Application of plant growth-regulators, a simple technique for improving the establishment success of plant cuttings in coastal dune restoration 
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ABSTRACT
Exogenous application of plant growth regulators (PGRs) may be an effective technique for increasing the rooting ability and the growth of vegetative fragments (cuttings) of plants used in dune restoration programs. Various concentrations (0, 50 and 100 mg-1) of two auxins, alpha-naphtaleneacetic acid (NAA) and indole-3-butyric acid (IBA), and two cytokinins, 6-furfurylaminopurine (Kinetin) and 6-benzylaminopurine (BAP), were applied separately to cuttings of two widely used species for restoration, Ammophila arenaria and Sporobuls virginicus. Root development and production of new buds in cuttings were examined under laboratory conditions one month after application. Cuttings were also examined one year after transplanting into a sandy substrate under natural conditions, to test for possible long term effects of PGRs on plant establishment success and growth. The response of the two study species to PGRs differed substantially. In A. arenaria the auxin NAA at 100 mg l-1 reduced the time for root initiation and increased the rooting capacity of cuttings, while the cytokinin Kinetin at 50 mg l-1 facilitated root growth. No auxin had effect on rooting or growth of S. virginicus cuttings, but treatment with 100 mg l-1 Kinetin resulted in higher rooting success than control. One year after planting, the cuttings of A. arenaria treated with 100 mg l-1 NAA showed a higher establishment success (90% vs. 55%) and produced more culms and longer roots than control; those treated with cytokinins did not differ in the establishment success from control, but had longer roots, more culms and rhizomes. On the other hand, the cuttings of S. virginicus treated with 100 mg l-1 Kinetin showed a higher establishment success (75% vs. 35%) and had more culms than control. Therefore, in restoration activities that involved A. arenaria a pre-treatment of cuttings with NAA would be beneficial, as it allows the production of a higher number of well-developed plants with high survival potential and greater area cover. Instead, a pre-treatment of cuttings of S. virginicus with Kinetin would be useful to achieve more acceptable plant survival rates. This easy and low cost-effective technique may be extended to other dune plant species and applied on a large scale to improve the chance of dune restoration success.  
1. Introduction

