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Abstract

:

Cultivation of strawberries in greenhouses and polytunnels is increasing, and new sustainable growing media are needed to replace peat and coconut coir. This study investigated the effect of wood fiber and compost as growing media on hydroponically cultivated strawberries. Two experiments were conducted, where the everbearing cultivar ‘Murano’ was grown in mixtures of wood fiber and compost (Experiment 1) and the seasonal flowering cultivar ‘Malling Centenary’ was grown in mixtures of wood fiber and peat (Experiment 2). Additionally, in Experiment 2, the effect of adding start fertilizer was assessed. The yield potential of ‘Murano’ plants was maintained in all substrates compared to the coconut coir control. However, a mixture of 75% wood fiber and 25% compost produced the highest yield, suggesting that mixtures of nutritious materials with wood fiber may improve plant performance. The chemical composition of the berries was not affected by the substrate composition; however, berries from plants grown in the best performing blend had a lower firmness than those grown in coconut coir. ‘Malling Centenary’ plants produced higher yields in substrates enriched with start fertilizer. Generally, the productivity of ‘Malling Centenary’ plants was maintained in blends containing up to 75% of wood fiber mixture even without start fertilizer.
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1. Introduction


The popularity of protected and semi-protected cultivation of strawberries in greenhouses and polytunnels is increasing. The most common cultivation system is based on growing of the plants in soilless growing media with precise application of mineral nutrient solutions directly to the rootzone to provide optimal growing conditions. Soilless culture systems (SCS) for plant cultivation have up to four times higher water use efficiency than traditional soil cultivation, and still the yielding potential of the plants and quality of the berries produced is improved [1,2,3]. Physical and chemical parameters of the growing medium or “substrate” used in SCS need to be adapted to the different plant species with various root development (i.e., different requirements for an optimal range of pH). Successful plant establishment and growth is a consequence of concurrent combination of many factors, such as nutrient, water and oxygen availability. It is a common concern that the most popular growing media, i.e., peat, coconut coir and mineral wool, all have an environmental impact [4]. Peat bogs are important carbon storages, water retention reservoirs and habitats for many species. Peat resources are to some extent non-renewable, as building up peat material takes hundreds of years, and use of peat as growing media contributes to CO2 emissions. Therefore, policy regulation is becoming more restrictive towards the use of this material, and the market and scientific focus on peat-free alternatives is expected to grow. However, one of the most popular alternatives for peat, coconut coir, has several drawbacks. India, Sri Lanka, Indonesia, Malaysia, Philippines, Thailand and Vietnam are the largest producers and exporters of coir. All countries are located in Asia, and therefore, the high CO2 footprint due to the long transportation is an issue from a European perspective [5]. Another available growing media for universal application, mineral wool, is produced using large amounts of energy. It is sourced from non-renewable raw materials and is not biodegradable.



By-products from forestry in the form of processed wood fractions has been tested and applied previously as promising growing media ingredients [6,7]. Evaluations of suitable tree species as well as different structural designs of wood fiber have also been conducted [8,9]. The results confirmed good usability of Norway spruce as a growing media, especially for the local Scandinavian market. Other works showed that wood fiber alone or mixed with peat is a viable alternative, although not entirely accepted due to challenges with avoiding nitrogen immobilization and low water retention capacity [6,10,11]. Additionally, biochar has been considered a replacement for peat due to a similar physicochemical properties, such as high water and air holding ability [12], and cation exchange capacity [13], but the technical availability is currently low and the price is currently high [14].



Compost is an even more challenging component, with a high variability of available types of compost with various parameters [15,16], in contrary to peat and wood fiber, which are rather inert and stable. Previous studies, however, concluded that composts from pruning waste [17] as well as green or municipal waste and sewage sludge [18,19] can be implemented as growing media components.



Further research is, therefore, needed for optimization of structure, chemical composition and fertigation strategies. This can possibly be remediated by (1) adding fertilizer to the growing medium prior to cultivation and (2) mixing the fiber with a material that changes the physical and chemical properties. Therefore, the aim of the presented experiments was to evaluate performance and productivity of strawberry plants grown in various combinations of wood fiber from Norway spruce and compost (Experiment 1) or peat (Experiment 2). Mixing compost material into wood fiber would contribute with recycled plant-based nutrients and improve the physical properties of this potential peat-free product. Finding renewable and environmentally friendly alternatives to currently used growing media would, therefore, secure a more sustainable horticulture, and development of a more ecologically sound strawberry production.




