aging processes of plant tissue [67,68,69,70,71,72]. Although the receptor location of gibberellic acid was not proved, it was stated that the signals are perceived extracellularly in the plasma membrane [73]. Throughout the plant life cycle, plant hormones such as gibberellic acid modulate plant growth and development. Usually, growth stimulators improve plant growth by stimulating cell elongation and expansion. An inhibitory reaction to GA3 was found in carrots, where there was a reduction of root growth with a higher shoot development [74], and the roots lignified [75]. In willow clones, similar results were obtained in this study with the noting of callus formation after 10 days. This fact can be explained by the concomitant gibberellin biosynthesis [76] and GA3 presence in the solution that suppressed the development of the normal roots [77] through the development of an unorganized mass of plant xylem parenchyma cells, and the cell wall significantly thickened.



For Salix in particular, water availability produces the expansion of fine roots [78], and carbon allocation for biomass production benefits proportionally. Events with low water potential usually happen in summer periods; Salix spp. are water affinity plants, therefore, they can intercept rainfall infiltration at the root area during a rainy event, which could also lower groundwater levels [79]. Planting a Salix spp. crop in the field is a reasonable decision.



One step forward in identifying the main factors should be publishing experimental notes and observations (Supplementary Figures S1 and S2). The recorded results of the most important observations will help to preserve the essential details of a phenomenon. Fundamental studies are needed to understand the biology and survival capacity of a species relative to eco-pedo-climatic conditions. The current study attempted to highlight the most comprehensive observations with regard to both Inger and Tordis willow clones. The priming effect of general growth was established following three hypotheses. (i) The right size for the Inger clone’s best development was the medium tested value, and for the Tordis clone it was the maximum established size when the nutrients were missing, and the minimum tested size when the growth occurred in the nutrient solution. (ii) The highest success rate for both clones was supplied by growth in water, and the lowest growth and development results were seen in the treatments with gibberellins. (iii) Tordis represented the best growth pattern, a characteristic identified after the assessment of all parameters. Between replications of the same variant, the minimum, medium or higher values were always treatment-specific. This aspect, however, was not seen in the Inger clone where, compared with Tordis, low vigor was observed with thinner and smaller leaves.



Cutting length influenced the root/shoot allocation regarding bud appearance, shoot growth, and total leaf appearance. Similar studies recommended longer Inger cuttings of about 40 cm, instead of shorter cuttings of 20 cm, to ensure a higher survival rate at crop establishment [80]. The results for 20 cm Inger cuttings were contradictory; growth and development were the most efficient with highest performance. The same study emphasized that longer cuttings would fare better in the field under unfavorable conditions such as low nutrient and water supply. It was noted [80] that assessing the effect of cutting size on willow clone root system development is lacking. It can be stated that overall developmental characteristics are still insufficient and very seldom considered. Regarding the findings on Inger shoot/root development, 62.5% agree that a cutting of 25 cm, the longer cutting size tested, represents medium values of normal and efficient growth and development. One study on SRC development under nitrogen fertilization concluded that dry biomass yield is first dependent on genotype, and only afterward in small part on fertilizer [81].



A search performed on Web of Science topics “willow” × “Inger”, “willow” × “Tordis”, and “willow” × “Inger” × “Tordis” revealed a total of 42 articles. Only 10 presented information related to both clones, while 14 were associated with Inger and 18 with Tordis. Most research was focused on yield, dry biomass, management, and fertilizers in field conditions [50,82,83,84,85,86,87], and there were only a few studies on harsh conditions [31,37,38,88,89,90,91]. In both contexts, a short pre-field experiment was useful to establish and promote the rhizogenesis potential of willow clones by recreating the nutritional conditions of the planting site and recording the plant growth and development parameters. An interesting finding in the Web of Science database was the short coppice rotation system, which requires the establishment of fertilizers. These conditions can be tested, and selection of the optimal ones is easier in controlled conditions. The application of the pre-field test for contaminated soils was also useful owing to the researchers’ direct access to the changes produced by treatments. The most important information was the viability rate establishment, which can be further used for selecting a priming process before planting in the field.




5. Conclusions


The tested sizes had different effects on the buds and root appearance and the development of both clones.