Coastal dunes are under threat of extensive erosion in most parts of the world (Bird, 1996; Feagin et al., 2005), particularly in Europe (Géhu, 1985; Salman and Strating, 1992; De Lillis, 1998; Gómez-Pina et al., 2002; Brown and McLachlan, 2002; van der Meulen et al., 2004; Defeo et al., 2009; Maun and Fahselt, 2009) where costal dunes are listed as priority natural habitats (EEC, Habitats Directive 1992), whose preservation requires conservation and management actions to be adopted by Member States (O'Briain, 2005). Because of the fundamental ecosystem services provided by sand dunes to nearby urban areas, including protection from costal erosion (Schlacher et al., 2007; Defeo et al., 2009; Gutiérrez et al., 2010), efforts have been made worldwide, especially in the United States, Europe, South Africa and Australia, for rescuing to damaged dunes at least a minimum of the form and function inherent in pristine habitats (Woodhouse, 1982; Salman and Strating, 1992; AGENC, 1994; De Lillis, 1997; Caniglia et al. 1998; Tinelli et al., 1998; Hertling and Lubke, 2000; Greipsson, 2002; Gómez-Pina et al., 2002; Bovina et al., 2003; Rozé and Lemauviel, 2004; Clements et al., 2010; Escaray et al., 2010). Sand fencing in conjunction with the planting of perennial indigenous species is the most successful and cost-effective restoration practice to reconstruct or stabilize coastal dunes (Gómez-Pina, 1999; Pickart, 1990; van der Salm and Unal, 2001; Doody, 2001; Benavent Olmos et al., 2004; De Lillis et al., 2004). There are two primary sources of planting material for dune restoration: cuttings (culms, rhizomes or shoots) obtained by thinning established stands, and seeds. The planting of cuttings has specific advantages over seed sowing for large scale programs. Cuttings may be taken theoretically year-round from natural stocks, while seeds are available for a relatively short period and for some species there is not always sufficient supply of seeds, and therefore seedlings (Woodhouse, 1982; Huiskes and Harper, 1979; Gomes Neto et al., 2006). In addition, plants regenerated from cuttings are genetic clones of their parent stocks, thus they can be re-introduced to the original native habitat without altering the genetic integrity of populations. Although potentially efficient, this system is limited in practice by the inability of cuttings of some species to develop a well-structured root system rapidly after planting (Craig et al., 1981; Rozema et al., 1985; Hesp, 1991; Maun, 1997; Thetford and Miller, 2002; Gomes Neto et al., 2006). Rapid root regeneration is crucial for restoration of full nutrient and water absorption capacity of plants, particularly in environments such as coastal dunes characterized by low moisture and nutrient supply, and substrate instability (Barbour et al., 1985; Zhang, 1996; Gilbert et al., 2008). The application of fertilizes is often recommended to enhance dune plant establishment success, but this practice may be not beneficial before the cuttings had formed roots (van der Putten and van Gulik, 1987; van der Putten, 1990; Willis and Hester, 2008). Another method that is likely improve the chance for planting success consists of maintaining cuttings in a nursery for one-two years before transfer to the field (Woodhouse, 1982). However, this strategy is time-consuming and increases the costs of restoration projects. Therefore, there is interest in developing cost-effective techniques for rapid initiation of roots and proliferation of shoots in cuttings, as well as establishing plants from a minimum amount of starting plant material via in vitro culture (Balestri et al., 2001; Park et al., 2004; Valero-Aracama et al., 2007; Panayotova et al., 2008).
Formation of roots and shoots is under hormonal control, and exogenous application of plants growth regulators (PGRs), such as auxins and cytokinins, is frequently used in vegetative propagation to improve rooting and transplant quality in a wide range of terrestrial and aquatic species (Blakesley, 1994; Terrados Muñoz, 1995; Nadeem et al., 2000; Balestri and Bertini, 2003; Balestri and Lardicci, 2006; Butola and Badola, 2007). Few attempts have been made to examine the role of PGRs, or to determine the optimum PGR for rooting in dune plants (Craig et al., 1981; Alpert et al., 2002; Thetford and Miller, 2002; Park et al., 2004). Available data indicate that for some species application of an auxin is not essential for rooting, but it improves root quality measures (i.e., number and length of roots) in cuttings (Craig et al., 1981; Thetford and Miller, 2002).  
The objective of the present study was to examine whether a pre-treatment of dune plant cuttings with PGRs increased rooting and plant development, and if so, whether the use of treated cuttings improved the success of dune restoration programs. To test these hypotheses, two perennial clonal grasses of worldwide distribution in sand dunes, Ammophila arenaria (L.) Link., Sporobuls virginicus  Kunth, were used. Because of the ability to stabilize large areas of blowing sand and build foredunes, the planting of bundles of culms of A. arenaria is widely used to stabilize dunes in Europe, United States and South Africa (Woodhouse, 1982; Huiskes, 1979; van der Meulen et al., 1989; van der Putten, 1990; Vestegaard and Hansen, 1992; Sanjaume and Pardo, 1992; van der Laan et al., 1997; De Lillis et al., 2004; Rozé and Lemauviel, 2004). S. virginicus is considered a valuable candidate for projects which mainly require stabilization of seaward slopes (Converio et al., 2007; Escaray et al., 2010). Specifically, we examined under laboratory conditions the influence of four PGRs (two auxins and two cytokinins), exogenously applied at various concentrations, on the regeneration ability and growth of cuttings. The performance, in terms of plant establishment success and growth, of the cuttings was also monitored for one year after transplanting into pots maintained under natural conditions in order to test for possible long term effects of treatments. We expected that auxins would maximise root initiation capacity and growth, and cytokinins would mainly stimulate vegetative development (shoot formation and branching) of cuttings, allowing treated plants to cover and stabilize larger areas of substrate than untreated plants.
2. Material and methods