2. Materials and Methods


2.1. Experiment 1: Incorporating Wood Fiber into Compost with Coconut Coir as Control


2.1.1. Cultivation


Plants of the everbearing strawberry cultivar ‘Murano’ were grown in six different substrates in a high poly-tunnel on a table-top system at the Norwegian University of Life Sciences, Ås, Norway (59°66′ N) during the summer 2020. The plants were delivered as bare root plants (Myhrene AS, Sylling, Norway) stored at −1 °C and thawed for three days prior to planting in 8 L plastic trays on 22 April 2020. A total of 18 trays were randomly distributed where three trays shared the same substrate treatment. Three plants were grown in each tray, representing a single replicate. The only form of plant protection used was predatory mites (Amblyline, Bioline AgroSciences Ltd., Little Clacton, UK) to protect the plants from excessive pest attack and damage. The plants were groomed for dead material and runners were removed throughout the season. The substrates included: wood fiber (Hunton Fiber AS, Norway, disc refined, coarse type, pH 4.6–4.8), a compost based on 70% municipal garden waste and 30% sewage digestate from a biogas plant (pH 7.5–7.8) as well as 25, 50 and 75% mixtures of wood fiber and compost. Coconut coir (Botanicoir, London, UK) was used as a control medium. These substrates are henceforth called C100.F0 (100% compost, 0% wood fiber), C75.F25 (75% compost, 25% wood fiber), C50.F50 (50% compost, 50% wood fiber), C25.F75 (25% compost, 75% wood fiber), C0.F100 (0% compost, 100% wood fiber) and Coco (100% coconut coir).



The total heavy metal concentrations in the compost were as follows: cadmium 0.4 mg kg−1 DM, chromium 84.5 mg kg−1 DM, copper 55.5 mg kg−1 DM, lead 13.5 mg kg−1 DM, mercury 0.2 mg kg−1 DM, nickel 47.5 mg kg−1 DM, zinc 200.0 mg kg−1 DM. According to the Norwegian regulation on fertilizers of organic origin [20], the compost satisfy the class II requirements due to elevated level of chromium and may be used in growing media based on the heavy metal concentrations. The concentrations of the heavy metals cadmium, lead, mercury and nickel were lower than the limits in growing media allowed by the EU regulation on fertilizers [21]. However, at present, neither the Norwegian regulation on fertilizers of organic origin nor the EU regulation allows using composts containing sewage sludge materialin growing media for berry production. The wood fiber and the coconut coir used in this study had could be used freely in growing media according to the Norwegian regulation on fertilizers of organic origin due to low concentrations of heavy metals.



Two drips were connected to each tray, supplyinga fertilizer solution of 1.2 L/h throughout the experiment. The solution consisted of a mixture of 1:1 (w:w) YaraLiva Kristalon™ 9-11-30% NPK + micronutrients and Calcinit N 15.5% and Ca 19%, both from Yara International (Oslo, Norway) with an electrical conductivity (EC) of 1.4 mS cm−1. The fertigation regime was adjusted to the weather conditions based on temperature and solar radiation sensors using a Priva-system (Priva, ON, Canada). The experiment lasted 13 weeks and was terminated on 31 August.




2.1.2. Data Recording


The number of leaves and flowers per plant were counted weekly for 8 and 13 weeks, respectively. Ripe berries were harvested twice a week throughout the season, based on the visual cue of full redness as maturity sign for harvest [22]. The number and weight of all berries, including non-marketable berries (damaged, rotten and deformed), were recorded. Subsamples of 200–300 g berries from each treatment were put in 2 L zip lock plastic bags and frozen at −70 °C from nine harvests throughout the season, giving a total weight of 2–3 kg for further quality analysis.




2.1.3. Fruit Quality Analysis


Berry firmness was measured with a SUR BERLIN PNR 10 penetrometer. A total of 15 berries from each treatment were harvested four times in mid-season for the firmness analysis. The berries were penetrated at three different points, and an average of these three points was used for each berry. Fruit firmness values (in mm/s) were reported as an average of the fifteen berries. Antioxidant capacity and total phenolic compounds were analyzed using a KoneLab 30i (Thermo Electron Corp, Waltham, MA, USA). To prepare these samples, 70 g of frozen berries were homogenized with a blender (Braun MR400, Karlsruhe, Germany) and 3 g of homogenate were extracted with 1 mM HCl (37%) in methanol (30 mL). The samples (30 mL) were flushed with nitrogen, capped and vortexed (Vortex-T Genie 2, Scientific Industries Inc., Bohemia, NY, USA), followed by sonication at 0 °C for 15 min in an ultrasonic bath (Bandelin SONOREX RK 100, Bandelin Electronic GmbH & Co., Berlin, Germany). The 30 mL samples were stored at −20 °C until further analysis. Prior to analysis, the samples were poured into a 2 mL micro tube (Sarstedt, Nürnbrecht, Germany) and centrifuged at 13,200 rpm for 2 min at 4 °C (Eppendorf 5415 R, Hamburg, Germany). The antioxidant capacity was determined by the FRAP assay as described by Benzie and Strain [23]. Results are reported as µmol Fe2+ per g of fresh weight. Total phenolic compounds were determined using the Folin–Ciocalteu method [24] and are reported as g gallic acid equivalents (GAE) per kg of fresh weight. Total dry matter was determined by drying homogenate (6–7 g) at 100 °C for 24 h in a drying oven (Termaks, Bergen, Norway) and stabilized in a desiccator before weighing.



