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Abstract

:

The production and feasibility of Short Rotation Coppice depend on cutting early performance. The shoot and root biomass production of Salix cuttings in hydroponic conditions was studied. The amount of sprouted biomass after four weeks of growth depended on cutting the diameter, but the original position of the cutting along the rod or number of visible buds was not in correlation with biomass produced. Application of mineral fertilizer or soil originating from the willow plantation did not increase the total production. On the contrary, the addition of soil tended to decrease biomass production and we assumed this was a result of a shortage of light. Under the influence of fertilization, plants allocated greater biomass to roots. Comparison of different clones revealed that those with S. dasyclados genes tended to allocate less biomass to roots and the poorest-performing clone in our experiment, also had the lowest wood production in the plantation. The number of visible buds on the cutting was also clone-specific.
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1. Introduction


High quality and good physiological condition of cutting material are key aspects of successful and economically feasible short rotation coppice (SRC) plantations [1]. In addition to an insufficient availability of nutrients, unequal plant growth and dieback of cuttings are found to be the main factors resulting in a decline of production during consecutive SRC harvests [2]. These kinds of problems are most severe in Salix L. SRC where very high planting densities are usually suggested [3]. In addition to economic considerations, SRC plantations with variable plant densities and large numbers of gaps in the SRC vegetation cover can cause ecological problems if the SRC is used as a phytoremediation site or in terms of vegetation filter [4].



It is especially important to ensure fast, equal sprouting of cuttings with consecutive rapid shoot growth occur during the first growing season of SRC, since this is the period where the largest seed bank of weed species in the plantation soil exists and competition between sprouting cuttings and weeds can be expected [5,6,7]. Therefore, a lot of attention has been paid to the study of critical factors that may impact the growth potential of cuttings [8]. Besides the selection of planting material (highly productive genotypes and vigorous hybrid cultivars), the quality of cutting material survival has been found to be influenced by pre-planting storage conditions [1], the quality of soil preparation [9,10] and planting techniques [11]. There are also a number of publications that demonstrate the benefits of horizontal planting instead of the more typical vertical planting method and include discussion of the reasonable length of the cutting [12,13,14]. Moreover, the impact of cutting diameter has been found to be an important predictor of plant growth and hence when mechanically planting using long rods, the effectiveness of placing the thinnest top of one rod adjacent to the thickest bottom of another rod is considered to be arguable [8]. The potential for decreasing the typical cutting length from between 18 and 25 cm to between 1 and 5 cm (micro-cuttings) in order to minimize plantation costs has also been studied [15].



Another approach to enhancing the economic feasibility and sustainability of modern agriculture including SRC management is to promote the distribution of soil microorganisms (fungi or bacteria) that support nutrient uptake from growing substrate and thus enable a reduction in the use of mineral fertilizers [16]. The rhizosphere microbiome is considered to be dependent on root exudates and to be species-specific. Some studies have revealed that Salix can take advantage of specific fungal assemblages [17,18]. It has been demonstrated that planting of Salix in former permanent grassland areas resulted with differences in the soil microbial community [19]. Moreover, there is strong evidence that Salix also has some endophytes in terms of symbionts for nitrogen uptake [20], hence, the inoculation of planting material with specific microorganisms is suggested [3].



There is information available about the physiological responses of different willow genotypes to variable water and nutrient conditions in pot experiments (e.g., [21]). During the first growing season in some genotypes, even a short one-week period of water stress can lead to a significant decrease in plant biomass and height [22]. Supplementation of nutrients in terms of mineral fertilizer or various organic residues from human activities (e.g., sewage sludge, wastewater, biogas digestate, etc.) may increase the biomass increment of young plants significantly [23,24]. Differences in biomass production can be observed only in cases where large differences exist between the “control” growing substrate and artificially created altered growing conditions [4]. The maximal fertilization, however, must be carefully considered, since young cuttings cannot withstand such large doses of additional nutrients or utilize residues in the same way that mature SRC plants do [23]. The duration of such greenhouse or pot-experiments however, is usually limited by the size of a growing area or difficulties in maintaining homogenous artificial growing conditions.



There are greenhouse data available on the leaf phenology of several Salix genotypes that can be correlated with the wood yield of particular clones in SRC [25,26], little less is known about cutting biomass production in the absence of additional nutrients or growth substrates. Willow is a species that is easy to propagate vegetatively by chopping dormant stems into cuttings. New roots on the cutting sprout from latent root primordia that have been formed during stem development and are ready to grow as soon as the cutting is placed in a humid environment [27]. However, studies have shown that Salix species exhibit great variability in bud structure and therefore coppicing ability [28]. Hence the rapid visual evaluation of bud number can be a useful indicator for predicting the early stage biomass production of cuttings.