1.1. Plant material   
Plant material was collected from natural plant populations growing along a dune system at Rosignano Solvay (Italy) in spring (late May 2007) when plants were actively growing. The collection of this material was done manually, with special care to not damage parent plants. After collection, the plant material was placed in plastic bags and transported to the laboratory. To minimize the impact on existing populations a minimum plant material was collected as source of cuttings. Cuttings of Ammophila arenaria consisted of single vegetative culms; the apical tips of culms were cut to a length of about 15 cm to provide material of uniform size. Cuttings of Sporobolus virginicus consisted of single non-branched vegetative culms, 10-15 cm in high, with intact apical meristem. 
1.2. Rooting and growth responses of cuttings   
The effect of two auxins, alpha-naphtaleneacetic acid (NAA) and indole-3-butyric acid (IBA), and two cytokinins, 6-furfurylaminopurine (Kinetin) and 6-benzylaminopurine (BAP), on regeneration (root development and growth) of cuttings was tested in laboratory. The PGRs (100 mg) were each dissolved in 2 ml of distilled water and ethanol 90° (50% v/v) the day of treatment to minimize the loss of strength through photo-oxidation and bacterial decomposition to prepare stock solutions. Final solutions of 50 and 100 mg l-1 of each PGR were prepared by serial dilution with tap water from the respective stock solutions and used as treatments. The bases (1-2 cm long) of cuttings were immersed in 100 ml final solutions of PGRs for 60 sec, followed by 20 min of air drying. Untreated cuttings were immersed for the same period in the distilled water and ethanol solution (50% v/v) diluted with tap water (100 ml) to serve as control. Treatments were applied to two groups, each of ten cuttings for species. There were 9 treatments for each species, with a total of 540 cuttings. After treatment, the cuttings were inserted vertically into moistened rock wool blocks (5 cm height) and placed randomly in rooting beds (multi-cell containers, 20 x 40 x 10 cm, commercially available tray units used to grow seedlings and cuttings of plants). Two separate rooting beds (experimental units), each containing ten cuttings, were used for each treatment and species. The beds were randomly arranged in a growth chamber and maintained at 24 (± 0.5) °C, relative humidity of 60-80%. Illumination was with cool white fluorescent tubes providing approximately 35 µmol m–2s–1 during a 12-h photoperiod. The cuttings were kept humid by spraying them with tap water throughout the experimental period. Cuttings were gently taken off from the blocks at interval of 3-4 days for 35 days and replanted soon after data collection in their respective block. For each treatment and species, root development was scored as rooting percentage, number of roots per rooted cutting and length of longest root. The mean rooting time in a given treatment and species was calculated as, 
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where tr = mean rooting time, 
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=  maximum number of rooted cuttings in the treatment, ni = non-accumulated number of cuttings that rooted during the interval ti – ti –1, and ti = time between the start of the experiment and the ith observation, applying the concept of mean time used for germination by Labouriau and Osborn (1984). Because both rooting and germination are biological processes distributed in binomial fashion, the statistical treatment of the mean time of germination is applicable to the rooting process (number of rooted cuttings achieved during a certain time interval in relation to the maximum number of rooted cuttings). The number of new buds and rhizomes in survived cuttings was also measured. 
2.3. Performance of rooted cuttings   

At the end of the experiment described above (July 2007), all cuttings were extracted from blocks and transplanted into pots (30 cm in diameter), filled with a mixture of sand from natural stands and commercial peat (1:1). There was a single cutting per pot. The pots were maintained in a full-sun location near a beach of Rosignano Solvay (Italy) for 12 months to test for possible long term effects of PGRs on plant growth and establishment success. The cuttings were planted in pots, rather than directly in sand, since it is difficult to avoid breakage of the roots and the rhizome systems in A. arenaria during excavation from sand dunes (Hobbs et al., 1983) for measurements. In July 2008, plants were carefully extracted from the pots. As the effective stabilization success of a dune by planting is related to the number of shoots and size of the horizontal rhizome system produced by plants (Hobbs et al., 1983), the number of newly produced culms and buds, and the number and length of new underground rhizomes which grow plagiotropically (runners) were recorded for each plant. Since it was difficulty to determine the number of roots produced by each plant, only the length of the longest root was measured. As the roots of these species mainly grow horizontally (van der Putten, 1989), the length of roots may be an indicator of the ability of plants to spread and exploit resources from the substrate. Finally, the establishment success was calculated as proportion of the initial number of cuttings (20) from each treatment that survived at the end of the experiment. Only non-destructive measures were taken, as the plants were used in a mitigation project, legally authorized, aimed at stabilizing a dune section reconstructed artificially at the planting site (Balestri, personal communication).
2.4. Statistical analysis