For pH, soluble solids and titratable acids analysis, 200 g of frozen fruit from each treatment was thawed overnight at 20 °C and homogenized using a blender (Braun MR400, Karlsruhe, Germany). The samples were then filtered (Whatman 125 mm, Schleicher & Schuell, Dassel, Germany) and centrifuged at 400 rpm for 15 min (Eppendorf 5810 R, Hamburg, Germany) to obtain juice. Soluble solid concentration was determined from the juice by a digital refractometer (Atago refractometer model PR-1 CO, LTD, Tokyo, Japan), measured as Brix0 and expressed as % soluble solids. Titratable acids were determined by a radiometer endpoint titrator (Methrom 716 DMS Titrino and 730 Sample Changer, Herisau, Switzerland) that calculated citric acid expressed as a percentage.



For analyses of L-ascorbic acid, samples were prepared by first blending 30 g of fruit with a blender (Braun MR400, Karlsruhe, Germany) into a homogenate, and further mixing with 1% (w/v) oxalic acid up to 150 g. This mixture was homogenized for 1 min and then filtered through a filter (520 B1/2, folded, Schleicher & Schüell, Dassel, Germany). The resulting extract was further passed through an activated Sep-Pak C18 cartridge (Waters Corp., Milford, MA, USA) and filtered again through a 0.45 μm Millex HA filter (Millipore, Molsheim, France). The HPLC analysis was performed according to Williams, Baker [25] using an Agilent Technologies 1100 Series HPLC system (Waldbronn, Germany) comprising a quaternary pump, an inline degasser, an autosampler, a column oven and an ultraviolet (UV) light detector. The HPLC operation used Chemstation software (Agilent, Waldbron, Germany). Separation was achieved using a 4.6 mm × 250 mm Zorbax SB-C18 5 Micron column (Agilent Technologies, Palo Alto, CA, USA). The injection volume was set to 5 μL and isocratic elution was performed with 0.05 M KH2PO4 as mobile phase at 1 mL min−1 and 25 °C. Detection of L-ascorbic acid was performed at 254 nm and quantified against calibration curves of freshly prepared standard solutions. The content of ascorbic acids was expressed as milligrams of L-ascorbic acid per 100 g of fresh weight (FW). The samples were analyzed in duplicates. Color was measured by using 5 μL of sample in a spectrophotometer to determine optical density (O.D.) at 515 nm.




2.1.4. Chemical and Physical Properties of the Substrates


Chemical composition of the compost and wood fiber was analyzed by Eurofins Environmental Testing Norway AS. Plant available nutrients were determined according to EN 13651 [26] pH was determined in H2O according to EN 13037 [27], total N was determined according to the modified Kjeldahl N method EN 13654 [28], dry matter and compacted bulk density were analyzed according to EN 13040 [29], and loss on ignition was analyzed according to EN 13039 [30]. These analyses were performed at the onset of the experiment before any fertilizer was added.



Physical properties including bulk density, total pore space, air content and moisture content at different suctions were measured at NMBU by determining water release curves as described by De Boodt, Verdonck [31]. Six samples per each of the five different growing media were sampled after being thoroughly mixed. The samples were packed into 100 cm3 steel cylinders. These cylinders were then subjected to a range of water potentials (−5, −10, −20 and −50 hPa) in a sand box (Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands). For water potentials at −100 and −1000 hPa, water retention was determined by using pressure plates (Soil moisture Equipment, Santa Barbara, CA, USA) inside pressure chambers. Pore size distribution was estimated based on the soil water retention. In the table-top systems the height of the growing medium was about 10 cm, defining field capacity (FC) at −10 hPa. In field cultivation of strawberries, the drainage is normally at about 1 m depth defining FC at −100 hPa. In the table-top system, the easiest plant available water is between −10 and −100 hPa, which is drained under field conditions. After analysis, the moisture content was divided into five categories: air filled pores between 0 and −10 hPa; easily available water (EAW) at between −10 and −50 hPa; water buffer capacity (WBC) between −50 and −100 hPa; a range between −100 and −1000 hPa that approaches the range of the easiest plant available water in field systems, and less plant available water between −1000 hPa and −15,000 hPa. These categories are meant for use specifically in the limited volume of containers in horticultural production, coined by De Boodt and Verdonck [32] and revisited by Arguedas, Lea-Cox [33].