While hydroponic experiments have been undertaken to study plant tolerance to a range of chemicals or to gather information about the synthesis of root exudates [29,30], information from hydroponic experiments for selecting energy crops, or even SRC planting material is very limited. However, this can add valuable information about particular clone preferences and shortages. Therefore, we decided to undertake a repeated experiment with the main aim of gaining an understanding of whether a quick, cheap, and simple to use method can be reasonably employed to obtain additional knowledge on those Salix genotypes commonly grown in SRC.



The experiment was designed to test the following hypotheses:




	-

	
cutting genotype and diameter is a predictor of early stage biomass




	-

	
application of fertilizer and/or microorganisms originating from mature SRC promote the early stage biomass production of cuttings




	-

	
there are significant differences in the sprouting speed and early stage biomass production between different willow clones




	-

	
allocation of photosynthesis products between shoots and roots varies by clones and/or by applied substances




	-

	
early stage biomass production of a cutting can be predicted by counting the number of visible buds on the cutting.










2. Materials and Methods


The shoots of the willow clones studied, were harvested from the Kambja vegetation filter, South-Estonia (58°14′57′′ N, 26°42′39′′ E) on 15 April 2009 and 15 April 2010. The harvesting time was selected to avoid snow cover in SRC and start the experiment before the beginning of the growing period or any leaf bud burst in Estonian climatic conditions. In the first year, shoots of clones “Tora” and 78,183 (according to the Swedish clone numbering system) were studied. In the second year, material from clones 81,090 and “Gudrun” was added to the above clones in the study. Hence the clone selection represented both clones of Salix viminalis L. (78,183), S. dasyclados Wimm. (81,090) and the relatively new commercial hybrids of S. dasyclados “Helga” burjatica × S. viminalis (clone “Gudrun”) and S. schwerinii E. Wolf × S. viminalis (clone “Tora”). In the field the tallest (1.6–2.5 m) one-year-old, straight shoots from inside the plantation were selected to harvest the rods and cut at 5–10 cm height above the ground. Within a few hours the collected material was transported to the laboratory for further experiment preparation the following day.



The experiment (between 16 April and 14 May both in 2009 and 2010) was carried out in a laboratory of the Estonian University of Life Sciences at a room temperature of between 18–23 °C. The experiment room had large windows facing in a southerly direction and the natural light on windowsills was considered to be equal for all studied materials. At the start of the experiment the rods were divided into cuttings of 20 ± 0.1 cm in length as long as their diameter was more than 7 mm and their location along the rod in terms of position from the ground (1–8), number of visible buds on the bark and diameters of the apical cutting part were recorded and the cutting was marked using a waterproof pencil. In total, 120 cuttings per clone in 2009 and 60 cuttings in 2010 were made. After this procedure, 15 cuttings originating from the same clone were placed in a similar orientation vertically into a specially designed aquarium-like glass box of 8 × 40 × 25 cm and placed on the windowsill to get the maximum natural light available. The open glass boxes with different clones were located on the windowsills alternately and filled to a 15 cm height with water which originated from an open well near to the Kambja SRC that met all the criteria for drinking water. Since the evaporation from the boxes was small and no significant algae intervention occurred, we did not add any water or disturb the glass boxes in any other way during the experiment. The cuttings were placed along the longer edge (40 cm) of the box and hence the distance between cuttings was more than 2 cm to avoid any competition for space between young plants during the experiment (Figure S1).



In 2009, every second glass box received 150 g of soil collected from the upper 10 cm of the Kambja vegetation filter control plots (sandy loam soil with pH 5.5) or/and 10 g of typical solid NPK (nitrogen, phosphorus and potassium) fertilizer (17.0:3.1:11.6) was added to the ca 4.8 L of water in the boxes, thus creating four different treatment options (control, fertilizer, soil, and fertilizer + soil) (Table 1, Figure S2). The application of soil decreased water transparency significantly. In 2010, only the addition of mineral fertilizer was repeated. Since the space with homogeneous natural light conditions was limited, this change allowed us to keep the number of cuttings in one treatment constant (n = 30 replicated into two boxes) but to increase the number of clones studied in 2010.



Two weeks after the start of the experiment (30.04 in both years), each second cutting from each box/treatment/replication box was harvested. The cutting was taken out of the box and all sprouted shoots and roots were carefully removed from the cutting with the help of scissors or a razor blade. All harvested biomass was separately collected into paper envelopes and dried for at least 48 h at 85 °C to constant weight. After four weeks of the experiment, the same procedure was carried out with the remainder of the cuttings.