To test for differences in the mean rooting time among control and treatments, a t–test for independent grouping variables was performed for each species. One-way analysis of variance (ANOVA) with PGR treatment as fixed factor was used to assess differences among control and the auxin or the cytokinin treatments for each species. A separate analysis was performed for each of the variables analysed in each species (rooting percentage, budding percentage, root number, length of roots, number of culms plus buds and number of runners per cutting). Data were partitioned into two time periods (initial and final root emergence period), and each period was analysed separately. Because the relatively low number of cuttings that rooted in some treatments, data were pooled across experimental units. Since the temporal pattern of rooting differed between species, A. arenaria data were analysed 7 and 14 days after PGR application, while for S. virginicus the analyses were performed at 14 and 30 days. When the ANOVA detected significant differences, post-hoc comparison Dunnet’s test was used to test for differences between means. Before running the analyses the data were checked for the ANOVA assumption of normality and heteroscedasticity (Sokal and Rohlf, 1995). Data relative to the number of roots produced by A. arenaria cuttings treated with cytokinins after 14 days were log-transformed before the ANOVA to remove the evident heteroscedasticity of the variance (Sokal and Rohlf, 1995). Data relative to the number of culms (plus buds) produced by A. arenaria cuttings treated with auxins and those produced by S. virginicus treated with cytokinins one year after planting were also log-transformed. Data transformation did not reduce the sensitivity of the analyses, leaving the transformed means of different samples in the same rank order of untrasformed means. Finally, Chi-square test was used to test for the effect of PGRs on the establishment success.     
3. Results
3.1. Rooting and growth responses of cuttings  