The medium and high cutting sizes tested favored the Inger clone because of good bud development, with best results in water and a medium response to humic acids. Gibberellins activated an average of one to two buds on the Inger clone, independent of cutting length, but restricted the root formation of 15 and 25 cm cuttings because of callus formation.



The gibberellin application produced a callus on all the Tordis clone’s cuttings lengths tested, which blocked the rhizogenesis and the bud activation, growth, and development.



Humic acids stimulated the activation of Tordis buds with more than four buds in the 15 and 25 cm cuttings, similar to the values recorded for the water treatment. For the Tordis clone, humic acids applied on 20 cm cuttings did not favor increases in the number of activated buds, but it was the length that stimulated more than seven buds when water was applied.



A comparison of the two clones highlighted the stability and the performance of Tordis in short-term experiments, and the higher sensibility of Inger, which made it a potential test clone for reaction-type tests.



Future studies should focus on willow pre-planting studies to identify the most suitable rhizogenesis priming effect for producing resistant planting material, with higher survival chances in field transplantation.
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Figure 1. Treatment effect on Salix viminalis Inger (a–c) and Salix viminalis Tordis (d–f) willow growth and development at the third assessment (M3). Treatments: (a,d) W—water, (b,e) GIB—gibberellins, (c,f) HA—humic acids. Cutting lengths: 15, 20, and 25 cm. 
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Figure 2. General aspects reflecting the rhizogenesis ending for all three tested treatments. (a) W- water treatment; (b) HA—humic acid; (c) GIB—gibberellins. The upper part comprises all suggestive details of root morphology and the bottom is a general overview of the entire cutting from each one of three tested treatments. 
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Figure 3. Dry biomass of the shoots and roots from all treatments of both willow clones. Means ± s.e. followed by different letters present significant differences at p < 0.05. Treatments: W—water; HA—humic acid; GIB—gibberellins. Cutting lengths: 15, 20, 25 cm. 
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Figure 4. Cluster representative of Inger clone shoot lengths. Treatments: W—water; HA—humic acid; GIB—gibberellins. Cutting lengths: 15, 20, 25 cm. M1–M4 are the measurement times of active buds: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment. 






Figure 4. Cluster representative of Inger clone shoot lengths. Treatments: W—water; HA—humic acid; GIB—gibberellins. Cutting lengths: 15, 20, 25 cm. M1–M4 are the measurement times of active buds: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment.



[image: Sustainability 14 09272 g004]







[image: Sustainability 14 09272 g005 550] 





Figure 5. Cluster representative of Inger clone leaves number. Treatments: W—water; HA—humic acid; GIB—gibberellins. Cutting lengths: 15, 20, 25 cm. M1–M4 are the measurement times of active buds: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment. 
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Figure 6. Cluster representative of Tordis clone shoot length. Treatments: W—water; HA—humic acid; GIB—gibberellins. Cutting lengths: 15, 20, 25 cm. M1–M4 are the measurement times of active buds: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment. 
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Figure 7. Cluster representative of the Tordis clone leaf numbers. Treatments: W—water; HA—humic acid; GIB—gibberellins. Cutting lengths: 15, 20, 25 cm. M1–M4 are the measurement times of active buds: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment. 






Figure 7. Cluster representative of the Tordis clone leaf numbers. Treatments: W—water; HA—humic acid; GIB—gibberellins. Cutting lengths: 15, 20, 25 cm. M1–M4 are the measurement times of active buds: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment.



[image: Sustainability 14 09272 g007]







[image: Table] 





Table 1. Effect of length and treatment on active buds of Salix viminalis cv. Inger cuttings.
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	Var
	M1
	M2
	M3
	M4