For statistical analyses the software package SAS System v. 9.4 (SAS Institute Inc., Cary, NC, USA) was used. In all cases, General Linear Models were exploited, and the significance of all factors was tested with SAS GLM (generalized linear model). The regressions between cutting diameter and biomass production were found with Linear Regression Model, the differences between average values of various datasets were detected with ANOVA or MANOVA procedures Ryan-Einot-Gabriel-Welsh Multiple Range Test (REGW) and the covariation of different factor combinations analyzed with the Least Square Means test (LSM). In all cases the confidence level of tests was set to 0.05.



From previous studies we assumed that there is a strong linear correlation between the cutting diameter and its biomass [8]. In our experiment the studied shoots were younger and the range of diameters in each data series was variable. Therefore, we found it useful to normalize the biomass data over the diameter values and used the equation of the GLM linear regression fit for all collected data (Equation (1)):


Biomass production = a × diameter (year, harvest, treatment, clone, replication) − Intercept



(1)




where biomass production is the measured dry biomass (g) of a particular cutting and diameter is the measured upper diameter of the same cutting in the start date of the experiment.



The slope coefficient from this equation (a), further labelled as ”relative biomass production“, was calculated separately for each cutting data and used as the dependent variable instead of the actual biomass production data to enable a more detailed statistical analysis on a range of experiment factors. In practice this slope indicates the influence of cutting diameter (mm) on the production of new biomass (g) from the cutting.




3. Results


The general model, that included all experiment data, revealed that the total new biomass production of cuttings was significantly dependent on study year, on treatment, on clone and on cutting diameter, but the replication did not add any significant information to the model (Table 2). Hence, further normalization was necessary as the range of cutting diameters under investigation varied by clones (e.g., Figure 1). The intercept value of the general linear regression model (R2 = 0.83 p < 0.001) Equation (1) was −0.270173.



The 2009 data show that the relative biomass production was significantly (p < 0.05) affected by harvesting date, treatment and clone. The other factors studied (the replication and the cutting position) were found to be insignificant and removed from further analyses. The detailed analysis was carried out separately for both harvesting dates (Table 3). In both cases the treatment and clone were significant factors having an impact on relative biomass production. The interaction between these two factors was found to be insignificant in most cases and hence we assumed that cuttings from both clones reacted to the treatment in a similar way.



The statistical analyses of pooled data from both clones revealed that the application of different materials to the water boxes did not have any positive effect on the biomass production of the cuttings after four weeks of treatment when compared to the control dataset in 2009 (Figure 2). In contrast, soil (S) supply decreased the production alone and in combination with fertilizer (S+F) both when the biomass production was measured after two weeks or after four weeks from the start of the experiment. At the end of the experiment a negative impact of the fertilizer application was also detected on clone 83, but this pattern was not found to be statistically significant, when the clone factor was excluded from the analysis.



In order to better understand the impact of the treatments on cutting biomass production we also studied the ratio between shoot and root biomass production. At the end of the experiment the cuttings which were treated with fertilizer alone or in combination with soil tended to have a smaller shoot to root ratio than cuttings from other treatments (Figure 3).



The variability of relative biomass production by clones was studied in detail on the basis of the data from 2010. In this year the covariation of clone and treatment factors were insignificant both in two-week harvest and four-week harvest data (Table 4). These results enabled pooling of the data excluding the fertilization factor during this year and to increase the sample number for further analysis. We found strong evidence that the relative biomass production was clone-dependent. Biomass production for all the clones studied was approximately the same during the first two weeks and the final two weeks of the experiment. Clone 90 had significantly lower relative biomass production per cutting diameter than the rest of the clones studied for both the two-week and four-week harvest dates (Figure 4).



The lower relative biomass growth of clone 90 was accompanied by the smaller biomass of sprouted roots: The shoot/root biomass ratio of this clone was significantly larger than that of other clones (Figure 5). Clone Gudrun also had a larger shoot/root production compared with clones 83 and Tora.



Analysis of the 2010 data also shows that the number of visible buds on cuttings was an unreliable parameter for predicting absolute biomass production when harvested after the first four weeks. No significant relationship was found between the number of visible buds and cutting biomass production by clones (R2 < 0.15 in all cases) either (Figure 6). However, the General Linear Model revealed that both the cutting diameter and clone were significant factors for predicting the number of buds on the cutting (p < 0.0001 and p < 0.05, respectively), but the model reliability was rather low (R2 = 0.29). Inclusion of data about the origin of the cutting from the donor rod did not improve the model neither was this factor significant. The detailed analysis demonstrated that the pattern between cutting diameter and number of visible buds varied by clones (Figure 7). For clone 83 there was a tendency to positive correlation (R2 = 0.10) between cutting diameter and the number of buds. At the same time clone Tora tended to have a similar number of buds regardless of the cutting diameter. In many cases no visible buds were detected on cuttings and it was especially difficult to detect buds in clone 90, where 28 cuttings out of 60 were marked with 0 visible buds. The number of cuttings from clone Tora with no visible buds was tenfold smaller than that of clone 90 in our experiment. Hence, the average numbers per cutting were 7.7; 6.0; 5.0 and 1.8 for Tora, 83, Gudrun and 90, respectively.