2.2. Experiment 2: Incorporating Wood Fiber into Peat and Testing of Start Fertilizer Effect


2.2.1. Cultivation


Plants of the seasonal flowering strawberry cultivar ‘Malling Centenary’ were grown in ten different substrates in a high poly-tunnel and table-top system at Norwegian Institute of Bioeconomy Research, Kapp, Norway (60°40′ N) during summer 2020. The plants were acquired from NORGRO AS, Norway, as cold-stored tray plants and planted in 8 L plastic trays (0.5 m) on 18 May 2020 with four plants in each tray and with two trays representing one of four replicates (32 plants per substrate). Replications were randomly distributed in the tunnel. A standard commercial plant protection strategy was successfully used to prevent pests and diseases. Limed peat (Norgro AS, Norway, pH 6.1) and wood fiber from Norway spruce (Hunton Fiber AS, Norway, disc refined, coarse type, pH 4.6–4.8) was used as a stand-alone substrate and as a base for mixtures.



In this experiment, the wood fiber was identical as in Experiment 1, while physical properties of peat were previously reported by Aurdal et al. [31].



Substrates were produced by a gradual (25%, v/v) decrease of peat content. The following coding system was applied: P100.F0 (100% peat, 0% wood fiber), P75.F25 (75% peat, 25% wood fiber), P50.F50 (50% peat, 50% wood fiber), P25.F75 (25% peat, 75% wood fiber), P0.F100 (0% peat, 100% wood fiber). In addition, the same combination of raw materials received a start fertilizer , which was added to the substrate before planting. Start fertilizer consisted of 0.5 g/L of Struvite (NH4MgPO4·6H2O, Hias, Norway) and 0.35 g/L Yara Bela OptiNS™ N 27%-0-0-(S 4%) from Yara International (Oslo, Norway). The applied fertigation strategy was designed to simulate commercial production systems and consisted of a relatively low salt concentration during the plant establishment phase. The aim of the approach was to detect any negative responses generated by the wood fiber incorporation (due to microbial nitrogen immobilization). The following fertigation strategy was applied: from planting to beginning of flowering, EC 0.8 mS cm−1 was obtained from a 50:50 mixture of Calcinit (calcium nitrate, Yara, Norway) and Kristalon Brown (NPK, Mg + micro, Yara, Norway). From flowering to the first ripe fruit stage, EC 1.2 mS cm−1 was applied and based on the same nutrient composition. During the production phase, EC was elevated to 1.7 mS cm−1 and was obtained from a 40:60 mixture of Calcinit and Kristalon Brown, respectively. In addition, 0.1 g/L of potassium sulphate (Haifa, Israel) was added to the fertigation solution.



Fertigation was applied by three drips (1.2 L/h) per tray and timing was adjusted to the environmental conditions in the tunnel using a Priva-system sensors (Priva, ON, Canada). Detailed schedules are presented in Table 1. Fixed watering duration times (3 min per watering event) were applied throughout the experiment.




2.2.2. Data Recording


Plant establishment was monitored by weekly measurements (10 June 2020–6 July 2020) of the highest petiole of each plant. At termination of the experiment, biomass production (FW) and plant height (cm) were recorded for the highest plant in one tray per replicate.



Berries were harvested three times a week throughout the season, and number and weight of all berries collected per sample, including non-marketable berries (small, rotten and deformed), were recorded. In addition, counting of all flowers, which were not able to develop into fruit, was also conducted at termination of the experiment. Runners were removed throughout the season. The results are presented on a per plant basis.





2.3. Statistical Analysis


For detection of significant differences in substrate performance, chemical and physical properties of growing media and fruit chemical composition the ANOVA and Fisher LSD tests were applied for data obtained from both experiments. The analyses were conducted using MiniTab® Statistical Software program package (Release 17.2.1 Minitab Inc., State College, PA, USA).





3. Results


3.1. Experiment 1: Incorporating Wood Fiber into Compost with Coconut Coir as Control


The physical and chemical properties of the tested substrates are described in Table 2 and Table 3, respectively. As shown in Table 2, the highest content of easily available water (EAW) was found in C50.F50 (0.146 m3 m−3) and C25.F75 (0.148 m3 m−3). C25.F75, thus, had the best ability to retain plant available water. Additionally, C25.F75 had a high air-filled porosity (0.312 m3 m−3). The pure compost (C100.F0) and wood fiber (C0.F100) had the least ideal properties, with a very low EAW in C100.F0 (0.048 m3 m−3) and excessively high air-filled porosity content in C0.F100 (0.727 m3 m−3).



Table 3 shows the contrasts in chemical properties between the compost and the wood fiber, as well as the coconut coir used as control medium. The pH of 4.5 in wood fiber was significantly lower than the pH of the compost (7.6). As the compost consisted of recycled organic water all essential plant nutrients were higher in the compost than in the wood fiber and the coconut coir, exception for manganese, where the highest content was found in wood fiber.