Root initiation in A. arenaria was evident at the first week after application of PGRs (Fig. 1). Most of the cuttings treated with the auxin 100 mg l-1 NAA rooted within 7 days; the rooting percentage achieved with 100 mg l-1 NAA was higher as compared to untreated control (F(4,5) = 8.12, P = 0.02; Table 1). No differences in rooting were observed among cytokinins and control (F(4, 5) = 1.2, P = 0.41; Table 1). The mean number of roots per cutting (Fig 1) ranged from 0.8 (± 0.3) to 2.3 (± 0.4) and was similar among treatments and control (F(4,45) = 0.55, P = 0.69 for auxins and F(3,20) = 0.59, P = 0.62 for cytokinins); the 100 mg l-1 BAP treatment was excluded from the analysis because of the low number of cuttings that rooted at this time. Roots of cuttings treated with 100 mg l-1 NAA were significantly longer (F(4,45) = 3.2, P = 0.01) than those of control (0.98 ± 0.1 cm vs. 0.5 ± 0.1 cm; Fig. 2), while no differences were detected among cytokinins and control (F(3,20) = 0.43, P = 0.73; Fig. 2). A number of cuttings (5-30%) had produced at least a new bud after 7 days; the number of buds per cutting (Fig. 3) was significantly lower in cuttings treated with 100 mg l-1 Kinetin than control (F(4,70) = 2.76, P = 0.03), while no significant differences were observed among auxins and control (F(4,80) = 0.24, P = 0.91). Rooting increased up to 2 weeks after treatment (Fig 1); the mean rooting time of cuttings treated with 100 mg l-1 NAA was significantly shorter as compared to control, while no differences were observed among cytokinins and control (Table 1). At the end of the rooting period (at week 2), the percentage of rooted cuttings did not differ significant among treatments and control (Table 1; F(4,5) = 1.65, P = 0.29 for auxins and F(4,5) = 2.5, P = 0.17 for cytokinins). The mean number of roots in rooted cuttings (Fig. 1) varied between 1.3 (± 0.2) and 3.6 (± 0.9):  no significant differences among treatments were detected (F(4,45) = 0.32, P = 0.85) among auxins and control, while the number of roots in cuttings treated with the cytokinin BAP (50 mg l-1) was significantly lower than control (F(4,25) = 3.1, P = 0.03). The mean length of roots varied among treatments, ranging from 1.3 ± 0.3 to 2.9 ± 0.4 cm (Fig. 2); no significant differences were detected among auxins and control (F(4,45) = 1.68, P = 0.17), while the roots of cuttings treated with the cytokinin Kinetin (50 mg l-1) were longer than control (F(4,25) = 3.5, P = 0.02). No differences in the frequency of budding (Table 1) were evident among treatments (F(4,5) = 0.20, P = 0.92 for auxins and F(4,5) = 0.87, P = 0.54 for cytokinins). The mean number of buds per cutting (Fig. 3) ranged from 1.3 (± 0.1) to 2.2 (± 0.2); not all cuttings with a new bud had also produced visible roots at this time. No significant differences in the total number of culms (plus buds) were detected among treatments (F(4,80) = 0.76, P = 0.54 for auxins and F(4,70) = 1.90, P = 0.11 for cytokinins). 
In cuttings of S. virginicus root initiation was not evident for up 11 days, and mean number of cuttings rooted within the firsts 2 weeks (Table 1) was low (Fig. 4), ranging from 0 and 25 % (± 5). No differences were observed in rooting among control and auxins (F(4,5) = 1.2, P = 0.41), while the rooting percentage was higher in cuttings treated with the cytokinin Kinetin at 100 mg l-1 (F(4,5) = 6.61, P = 0.03). Because of the low number of rooted cuttings, the number of roots (Fig. 4), root length (Fig. 5) and the number of new buds per cutting (Fig. 6) were not analysed at this time. Cuttings continued to form roots up to 30 days after treatment (Fig. 4), and the mean rooting time was similar in all treatments (Table 1). After 30 days, significant differences in rooting percentage were still evident among cuttings treated with 100 mg l-1 Kinetin and control (Table 1; F(4,5) = 5.22, P = 0.04) and no significant differences in rooting among auxins and control were detected (Table 1; F(4,5) = 0.65, P = 0.65). The mean number of roots per rooted cutting (Fig. 4) ranged from 2.2 (± 0.2) to 3.4 (± 0.3) and no significant differences among treatments and control were observed (F(4,35) = 0.68, P = 0.60 for auxins and F(4,30) = 0.38, P = 0.81 for cytokinins). The length of roots varied between 2.2 (± 0.3) and 3.1 (± 0.2) cm (Fig. 5) and there were no significant differences among treatments and control (F(4,35) = 0.26, P = 0.9 for auxins and F(4,30) = 0.38, P = 0.80 for cytokinins). The mean frequency of budding varied from 35% and 75% (Table 1), and no differences were evident among treatments and control (F(4,5) = 0.68, P = 0.63 for auxins and (F(4,5) = 3.06, P = 0.12 for cytokinins). The number of new culms (plus buds) per cutting was similar among treatments (Fig. 6) and control (F(4,40) = 0.48, P = 0.76 for auxins and F(4,40) = 0.35, P = 0.83 for cytokinins). Finally, no rhizome production was observed in the two species during the observation period.        
3.2. Performance of rooted cuttings
After transplanting, cuttings of A. arenaria e S. virginicus grew rapidly. At the end of the experiment, the mean length of the root system of A. arenaria varied from 9.7 (± 0.3) cm and 24.3 (± 0.7 ) cm (Table 2); the root system of plants treated with auxins (F(4,40) = 131.44, P = 0.00001) or citokinins (F (4,20) = 19.57, P = 0.000001) was significantly longer than that of control (Fig. 7). All survived plants produced new culms and about half of them (48.8%) had runners up to 82 cm in length (Fig 7). The mean number of new culms (plus buds) per plant was highly variable (Table 2), ranging from 4.2 (± 1.6) to 37.6 (± 9.1). The number of culms was significantly higher in plants treated with auxins (except that in those treated with 50 mg l-1 NAA; F(4,40) = 6.17, P = 0.0005) or cytokinins (F(4,20) = 6.19, P = 0.002) when contrasted with control. The mean number of runners produced per plant (Table 2) varied between 0.4 (± 0.2) and 3.8 (± 0.8); cuttings treated with cytokinins had a higher number of runners than those of control (F(4,20) = 4.6, P = 0.008) while no significant differences were detected for cuttings treated with auxins and control (F(4,40) = 0.76, P = 0.55). The establishment success of cuttings treated with the higher concentration of NAA (100 mg l -1) was greater than that of control, while no differences were observed among the others treatments and control (Table 2). 
In cuttings of S. virginicus the mean length of the root system was highly variable, ranging from 12 (± 0.9) cm and 21.1 (± 1.6) cm (Table 3), and the ANOVA did not detect significant differences among cytokinins and control (F(4,20) = 1.61, P = 0.21) or auxins and control (F(4,20) = 0.87, P = 0.49). All plants produced new culms and 29% of them had runners up to 35.3 cm in length. The mean number of new culms (plus buds) was highly variable (Table 3), ranging from 5.2 (± 1.2) to 17.4 (± 4.3). Cuttings treated with the cytokinin Kinetin (50 mg l-1) tended to produce more culms (F(4,20) = 3.17, P = 0.03) although the Dunnet test did not discriminate between control and treatments; no differences among auxins and control cuttings were detected (F(4,20) = 0.90, P = 0.48). Up to 2 runners were produced per plant (Table 3) and no differences in the mean number of runners among auxins and control (F(4,20) = 1.18, P = 0.34) or cytokinins and control (F(4,20) = 0.56, P = 0.69) were detected. Finally, the establishment success of cuttings treated with 100 mg l-1 of Kinetin was greater than that of control, while no differences were evident among the others treatments and control (Table 3). 
4. Discussion