4. Discussion


Our lab-scale experiment with Salix cuttings revealed that there are some patterns in the biomass production and allocation between roots and shoots that can be linked with studied factors. In general, hydroponic conditions differ from the natural growing environment by both unlimited water supply and more anaerobic conditions of rhizosphere. However, to our knowledge the studied Salix species in nature prefer wet growing conditions. Therefore we assume that both their roots and potential symbiotic microorganisms behaved as usual in our laboratory conditions. In this case our study results do not contain only purely new scientific information but can be extrapolated to the practical SRC establishment as well.



The strong linear regression between cutting diameter and the biomass of newly formed roots and shoots detected in these experiments has also been reported by other scientists [8,31]. This phenomenon is most probably caused by the larger volume of products from photosynthesis stored in cuttings of a greater diameter, thus larger volumes of energy were available for new biomass growth. The intercept reciprocal value of the regression model (−0.270173 in our case) indicates the minimal hypothetical value of the cutting diameter that is still able to produce new biomass. The crucial numeric value of this parameter for each clone that marks the lower diameter limit for vigorous cuttings which are capable of sprouting can be calculated by dividing this constant with the relative biomass production value for particular data series. These critical diameters are much lower than the cutting diameters that are currently used for practical SRC establishment in order to avoid cutting debarking or breaking. However, this information can contain useful additional information for planning manual planting, operating with micro-cuttings or assuming the reasonable rod length for horizontal planting of Salix shoots [14].



Differences in the available cutting diameter range for various clones was the reason for using the normalized biomass production number in our analysis instead of absolute values. This correction evened out the differences in the cutting biomass production of clones 93 and Tora in 2009. Moreover, this analysis gave a negative result to our hypothesis, that the original position of cuttings on the rod may have an impact on the biomass production of cuttings of the same diameter. Cuttings with a given diameter from apical parts of rods are reported to have a larger biomass production than cuttings originating from basal parts, but this result was not confirmed by our study with other Salix clones.



The lack of statistical relevance for replication/box number in our general model revealed that both boxes with particular clone/treatment cuttings were located in equal environmental conditions in the laboratory. Differences in both absolute and relative biomass production by study years are most probably caused by differences in the available direct sunlight by years that could also have a slight impact on the water temperature. After four weeks of experiment in 2010 both Tora and 83 control series produced significantly less biomass per cutting diameter than in 2009. According to the Estonian Weather Service database (I.Saaremäe, personal communication) in the closest weather station to our experiment location there was 15% less direct sunshine in April 2010 than in the previous year. Hence, we conclude that light conditions during sprouting are important and the results obtained in different weather conditions cannot be compared in detail.



We did not detect any leaf discoloration or any other symptom of nutrient deficit during the experiment even in the control treatment without any nutrient supply. Application of soil originating from the local SRC had no positive effect on the relative biomass production of cuttings both alone and in combination with fertilizer. There can be two explanations for such a result. First, we cannot be sure if we got sufficient useful microorganisms from the SRC soil to promote Salix growth or if they were able to survive in anaerobic hydroponic conditions. Second, it is possible that in the sprouting stage no support from microorganisms is available or required. Even more interesting however, is that the harvested biomass of soil-treated cuttings was significantly lower both at two and four weeks from the experiment start and with the ratio of shoots and roots biomass remaining similar with the control series. Since all growing conditions, with the exclusion of water transparency, remained the same, we have to assume that cutting bark is sensitive to light capture. As this phenomenon appeared throughout the experiment, light availability does not only trigger cuttings’ sprouting but most probably also has a positive impact on biomass production without changing the resource allocation between roots and shoots. The phenomenon of carbohydrate refixation by plant’s green parts, other than leaves, is reported to occur in Populus tremula L. [32]. This hypothesis is also supported by the report by S. Edelfeldt et al that shoots emerge from the ground more quickly from shallower horizontally planted cuttings than those from deeper planted [12], as in this case some differences in the light availability can also be expected.



For practical SRC establishment it is usually recommended that cuttings are planted in the ground with no more than 1–2 cm of soil on top to avoid drought impacting cuttings before root formation [33]. However, if light availability is important to promoting the speed of cutting biomass production in both above and below ground parts, it is perhaps useful to cover the upper part with a material which could avoid evaporation yet allow light penetration to promote fast sprouting of cuttings followed by rapid growth and thus avoid competition with the weeds.