Recording of new leaves during the plant establishment phase revealed no differences after the two first weeks or after six weeks (Figure 1).



However, between the two weeks and the six weeks recordings, a lower number of leaves in the C25.F75 treatment was observed. In the final two weeks of the establishment phase a higher number of leaves developing in the plants grown in the coconut coir, and a similarly high number in plants in the C100.F0 treatment was observed.



The yield in weight and number of berries is presented in Figure 2, where the harvest period is divided into three intervals (early: 1–4 weeks of production, middle: 5–8 weeks and late: 9–12 weeks). In addition, total berry production is also summarized in the last panel. After the early weeks of production, when C75.F25 and coconut coir performed the best, the treatment C25.F75 remained the best performing treatment throughout the middle and late harvest periods. The latter treatment produced the highest yield and total number of berries.



Figure 3 shows that the average size of berries did not differ significantly between the treatments. Despite this, berry firmness differed (Figure 4) with the softest berries in treatments C25:F75 and coconut coir. As for the eight chemical quality parameters analyzed, i.e., color, antioxidants, phenols, anthocyanins, vitamin c, sugar content, pH and acidity, no significant differences were found (Figure 5).




3.2. Experiment 2: Incorporating Wood Fiber into Peat and Testing of Start Fertilizer Effect


Monitoring of the plant growth during the establishment phase revealed remarkable differences in plant height between the substrates (Figure 6). At the beginning of plant growth monitoring (on 6 June 2020, three weeks after planting, Figure 6A), substrates with added start fertilizer generally promoted early vegetative growth of strawberry plants However, after the two following weeks (Figure 6B), the differences were less pronounced and only significant for the pairs P75.F25, P50.F50 and P0.F100. After an additional two weeks, the differences were negligible (Figure 6C), although still visible for 100% wood fiber. In addition, the general trend revealed that the use of substrates with high percentage of wood fiber (more than 50%) might adversely affect strawberry plant growth. However, there is also a premise that fertilizer applied prior to planting can mitigate this response, especially in the initial phase of plant establishment (Figure 6A–C).



Strawberry yield potential is presented in Figure 7. During the early production phase, a trend for earlier berry maturation was observed for substrate based on 100% wood fiber containing start fertilizer (Figure 7, weeks 1–3). In the middle of the season, a relatively stable production was observed across all the studied substrates, except for pure wood fiber, where the first signs of slowing down of the production was observed for both substrate variants, with and without start fertilizer (Figure 7, weeks 4–6). In the last two weeks of production, the substrates without start fertilizer revealed a decreasing trend in production, with the lowest production in pure wood fiber and the highest in pure peat. On the contrary, for the remaining substrate supplemented with fertilizer prior to planting, the production was relatively stable for all the variants except for pure wood fiber, which revealed significantly lower yielding potential (Figure 7, weeks 7–9). In general, the total berry production was marginally improved in substrates where start fertilizer was applied (Figure 7, total production).



Strawberry plant architecture was registered at termination of the experiment and is presented in Figure 8. The lowest plant height and biomass production were observed for pure wood fiber, regardless of start fertilizer application (Figure 8A,B). When the respective blends with and without start fertilizer are compared, it is possible to observe a generally higher biomass production in the latter ones (Figure 8B).



The total number of berries and flowers not developing into fruits counted on plants during the termination of the experiment, was not different among the substrates; this was mainly due to a high variability between the replicates. However, a tendency for higher production of generative organs was recorded for all substrates containing start fertilizer (Figure 9A). While the production of berries <28 mm in diameter was relatively stable across the treatments (Figure 9B), an almost linear decrease (from 100 to 0% peat) in the number of marketable berries (Figure 9C) was observed for the substrates without start fertilizer. Substrates with start fertilizer, however, revealed a stable production up to 75% of wood fiber. There were no visible trends in production of rotten or deformed berries (Figure 9D). Average weight of berries >28 mm in diameter was relatively stable (Figure 9E); however, the ratio between number of marketable and small, non-marketable berries was the lowest in pure wood fiber substrates, highlighting the issue that under given circumstances, such substrates tended to not fulfil their production potential (Figure 9F).





4. Discussion


In Experiment 1, the highest total yield was observed in 25% compost combined with 75% wood fiber (C25.F75). This blend performed better than the coconut coir used as a control (Coco). Moreover, the rest of the treatments had yields that were comparable with the coconut coir. This is in alignment with Woznicki et al. [8], whose results confirmed high yields of strawberries produced in wood fiber, especially in combination with humic acids. Due to the fact that compost is rich in humic acids [34], and these are considered beneficial for plants when added to growing media [35], the results obtained in Experiment 1 might be partly explained by the supporting role of those substances.