In this study the exogenous application of auxins to cuttings of A. arenaria and S. virginicus was aimed at maximising root initiation capacity and growth, while cytokinins were used to stimulate vegetative development (shoot formation and branching), in order to increase the chance of success in dune restoration programs. The results of the laboratory experiment revealed considerable variations in the pattern of rooting initiation and rooting potential of cuttings among the two study species. Cuttings of A. arenaria showed a shorter time for root initiation and better rooting capacity without the application of PGRs than S. virginicus. The species also differed substantially in their responsiveness to PGRs. As concerns root development, the auxin NAA at 100 mg l-1 was effective in stimulating rooting in A. arenaria, resulting in a doubling rate of rooting as compared to control within only 7 days, and the cytokinin Kinetin at 50 mg l-1 was effective in increasing root growth. Instead, only the cytokinin Kinetin at 100 mg l-1 was active in enhancing the rooting frequency of S. virginicus. The positive effects of the auxins recorded here on root development was in accordance with that observed in other species from different environments (Cho, 1985; McCown, 1988; Cho and Soh, 1989; Drew et al., 1991), while the effects of cytokinin was surprisingly as this process is likely generally inhibited, or delayed, by exogenous cytokinins (Harris and Hart, 1964; Bollmark and Eliasson, 1986; Pierik, 1987; McCown, 1988; Van Staden and Harty, 1988; De Klerk et al., 1995). To our knowledge, there are only some reports that cytokinins, alone or in combination with auxins, promoted root formation (Fabijan et al., 1981; Bollmark and Eliasson, 1986; Vincent et al., 1992; Remeshree et al., 1994). No data are available on the effect of cytokinins in other dune plants. As concerns vegetative development, no species was apparently influenced by cytokinins or auxins, at least in the first month after PGR application. This appeared be due to the initial limited number of nodes (one-two nodes) in cuttings and a longer time required for initiating new buds, rather than to a lack of responsiveness. In fact, the transplanting experiment demonstrated that application of some PGRs was beneficial for cuttings on long term. In particular, the treatments found more effective in promoting rooting in laboratory (100 mg l-1 NAA for A. arenaria and 100 mg l-1 Kinetin for S. virginicus) resulted also in greater plant survival success in sandy substrate. Moreover, in A. arenaria all the other tested auxins (except that NAA at 50 mg l-1) and cytokinins had positive effects on vegetative development. Cytokinins resulted also particularly active in stimulating the production of new runners in survived cuttings. 
This is the first report demonstrating the feasibility of using exogenous application of PGRs to promote rooting and growth of cuttings, and to enhance the establishment success of coastal dune plants. This rapid and easy technique may be of great interest for large scale restoration activities, providing potentially a number of advantages compared to traditional techniques such as direct planting of cuttings or nursery grown plants. By using the appropriate PGR the survival rate of planted cuttings would be expected to be ca. two fold higher as compared to controls. In addition, the larger size achieved by plants would more effectively stabilize sand and provide greater substrate cover. Finally, the production of a larger and deeper root system would allow plants to better survive in unstable dunes. The initial cost for producing a rooted plant by using PGRs may be relatively low (ca. 0.20 $ for commercially available hormones and rooting beds) and could easily be justified for use in large scale projects by greater survival and quicker cover provided by treated plants. Recent studies (Thetford et al., 2005) indicated that the maintenance of dune plants in nursery is a major cost in planting projects, ca. 2.25 $ for plant material alone. In addition, replacement of dead plants in restoration projects increases the cost of planting, it is time-consuming and increases the impact of collection on donor populations.
Application of this technique could be extended to other dune species. As the response of plants to PGRs may vary considerable, further studies are needed to determine the more appropriate PGR for each species. The method (exposure period to PGRs and experimental conditions) established in this study is open to further refinement. Since plant development is the result of the concurrent actions of various hormones interacting in different ways (Leopold and Noodén, 1984), further improvement of plant performance would be probably achievable using a combination of auxins and cytokinins. Studies would also investigate whether cuttings treated with PGRs can be planted directly in the field in order to further reduce the operative time and the production costs. 
5. Conclusion
Planting of cuttings from established dune plants is a practice often used in restoration efforts to stabilize and reconstruct damaged sand dunes. The long time required to cuttings to develop a well-structured root system and new branches may limit the success of restoration. Our results demonstrate that root development and growth of cuttings from A. arenaria, S. virginicus may be influenced by manipulating appropriate PGRs. Specifically, application of NAA at high concentration may be useful in promoting rooting in A. arenaria cuttings, and on long term in stimulating root growth and shoot development. Instead, the cytokinins, Kinetin and BAP, may be effective in promoting vegetative development, particularly runner production. On the other hand, application of the cytokinin Kinetin at higher concentration appears to be indispensable for achieving an acceptable rooting percentage in S. virginicus cuttings. If extrapolated to field conditions, the enhanced growth responses of cuttings to some PGRs observed here could result in a higher probability of success of transplants of A. arenaria and S. virginicus. Thus, PGR application could provide a simple and relatively un-expensive tool for fast propagation and improvement of the planting success in large scale dune restoration projects. 
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Legend of figures