Application of the fertilizer in 2009 did not have any significant impact on cuttings’ relative biomass production and changes were noticeable with only one clone. Repeating the experiment with the same fertilizer a year later did not confirm any significant differences either and therefore we conclude that additional nutrient availability is not important for cutting biomass production at this stage of growth or the fertilizer concentration in our experiments was too low to have any impact on the cutting productivity. However, in 2009 we found that newly formed biomass in treatments with fertilizer tended to be allocated towards the roots. This indicates that the cuttings were sensitive to nutrients in the hydroponic conditions and allocated their resources to get access to them. Such a plant strategy may be disadvantageous for practical SRC establishment into fertile soil. In this case the young Salix plants that allocate more of their resources to root production and less to shoot production suffer more from competition for light with weeds that have an opposite strategy.



It has been claimed that some of the new commercialized Salix clones have an earlier bud burst than others [8,25]. Our experiment in 2010 which included four Salix clones did not reveal any differences in cutting sprouting speed that could be detected by the biomass production during the first two weeks of the growing period. Biomass production during the final two weeks of the experiment was almost the same as that of the first two weeks, indicating similar growing speeds for all studied clones in the early growing stage. Clone 90 (S. dasyclados), had the lowest relative biomass production at the two-week stage and its cuttings also performed the poorest at the end of the experiment. This result concurs with our data from the cuttings original SRC where clone 90 also had the lowest biomass production per plant during the first rotation cycle [34]. This confirms the statement from our Swedish colleagues that pot-experiment results enable the prediction of performance of the plants in the field [35]. Clone 90 also had a significantly higher shoot/root production ratio than the other clones. Higher shoot production compared to root production than in the rest of the clones studied, was also detected in clone Gudrun. This hybrid clone also has some S dasyclados genes from its ancestors and therefore species-specific strategy can be speculated. The probability of gaining an advantage in practice from this strategy as well as from any other pattern described in the current experiment depends on the abiotic conditions in SRC. The most crucial factor here is a sufficient water supply that allows the cuttings to use their full potential and suppress the other stress factors. Moreover, the biomass production of cuttings is not a linear function in time and the first produced grams of biomass cannot be multiplied over the SRC lifetime to predict the wood yield.



Visible number of buds on a cutting was in correlation with the cutting diameter and clone but the statistical model only explained a relatively small proportion of the variability. There was strong evidence that the number of buds is larger on thicker cuttings. However, on clone Tora the number of visible buds was similar despite the cutting diameter. Although quite a number of cuttings were marked with no buds, they performed well in our biomass production experiment. The number of such cuttings was especially large among clone 90 cuttings. Hence, we must conclude that it is difficult to accurately measure the bud number on shoots in the dormant stage and that perhaps bud counting should take place after the cuttings have been in hydroponic conditions for some time and the vigorous buds are better detectable. However, such a technique would not be suitable as an express method in the field. Moreover, we are not sure that the counting of buds enables us to predict total biomass production since the relationship between the counted visible number of buds and absolute biomass production without any normalization with cutting diameter does not demonstrate any promising tendencies. Additionally, horizontal planting density must be based on other cutting characters than the number of visible buds on the rod. Most probably, during vegetative propagation the availability of other plant tissues including latent root primordia is more important for sprout formation than that of buds which are primarily grown to form new leaves in the future.




5. Conclusions


The Salix cutting diameter is a useful parameter for prediction of plant growth in a hydroponic experiment, while origin of the cutting from the donor rod and number of visible buds on the cutting are not. Neither application of SRC soil or fertilizer into boxes with liquid promote biomass production. Lower production from treatments with added soil indicates the importance of light for biomass production even at this early stage. The clone with the lowest early stage biomass production (90) in these experiments also produced the lowest wood yield in the SRC from where the cuttings originated. According to the results of this study the clones with S. dasyclados genes tend to invest less in roots and fertilizer-treated cuttings allocate more to root growth. The visible number of buds on cuttings is clone-specific and in general cutting diameter does not predict the number of buds on the cutting.








Supplementary Materials


The following are available online at http://www.mdpi.com/1999-4907/9/7/378/s1, Figure S1: Photo about experiment in three weeks after establishment in 2009, Figure S2: Illustrative materials about experiment design.





Author Contributions


Conceptualization, K.H.; Methodology, K.H.; Software, K.H.; Validation, K.H and K.T; Formal Analysis, K.H.; Investigation ,K.H.; Resources, K.H. and K.T.; Data Curation, K.H.; Writing—Original Draft Preparation, K.H.; Writing—Review & Editing, K.T.; Visualization, K.H.; Supervision, K.H.; Project Administration, K.T.; Funding Acquisition, K.H. and K.T.