As for quality parameters in the fruits, the lower firmness in treatments C25.F75 and coconut coir (Figure 4) was likely due to a larger size of the berries grown in these treatments, although the differences in size were not statistically significant (Figure 3). The lack of differences in chemical quality parameters in the form of sugar content, pH, acidity, color, antioxidants, phenols, anthocyanins or vitamin C is consistent with previous literature that showed that growing media alone can have varying but often little impact on these parameters [8,36,37,38].



Interestingly, as shown in Table 2, the physical properties of C25.F75 are closest in agreement with previously reported ranges considered optimal for soilless production [32,39,40]. C25.F75 thus had the highest content of easily available water (EAW; 0.14.8 m3 m−3), a content which is close to optimal, as well as adequate air-filled porosity of 0.312 m3 m−3. This substrate mixture therefore was better at supporting the plant roots with available water and air, which supported the production of higher yield. This is consistent with the lowest yield found in the two treatments with the highest content of compost, 100C.F0 and 75C.F25, which also had the lowest content of EAW (0.048 and 0.059 m3 m−3, respectively). The pure compost, thus, had a poor ability to hold water, causing drought stress for the plants grown in these treatments in the periods between watering intervals. Although the chemical properties of the growing media such as pH and nutrient concentration contrasted (Table 3), the fertilizer distributed by drip irrigation most likely remediated the effect of these parameters, as all plants were provided with sufficient supply of nutrient solution.



Experiment 2 revealed that strawberry productivity was satisfactory in mixtures of peat in a combination up to 75% wood fiber. The results from the pre-fertilized treatments aligns well with another study by Binte et al. [37], who found the highest yield of strawberries in a mixture of 25% peat and 75% wood shavings. In a previous study by Woznicki et al. [8], however, even 100% wood fiber was considered a suitable growing media for hydroponic strawberry production [8]. The reduced performance of this substrate in the present study might be due to the choice of fertigation strategy, which was based on common local practice.



A relatively low nutrient concentration at the beginning of the experiment resulted in slower plant establishment (Figure 6), and in consequence, poorer productivity. It can be hypothesized that the nitrogen immobilization in 100% wood fiber substrate was too high, and that the nutrient solution did not cover the optimal nutritional needs of the strawberry plant [41]. Therefore, increased nitrogen supply from the start of the production should be considered as the standard procedure for hydroponic plant production in wood fiber-based substrates.



Moreover, an elevated number of small, non-marketable berries in plants grown in 100% wood fiber (Figure 9) might be a result of higher porosity of this material (Table 2). Timing of fertigation was not optimal for the material with high drainage, which resulted in inadequate water supply. Therefore, an alternative watering strategy, giving more frequent and shorter doses of fertigation solution or increased number of drips per meter, will probably increase percentage of marketable berries and profitability of strawberry production in substrates based on wood fiber. To summarize, both the strength and application strategy need to be adapted when the grower is willing to produce strawberries in 100% wood fiber. On the other hand, the present study revealed that a mixture of peat and wood fiber (up to 50% wood fiber) is a safe composition even when relatively low concentration of nutrients in the solution is used, and traditional watering strategy is applied. On the other hand, the performance of the substrate can be improved by the application of start fertilizer and the effect of additional nutrients is mostly visible at the beginning of the growth period (Figure 7). This seems to be further reflected in the yield performance during the whole production cycle, even though the effect is not statistically significant here due to relatively high within-treatment variability (Figure 8). Thus, when the potential yield increase will be interpolated to the full-scale production, the overall positive differences might result in significant financial profit for the grower.