	IN_15_GIB
	0.67 ± 0.17 b
	1.11 ± 0.26 c
	1.56 ± 0.34 c
	1.56 ± 0.34 c



	IN_15_HA
	0.67 ± 0.24 b
	1.56 ± 0.29 c
	2.00 ± 0.29 bc
	2.00 ± 0.29 bc



	IN_15_W
	1.44 ± 0.44 ab
	1.89 ± 0.35 bc
	2.00 ± 0.37 bc
	2.11 ± 0.42 bc



	IN_20_GIB
	0.89 ± 0.45 b
	1.78 ± 0.49 bc
	2.11 ± 0.68 bc
	2.22 ± 0.64 bc



	IN_20_HA
	2.00 ± 0.62 ab
	2.22 ± 0.57 bc
	2.67 ± 0.47 abc
	2.89 ± 0.59 bc



	IN_20_W
	2.78 ± 0.66 ab
	3.67 ± 0.53 ab
	4.00 ± 0.53 ab
	4.00 ± 0.53 ab



	IN_25_GIB
	0.78 ± 0.36 b
	1.33 ± 0.29 c
	1.33 ± 0.29 c
	1.33 ± 0.29 c



	IN_25_HA
	0.89 ± 0.20 b
	1.78 ± 0.22 bc
	2.22 ± 0.32 bc
	2.22 ± 0.32 bc



	IN_25_W
	3.33 ± 0.80 a
	4.33 ± 0.69 a
	4.78 ± 0.60 a
	5.11 ± 0.63 a



	Length (F test)
	3.41
	7.21
	6.25
	6.65



	p value
	0.069
	0.009
	0.015
	0.012



	Treat (F test)
	10.29
	15.17
	14.05
	14.35



	p value
	p < 0.001
	p < 0.001
	p < 0.001
	p < 0.001



	Length × Treat (F test)
	2.05
	4.27
	6.37
	6.76



	p value
	0.136
	0.018
	0.003
	0.002







Note: Means ± s.e. followed by different letters present significant differences at p < 0.05. IN—Inger clone. Cutting lengths: 15, 20, and 25 cm. Treatments: W—water, HA—Humic acids, GIB—gibberellins. M1–M4 represent the measurement time of active buds: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment.
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Table 2. Effect of length and treatment on active buds of Salix viminalis cv. Tordis cuttings.
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	Var
	M1
	M2
	M3
	M4





	TO_15_GIB
	1.56 ± 0.24 d
	2.00 ± 0.00 d
	2.00 ± 0.00 d
	1.44 ± 0.18 e



	TO_15_HA
	2.89 ± 0.31 abcd
	3.44 ± 0.18 cd
	4.11 ± 0.35 bcd
	4.22 ± 0.36 bcd



	TO_15_W
	2.56 ± 0.44 bcd
	4.00 ± 0.71 bcd
	4.33 ± 0.53 bcd
	4.56 ± 0.58 bcd



	TO_20_GIB
	1.89 ± 0.26 cd
	2.00 ± 0.24 d
	2.11 ± 0.31 d
	1.56 ± 0.18 e



	TO_20_HA
	2.33 ± 0.69 bcd
	3.22 ± 0.52 cd
	3.44 ± 0.50 cd
	3.78 ± 0.55 cde



	TO_20_W
	5.11 ± 0.59 a
	6.78 ± 0.64 a
	7.00 ± 0.55 a
	7.22 ± 0.55 a



	TO_25_GIB
	1.78 ± 0.52 d
	2.56 ± 0.50 d
	2.67 ± 0.55 d
	2.56 ± 0.65 de



	TO_25_HA
	4.33 ± 0.94 abc
	5.44 ± 0.63 abc
	5.78 ± 0.68 abc
	5.89 ± 0.72 abc



	TO_25_W
	4.56 ± 0.41 ab
	5.89 ± 0.51 ab
	6.33 ± 0.62 ab
	6.33 ± 0.62 ab



	Length (F test)
	7.22
	11.93
	11.12
	11.31



	p value
	0.009
	0.001
	0.001
	0.001



	Treat (F test)
	13.40
	30.98
	35.59
	44.50



	p value
	p < 0.001
	p < 0.001
	p < 0.001
	p < 0.001



	Length × Treat (F test)
	1.33
	1.17
	0.86
	0.21



	p value
	0.270
	0.316
	0.429
	0.812







Note: Means ± s.e. followed by different letters present significant differences at p < 0.05. TO—Tordis clone. Cutting lengths: 15, 20, and 25 cm. Treatments: W—water, HA—humic acids, GIB—gibberellins. M1–M4 are the measurement time of active buds: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment.
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Table 3. Effect of length and treatment on roots of Salix viminalis cv. Inger cuttings.
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	Var
	M1
	M2
	M3
	M4





	IN_15_GIB
	
	
	
	