Funding


The study was partly supported by Grant No. 9375 of the Estonian Science Foundation and by Grants PUT1463 and IUT21-1 of the Estonian Research Council.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Sennerby-Forsse, L. Hägnförsök med kemisk repellent mot älgbetning. Vaxtskyddsnotiser 1982, 45, 165–169. [Google Scholar]

	



Verwijst, T. Stool mortality and development of a competitive hierarchy in a Salix viminalis coppice system. Biomass Bioenergy 1996, 10, 245–250. [Google Scholar] [CrossRef]

	



De Maria, S.; Rivelli, A.R.; Kuffner, M.; Sessitsch, A.; Wenzel, W.W.; Gorfer, M.; Strauss, J.; Puschenreiter, M. Interactions between accumulation of trace elements and macronutrients in Salix caprea after inoculation with rhizosphere microorganisms. Chemosphere 2011, 84, 1256–1261. [Google Scholar] [CrossRef] [PubMed]

	



Heinsoo, K.; Dimitriou, I. Growth Performance of Willow Clones in Short Rotation Coppice after Sewage Sludge Application. Balt. For. 2014, 20, 70–77. [Google Scholar]

	



Albertsson, J.; Hansson, D.; Bertholdsson, N.O.; Ahman, I. Site-related set-back by weeds on the establishment of 12 biomass willow clones. Weed Res. 2014, 54, 398–407. [Google Scholar] [CrossRef]

	



Albertsson, J.; Verwijst, T.; Hansson, D.; Bertholdsson, N.O.; Åhman, I. Effects of competition between short-rotation willow and weeds on performance of different clones and associated weed flora during the first harvest cycle. Biomass Bioenergy 2014, 70, 364–372. [Google Scholar] [CrossRef]

	



Edelfeldt, S.; Lundkvist, A.; Forkman, J.; Verwijst, T. Establishment and early growth of willow at different levels of weed competition and nitrogen fertilization. Bioenergy Res. 2016, 9, 763–772. [Google Scholar] [CrossRef]

	



Verwijst, T.; Lundkvist, A.; Edelfeldt, S.; Forkman, J.; Nordh, N.-E. Effects of Clone and Cutting Traits on Shoot Emergence and Early Growth of Willow. Biomass Bioenergy 2012, 37, 257–264. [Google Scholar] [CrossRef]

	



Watts, C.W.; Clark, L.J.; Chamen, W.; Whitmore, A.P. Adverse effects of simulated harvesting of short-rotation willow and poplar coppice on vertical pressures and rut depths. Soil Tillage Res. 2005, 84, 192–199. [Google Scholar] [CrossRef]

	



Arevalo, C.B.M.; Drew, A.P.; Volk, T.A. The effect of common Dutch white clover (Trifolium repens L.), as a green manure, on biomass production, allometric growth and foliar nitrogen of two willow clones. Biomass Bioenergy 2005, 29, 22–31. [Google Scholar] [CrossRef]

	



Edelfeldt, S.; Verwijst, T.; Lundkvist, A.; Forkman, J. Effects of mechanical planting on establishment and early growth of willow. Biomass Bioenergy 2013, 55, 234–242. [Google Scholar] [CrossRef]

	



Edelfeldt, S.; Lundkvist, A.; Forkman, J.; Verwijst, T. Effects of Cutting Length, Orientation and Planting Depth on Early Willow Shoot Establishment. Bioenergy Res. 2015, 8, 796–806. [Google Scholar] [CrossRef]

	



McCracken, A.R.; Moore, J.P.; Walsh, L.R.; Lynch, M. Effect of planting vertical/horizontal willow (Salix spp.) cuttings on establishment and yield. Biomass Bioenergy 2010, 34, 1764–1769. [Google Scholar] [CrossRef]

	



Lowthe-Thomas, S.C.; Slater, F.M.; Randerson, P.F. Reducing the establishment costs of short rotation willow coppice (SRC)—A trial of a novel layflat planting system at an upland site in mid-Wales. Biomass Bioenergy 2010, 34, 677–686. [Google Scholar] [CrossRef]

	



Guidi Nissim, W.; Labrecque, M. Planting microcuttings: An innovative method for establishing a willow vegetation cover. Ecol. Eng. 2016, 91, 472–476. [Google Scholar] [CrossRef]

	



Bakker, M.G.; Manter, D.K.; Sheflin, A.M.; Weir, T.; Vivanco, J.M. Harnessing the rhizosphere microbiome through plant breeding and agricultural management. Plant Soil 2012, 360, 1–13. [Google Scholar] [CrossRef]

	