5. Conclusions


This study showed that both everbearing and seasonal fruiting strawberries were able to produce satisfactory yield when grown in alternative growing media to peat. Wood fiber was found to be a suitable substitute to peat, especially when it was combined with other materials. Yield potential of the everbearing cultivar ‘Murano’ grown in compost:wood fiber blends was generally maintained in all the tested blends. A combination of 75% of wood fiber and 25% of compost tended to produce the highest marketable yield. The chemical composition of the berries was comparable in all tested substrates. The productivity of the seasonal fruiting cultivar ‘Malling Centenary’ was maintained up to 75% of wood fiber and 25% of peat. Additionally, strawberry plants grown in peat:wood fiber blends were able to produce higher yield in substrates enriched with start mineral fertilizer. Both experiments showed that peat and compost can be diluted with high content of wood fiber, up to 75%, for strawberry cultivation in a polytunnel drip irrigated table-top system. Due to a large variation of composts available on the market , further studies on compost:wood fiber blends are needed in order to develop marketable peat-free growing media for berry production. Further studies should be aimed at testing composts of different origin with their variable physio-chemical properties as constituents of compost:wood fiber blends peat-free growing media for berry production. Moreover, further reduction of compost to wood fiber ratio, below 75%, including an adaptation of fertigation strategy is potentially an interesting research topic.
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Figure 1. Accumulation of the number of leaves per plant every two weeks during plant establishment of the strawberry cv. ‘Murano’ grown in different substrate mixtures in Experiment 1. The treatments are C100.F0 (100% compost, 0% wood fiber), C75.F25 (75% compost, 25% wood fiber), C50.F50 (50% compost, 50% wood fiber), C25.F75 (25% compost, 75% wood fiber), C0.F100 (0% compost, 100% wood fiber) and Coco (100% coconut coir). Leaves were counted on each plant in each container (n = 9). Means within the same period that do not share a letter are significantly different based on the Fisher LSD Method (95% CI). 
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Figure 2. Distribution of (A) yield (g/plant FW) and (B) number of berries in early (week 1–4), mid (week 5–8) and late (week 9–12) production in experiment 1, where strawberries cv. ‘Murano’ were cultivated in different substrate mixtures: C100.F0 (100% compost, 0% wood fiber), C75.F25 (75% compost, 25% wood fiber), C50.F50 (50% compost, 50% wood fiber), C25.F75 (25% compost, 75% wood fiber), C0.F100 (0% compost, 100% wood fiber) and Coco (100% coconut coir). For all treatments except Coco, n = 3, where n is the average of three plants from the same container. For Coco, due to one container being an outlier, n = 2. Means within the same period that do not share a letter are significantly different based on the Fisher LSD Method (95% CI). 
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Figure 3. Average berry size as weight (g/berry) of the total amount of strawberries in experiment 1, where cv. ‘Murano’ was cultivated in different substrate mixtures: C100.F0 (100% compost, 0% wood fiber), C75.F25 (75% compost, 25% wood fiber), C50.F50 (50% compost, 50% wood fiber), C25.F75 (25% compost, 75% wood fiber), C0.F100 (0% compost, 100% wood fiber) and Coco (100% coconut coir). For all treatments except Coco, n = 3, where n is the average of three plants from the same container. For Coco, n = 2, due to one container being an outlier. Means that do not share a letter are significantly different based on the Fisher LSD Method (95% CI). 
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Figure 4. Firmness (mm/s, penetrometer index) of strawberries in experiment 1, where cv. ‘Murano’ was cultivated in different substrate mixtures: C100.F0 (100% compost, 0% wood fiber), C75.F25 (75% compost, 25% wood fiber), C50.F50 (50% compost, 50% wood fiber), C25.F75 (25% compost, 75% wood fiber), C0.F100 (0% compost, 100% wood fiber) and Coco (100% coconut coir). For all treatments except Coco, n = 3, where n is the average of twenty berries from the same treatment. For Coco, n = 2, due to one container being an outlier. Means that do not share a letter are significantly different based on the Fisher LSD Method (95% CI). 
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Figure 5. Chemical quality parameters phenols (μg/mL) (A), FRAP (μmol of Fe2+/g) (B), color (Optical density 1–10) (C), average acidity (%) (D), pH (1–10) (E), sugar content (%) (F), anthocyanins (mg/L) (G) and vitamin C (mg/100 g FW) (H) for strawberries in experiment 1, where cv. ‘Murano’ was cultivated in different substrate mixtures: C100.F0 (100% compost, 0% wood fiber), C75.F25 (75% compost, 25% wood fiber), C50.F50 (50% compost, 50% wood fiber), C25.F75 (25% compost, 75% wood fiber), C0.F100 (0% compost, 100% wood fiber) and Coco (100% coconut coir). For all treatments, n = 8, where n = juice sample from 70 g of berries from the same treatment. Individual standard deviations were used to calculate the intervals. Means that do not share a letter are significantly different based on the Fisher LSD Method (95% CI). 
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Figure 6. Height (cm) of strawberry plants cv. Malling Centenary (n = 32) during the plant establishment phase measured 3 (A), 5 (B) and 6 (C) weeks after planting. Means that do not share a letter are significantly different based on the Fisher LSD Method (95% CI). 
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Figure 7. Accumulated yield (g/plant FW) of strawberry cv. Malling Centenary (n = 4) in weeks 1–3, 4–6 and 7–9, of the harvest season, respectively, and the total production of marketable (>28 mm) berries produced. Means within the same period that do not share a letter are significantly different based on the Fisher LSD Method (95% CI). 
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Figure 8. (A) Plant height (cm) and (B) biomass (g/plant) production. Plant height (cm) and biomass (g/plant) production for strawberry cv. Malling Centenary (n = 4, the largest plant from each replication) registered during termination of Experiment 2. Means within the same period that do not share a letter are significantly different based on the Fisher LSD Method (95% CI). 
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Figure 9. Total number of flowers and berries produced in strawberry plants of cv. Malling Centenary (n = 4) grown in different substrate mixtures: (A) total number of berries and flowers/plant, (B) total number of berries <28 mm, (C) total number of berries >28 mm, (D) number of rotten or deformed berries, (E) average weight of berries >28 mm, (F) ratio between marketable (>28 mm) and small berries. Means within the same period that do not share a letter are significantly different based on the Fisher LSD Method (95% CI). 
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Table 1. Implemented watering strategy implemented in Experiment 2.
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	Time of the Day (h)
	Watering Criterion