	IN_15_HA
	
	
	1.56 ± 0.63 ab
	1.89 ± 0.68 bcd



	IN_15_W
	
	0.67 ± 0.44 a
	2.33 ± 1.09 ab
	3.44 ± 1.19 abcd



	IN_20_GIB
	0.11 ± 0.11 a
	0.67 ± 0.44 a
	0.67 ± 0.44 ab
	1.00 ± 0.44 cd



	IN_20_HA
	0.11 ± 0.11 a
	1.78 ± 0.78 a
	6.78 ± 3.47 a
	8.33 ± 3.21 a



	IN_20_W
	0.33 ± 0.17 a
	1.56 ± 0.75 a
	4.11 ± 0.61 ab
	6.89 ± 1.20 abc



	IN_25_GIB
	
	0.11 ± 0.11 a
	0.11 ± 0.11 b
	0.11 ± 0.11 d



	IN_25_HA
	
	0.11 ± 0.11 a
	0.67 ± 0.29 ab
	1.33 ± 0.41 cd



	IN_25_W
	0.33 ± 0.24 a
	1.67 ± 0.71 a
	4.56 ± 1.24 ab
	7.56 ± 1.03 ab



	Length (F test)
	0.61
	1.33
	0.12
	



	p value
	0.440
	0.255
	0.729
	



	Treat (F test)
	0.61
	1.72
	3.04
	8.10



	p value
	0.550
	0.189
	0.055
	p < 0.001



	Length × Treat (F test)
	
	2.580
	0.62
	1.489



	p value
	
	0.085
	0.543
	0.232







Note: Means ± s.e. followed by different letters present significant differences at p < 0.05. IN—Inger clone. Cutting lengths: 15, 20, and 25 cm. Treatments: W—water, HA—humic acids, GIB—gibberellins. M1–M4 represent the measurement time of root length: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment.
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Table 4. Effect of length and treatment on roots of Salix viminalis cv. Tordis cuttings.
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	Var
	M1
	M2
	M3
	M4





	TO_15_GIB
	0.56 ± 0.24 ab
	0.56 ± 0.24 b
	1.00 ± 0.37 c
	1.00 ± 0.37 d



	TO_15_HA
	0.33 ± 0.24 b
	1.44 ± 0.44 b
	4.44 ± 0.73 bc
	9.78 ± 1.47 bc



	TO_15_W
	0.33 ± 0.17 b
	2.78 ± 0.49 ab
	3.33 ± 0.47 bc
	4.56 ± 0.60 cd



	TO_20_GIB
	0.11 ± 0.11 b
	0.00 ± 0.00 b
	0.00 ± 0.00 c
	0.00 ± 0.00 d



	TO_20_HA
	0.11 ± 0.11 b
	0.56 ± 0.29 b
	4.78 ± 1.47 bc
	15.22 ± 3.21 ab



	TO_20_W
	0.89 ± 0.35 ab
	4.56 ± 0.97 a
	10.11 ± 1.41 ab
	13.89 ± 1.43 b



	TO_25_GIB
	0.67 ± 0.29 ab
	1.33 ± 0.47 b
	1.78 ± 0.64 c
	1.67 ± 0.60 cd



	TO_25_HA
	0.22 ± 0.22 b
	2.11 ± 0.7 ab
	12.89 ± 4.03 a
	23.67 ± 3.02 a



	TO_25_W
	1.44 ± 0.24 a
	4.89 ± 1.25 a
	9.67 ± 1.59 ab
	14.67 ± 2.23 b



	Length (F test)
	3.82
	4.88
	14.17
	30.34



	p value
	0.054
	0.030
	p < 0.001
	p < 0.001



	Treat (F test)
	6.42
	22.82
	15.38
	54.60



	p value
	0.003
	p < 0.001
	p < 0.001
	p < 0.001



	Length × Treat (F test)
	3.94
	0.75
	2.75
	6.94



	p value
	0.024
	0.477
	0.070
	0.002







Note: Means ± s.e. followed by different letters present significant differences at p < 0.05. TO—Tordis clone. Cutting lengths: 15, 20, and 25 cm. Treatments: W—water, HA—humic acids, GIB—gibberellins. M1–M4 represent the measurement times of root length: M1—5 days, M2—10 days, M3—15 days, M4—20 days from the beginning of the experiment.
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