Corredor, A.H.; Van Rees, K.; Vujanovic, V. Changes in root-associated fungal assemblages within newly established clonal biomass plantations of Salix spp. For. Ecol. Manag. 2012, 282, 105–114. [Google Scholar] [CrossRef]

	



Hrynkiewicz, K.; Toljander, Y.K.; Baum, C.; Fransson, P.M.A.; Taylor, A.F.S.; Weih, M. Correspondence of ectomycorrhizal diversity and colonisation of willows (Salix spp.) grown in short rotation coppice on arable sites and adjacent natural stands. Mycorrhiza 2012, 22, 603–613. [Google Scholar] [CrossRef] [PubMed]

	



Truu, M.; Truu, J.; Heinsoo, K. Changes in soil microbial community under willow coppice: The effect of irrigation with secondary-treated municipal wastewater. Ecol. Eng. 2009, 35, 1011–1020. [Google Scholar] [CrossRef]

	



Doty, S.L.; Oakley, B.; Xin, G.; Kang, J.W.; Singleton, G.; Khan, Z.; Vajzovic, A.; Staley, J.T. Diazotrophic endophytes of native black cottonwood and willow. Symbiosis 2009, 47, 23–33. [Google Scholar] [CrossRef][Green Version]

	



Weih, M.; Bonosi, L.; Ghelardini, L.; Ronnberg-Wastljung, A.C. Optimizing nitrogen economy under drought: Increased leaf nitrogen is an acclimation to water stress in willow (Salix spp.). Ann. Bot. 2011, 108, 347–1353. [Google Scholar] [CrossRef] [PubMed]

	



Bonosi, L.; Ghelardini, L.; Weih, M. Growth responses of 15 Salix genotypes to temporary water stress are different from the responses to permanent water shortage. Trees-Struct. Funct. 2010, 24, 843–854. [Google Scholar] [CrossRef]

	



Holm, B.; Heinsoo, K. Biogas digestate suitability for the fertilisation of young Salix plants. Balt. For. 2014, 20, 263–271. [Google Scholar]

	



Dimitriou, I.; Aronsson, P. Wastewater and sewage sludge application to willows and poplars grown in lysimeters—Plant response and treatment efficiency. Biomass Bioenergy 2011, 35, 161–170. [Google Scholar] [CrossRef]

	



Weih, M. Genetic and environmental variation in spring and autumn phenology of biomass willows (Salix spp.): Effects on shoot growth and nitrogen economy. Tree Physiol. 2009, 29, 1479–1490. [Google Scholar] [CrossRef] [PubMed]

	



Brereton, N.J.B.; Pitre, F.E.; Shield, I.; Hanley, S.J.; Ray, M.J.; Murphy, R.J.; Karp, A. Insights into nitrogen allocation and recycling from nitrogen elemental analysis and 15N isotope labelling in 14 genotypes of willow. Tree Physiol. 2014, 34, 1252–1262. [Google Scholar] [CrossRef] [PubMed]

	



Sennerby-Forsse, L.; Zsuffa, L. Bud structure and resprouting in coppiced stools of Salix viminalis L., S. eriocephala Michx., and S. amygdaloides Anders. Trees 1995, 9, 224–234. [Google Scholar] [CrossRef]

	



Pijut, P.M.; Woeste, K.E.; Michler, C.H. Promotion of Adventitious Root Formation of Difficult-to-Root Hardwood Tree Species. Hortic. Rev. 2011, 38, 213–251. [Google Scholar] [CrossRef]

	



Mleczek, M.; Rutkowski, P.; Rissmann, I.; Kaczmarek, Z.; Golinski, P.; Szentner, K.; Strażyńska, K.; Stachowiak, A. Biomass productivity and phytoremediation potential of Salix alba and Salix viminalis. Biomass Bioenergy 2010, 34, 1410–1418. [Google Scholar] [CrossRef]

	



Magdziak, Z.; Kozlowska, M.; Kaczmarek, Z.; Mleczek, M.; Chadzinikolau, T.; Drzewiecka, K.; Golinski, P. Influence of Ca/Mg ratio on phytoextraction properties of Salix viminalis. II. Secretion of low molecular weight organic acids to the rhizosphere. Ecotoxicol. Environ. Saf. 2011, 74, 33–40. [Google Scholar] [CrossRef] [PubMed]

	



Vigl, F.; Rewald, B. Size matters?—The diverging influence of cutting length on growth and allometry of two Salicaceae clones. Biomass Bioenergy 2014, 60, 130–136. [Google Scholar] [CrossRef]

	



Wittmann, Z.; Aschan, G.; Pfanz, H. Leaf and twig photosynthesis of young beech (Fagus sylvatica) and aspen (Populus tremula) trees grown under different light regime. Basic Appl. Ecol. 2001, 2, 145–154. [Google Scholar] [CrossRef]