	9.00–10.00 a
	When temp. > 20 °C and solar radiation > 500 W/m2



	10.00–13.00
	Fixed watering at 10.00 and 12.00 h



	13.00–17.00
	When daily radiation sum > 500 J/m2 (min. 1.5 h between watering)



	17.00–21.00
	When temp. > 23 °C, (min. 1.5 h between watering)







a Timing of each watering event was controlled by a Priva system and was based on temperature and solar radiation.
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Table 2. Selected physical properties of treatments in Experiment 1.
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	Parameter
	C100.F0
	C75.F25
	C50.F50
	C25.F75
	C0F100
	Coco





	BDg (Mg m−3)
	0.3 a
	0.3 a
	0.2 b
	0.2 b
	0.1 c
	0.1 c



	TPSh (m3 m−3)
	0.908 abc
	0.855 c
	0.895 bc
	0.910 ab
	0.93 ab
	0.956 a



	Air-filled (0 to −10 hPa)
	0.329 bc
	0.197 e
	0.253 de
	0.312 cd
	0.727 a
	0.402 b



	EAWi (−10 to −50 hPa)
	0.048 c
	0.059 c
	0.146 a
	0.148 a
	0.119 b
	0.116 b



	WBCj (−50 to −100 hPa)
	0.020 b
	0.021 b
	0.032 a
	0.029 a
	0.006 c
	0.021 b



	−100 to −1000 hPa
	0.058 c
	0.080 bc
	0.118 a
	0.072 ab
	0.010 d
	0.097 ab



	−1000 to −15000 hPa)
	0.147 b
	0.130 bc
	0.105 c
	0.107 c
	0.071 d
	0.183 a







Values within the same row with no common letter, differ significantly at p < 0.05 level according to Tukey HSD (n  =  6). C100.F0 (100% compost, 0% wood fiber), C75.F25 (75% compost, 25% wood fiber), C50.F50 (50% compost, 50% wood fiber), C25.F75 (25% compost, 75% wood fiber), C0.F100 (0% compost, 100% wood fiber) and Coco (100% coconut coir). BD: Bulk density (here based on pore volume). TPS: Total pore space. EAW: Easily available water. WBC: water buffer capacity.
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Table 3. Selected chemical properties of treatments in Experiment 1.
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	Analysis
	Unit
	C100.F0 a
	C0.F100 b
	Coco c





	Dry matter
	% (w/w)
	43.7
	18.3
	90.3



	Bulk density
	g/L
	600
	370
	100



	Loss on ignition
	% (w/w)
	34.6
	99.6
	86.9



	pH 25 °C (H2O)
	
	7.6
	4.5
	6.1



	Conductivity
	mS/m
	79.7
	5.9
	13.2



	Total Nitrogen
	% DM
	1.06
	0.05
	0.86



	NO3-N CAT
	mg/L
	149
	<1.00
	<1.00



	NH4-N (CAT)
	mg/L
	<1.00
	<1.00
	5.2



	Phosphorus (P-CAT)
	mg/L
	65.9
	1.95
	1.8



	Potassium (K-CAT)
	mg/L
	443
	23.7
	56



	Magnesium (Mg-CAT)
	mg/L
	117
	13.9
	22



	Sodium (Na-CAT)
	mg/L
	94.6
	35
	-



	Sulphur (S-CAT)
	mg/L
	329
	11.4
	2.1



	Iron (Fe-CAT)
	mg/L
	284
	1.46
	11



	Manganese (Mn-CAT)
	mg/L
	3.86
	6.21
	0.80



	Copper (Cu-CAT)
	mg/L
	3.18
	<0.1
	0.09



	Zinc (Zn-CAT)
	mg/L
	10.7
	0.91
	0.39



	Boron (B-CAT)
	mg/L
	0.37
	0.1
	0.18



	Molybdenum (Mo-CAT)
	mg/L
	<0.05
	<0.05
	<1.00



	Aluminum (Al-CAT)
	mg/L
	19.1
	4.82
	0.37







a 100% compost, 0% wood fiber. b 0% compost, 100% wood fiber. c 100% coconut coir.
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