Fig. 1. Ammophila arenaria. Effect of various auxins and cytokinins applied at different concentrations (50 and 100 mg l-1) on the cumulative number of new roots per rooted cutting over time. Untreated cuttings were used as control. Data are means (± SE). The asterisk indicates the means of treatments that differed significantly from control. 
Fig. 2. Ammophila arenaria. Effect of various auxins and cytokinins applied at different concentrations (50 and 100 mg l-1) on the length of roots in rooted cuttings over time. Untreated cuttings were used as control. Data are means (± SE). The asterisk indicates the means of treatments that differed significantly from control. 
Fig. 3. Ammophila arenaria. Effect of various auxins and cytokinins applied at different concentrations (50 and 100 mg l-1) on the cumulative number of culms (plus buds) produced in survived cuttings over time. Untreated cuttings were used as control. Data are means (± SE). The asterisk indicates the means of treatments that differed significantly from control. 
Fig. 4. Sporobolus virginicus. Effect of various auxins and cytokinins applied at different concentrations (50 and 100 mg l-1) on the cumulative number of new roots per rooted cutting over time. Untreated cuttings were used as control. Data are means (± SE). The asterisk indicates the means of treatments that differed significantly from control. 
Fig. 5. Sporobolus virginicus. Effect of various auxins and cytokinins applied at different concentrations (50 and 100 mg l-1) on the length of roots in rooted cuttings over time. Untreated cuttings were used as control. Data are means (± SE). The asterisk indicates the means of treatments that differed significantly from control. 
Fig. 6. Sporobolus virginicus. Effect of various auxins and cytokinins applied at different concentrations (50 and 100 mg l-1) on the cumulative number of culms (plus buds) produced in survived cuttings over time. Untreated cuttings were used as control. Data are means ± SE. The asterisk indicates the means of treatments that differed significantly from control. 

Fig. 7. Rooting and growth response of cuttings from A. arenaria (A-C) and S. virginicus (D-E) to some PGR treatments (NAA 100 mg l-1, Kinetin 50 and Kinetin 100 mg l-1). The photographs were taken 1 year after transplanting into pots. Untreated cuttings were used as control. 
� EMBED Equation.3  ���








PAGE  
5

[image: image3.wmf](

)

å

å

÷

ø

ö

ç

è

æ

=

=

i

k

i

i

i

r

n

t

n

t

1

.

.

_1384693628.unknown

_1384693693.unknown