	



Sennerby-Forsse, L.; Johansson, H. Energiskog—Handbok i Praktisk Odling; Sveriges Lantbruksuniversitet Speciella Skrifter: Uppsala, Sweden; 1989; Volume 38, pp. 1–40. [Google Scholar]

	



Aasamaa, K.; Heinsoo, K.; Holm, B. Biomass production, water use and photosynthesis of Salix clones grown in a wastewater purification system. Biomass Bioenergy 2010, 34, 897–905. [Google Scholar] [CrossRef]

	



Weih, M.; Nordh, N.E. Determinants of biomass production in hybrid willows and prediction of field performance from pot studies. Tree Physiol. 2005, 25, 1197–1206. [Google Scholar] [CrossRef] [PubMed][Green Version]








[image: Forests 09 00378 g001 550] 





Figure 1. Relationship between cutting diameter and biomass production in fertilizer treatment after two or four weeks in 2009. 
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Figure 2. The average relative biomass production, at four-week harvest, by cuttings originating from different clones and treatments (C—control; F—fertilizer, S—soil; S+F—soil and fertilizer) in 2009. The bars represent SE (n = 14–15). The particular clone values with distinct letters (capitals for clone 83 and lowercase for clone Tora) differ from each other significantly (REGW test). 
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Figure 3. The average ratio between cuttings’ shoot and root biomass productions of various clones and treatments at the end of the experiment in 2009 (C—control; F—fertilizer, S—soil; S+F—soil and fertilizer). The bars represent SE (n = 14–15). The particular clone values with distinct letters (capitals for clone 83 and lowercase for clone Tora) differ from each other significantly (REGW test). 
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Figure 4. The average relative biomass production by cuttings originating from different clones during two or four weeks in 2010. The bars represent SE (n = 30). The values of particular harvest time with distinct letters differ from each other significantly (REGW test). 
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Figure 5. The average ratio between shoot and root biomass for cuttings of various clones at four-week harvest in 2010. The bars represent SE (n = 30). The values with distinct letters differ from each other significantly (REGW test). 
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Figure 6. Relationship between the number of visible buds on the cuttings and cutting total biomass production for different clones in 2010. 
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Figure 7. Relationship between the cutting diameter and number of visible buds on the cuttings of various clones in 2010. 
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Table 1. Experiment design included four treatments and two clones in 2009 and two treatments and four clones in 2010. The sample size in each treatment combination was 15. The numbers and text in bold are further used in the paper as abbreviations to indicate various factors.
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Year

	
Treatments

	
Harvesting

	
Clones






	
2009

	
Control

	

	




	
Fertilizer

	
2 weeks from start

	
78,183




	
Soil

	
4 weeks from start

	
Tora




	
Soil + Fertilizer

	

	




	
2010

	

	

	
78,183




	
Control

	
2 weeks from start

	
81,090




	
Fertilizer

	
4 weeks from start

	
Gudrun




	

	

	
Tora
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Table 2. The results of the multiple ANOVA analysis (R2 = 0.71; p < 0.0001) of the pooled data with biomass (g) as independent variable. The factors in bold are found to be statistically significant.
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	Factor
	Degrees of Freedom
	F Value
	p > F





	diameter
	1
	51.29
	<0.0001



	year
	1
	47.57
	<0.0001



	clone
	3
	3.39
	0.0181



	harvest
	1
	776.13
	<0.0001



	treatment
	3
	8.70
	<0.0001



	position
	7
	0.96
	0.4796



	replication
	1
	2.97
	0.0855



	clonextreatment
	5
	2.15
	0.0584
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Table 3. The impact of clone and treatment on relative biomass (g mm−1) in 2009.
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Factor

	
2 Weeks

	
4 Weeks




	
DF

	
F Value

	
p > F

	
DF

	
F Value

	
p > F






	
Clone

	
1

	
74.91

	
<0.0001

	
1

	
14.74

	
0.0002




	
Treatment

	
3

	
22.90

	
<0.0001

	
3

	
17.42

	
<0.0001




	
clonextreatment

	
3

	
2.37

	
0.0743

	
3

	
4.52

	
0.0049
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Table 4. The impact of clone and treatment on relative biomass (g mm−1) in 2010.
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Factor

	
2 Weeks

	
4 Weeks




	
DF

	
F Value

	
p > F

	
DF

	
F Value

	
p > F






	
clone

	
3

	
20.97

	
<0.0001

	
3

	
5.87

	
0.0009




	
treatment

	
1

	
15.59

	
0.0001

	
1

	
71.15

	
<0.0001




	
clonextreatment

	
3

	
0.89

	
0.4487

	
3

	
0.14

	
0.9349
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