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Abstract


Biochar has previously been used in growing media blends as fertilizer or for improving plant growth, disease suppression, and as a sustainable replacement of peat. To achieve optimal circular horticulture, we propose here to reuse the biochar from spent growing media. However, it is unclear to what extent the biochar feedstock determines the mode of action of the biochar and if use of spent growing media biochar may encounter nutrient or salt problems. Differences in chemical characteristics, nutrient release, and interaction in a leaching experiment and effects on plant growth, nutrient uptake, and disease suppression in a strawberry greenhouse trial were studied for 11 biochars either processed from spent growing media or from lignocellulosic biomass. A well-studied biochar produced from oak wood was set as reference. Biochars produced from spent growing media were characterized by higher electrical conductivity, extractable and total nutrient concentrations compared with biochars produced from lignocellulosic biomass. Especially in the first phase of the leaching experiment, all biochars showed nutrient and salt release, with most prominent effects for spent growing media biochars and the reference biochar. The latter biochars were an important source of phosphorus and in particular of potassium. Only for the reference biochar, strawberry plants showed increased uptake of phosphorus, potassium and calcium, and increased chlorophyll concentration. No Bortrytis cinerea disease suppression and no increase in plant growth was observed for the tested biochars. It is concluded that spent growing media can be recycled as biochar in growing media without adverse effects compared to biochars produced from lignocellulosic biomass.
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1. Introduction


1.1. Biochar: Definition and Use


Biochar is one of the products of pyrolysis, i.e., heating of biomass with no or limited presence of air [1]. Its intended use is soil application or environmental management. Biochar application in the field can facilitate carbon sequestration and improve soil fertility [2]. Biochar is also a useful amendment for composting, by reducing N losses and improving the composting process and resulting quality [3]. Use of biochar has been reported for soilless cultivation on peat-based growing media (e.g., Nieto et al. [4]). Peat is widely used as major constituent in growing media, but is controversial due to damage to peatlands and greenhouse gas emissions at harvesting accounting 2 Gigatons a−1 [5]. Therefore, partial replacement of peat by biochar is of increasing interest. Biochar has excellent properties regarding structural stability and water and air capacity, important for use in growing media [1].



Blending biochar into growing media affects the physical, chemical and biological properties [6]. Applications with high and low biochar doses in growing media exist. Successful bulk peat replacement with 10–25% biochar has been reported [7,8,9]. However, biochar can also be used as an additive and even small quantities of 3% biochar enhanced root formation, plant biomass, fruit production, and disease resistance for strawberries growing in white peat [10,11]. Possible modes of action are biochar induced effects on plant defense, nutrients and/or the microbial community in the growing media.




1.2. Nutrients of Biochar


Biochar containing CaCO3 can act as a liming agent and thereby increase the pH of the growing medium. Biochar addition can have several effects on nutrient interactions. Biochar contains nutrients originating from the feedstock, which can potentially be released by use in growing media. Increased concentrations of nitrate (NO3−), phosphate and especially potassium (K) in pore water have been reported [11,12,13]. The added nutrients can also be used by plants. Adding biochar on top of the mineral fertilizer application, increased phosphorus (P) contents in wheat [14], K, magnesium (Mg) and manganese (Mn) contents in maize plants [15] and nitrogen (N) and P levels and uptake efficiency in tomato and sweet pepper [16]. Therefore, it was already suggested that biochar can substitute mineral fertilizers or standard fertigation in growing media [17]. However, it is not clear if the amounts of, e.g., K and P added by biochar are sufficient for plant nutrition during the whole growth season [18].



Besides the possible release of nutrients, biochar contains carboxylate functional groups and therefore cation exchange capacity at relevant pH conditions, creating sorption options for positively charged nutrients present in the fertigation solution [1]. Also limited anion exchange capacity for biochar is reported [19], influencing interactions with anionic nutrients as NO3− and HxPO4. For HxPO4, retention by specific ligand exchange on biochar functional groups is possible as well. As a result of these various sorption reactions, biochar can influence nutrient availability or level off peak concentrations.



Last but not least, biochar addition can alter the pH of the soil or growing media, which influences nutrient mobility and availability [6]. In most cases pH is increased with diverging effects depending on the specific nutrient. The Ca2+ present in many biochars (e.g., as carbonates) can also precipitate as Ca phosphates, decreasing phosphate availability [20].




1.3. Feedstock Related Effects


Biochar can be produced from a wide variety of feedstocks, ranging from lignocellulosic materials (as wood, reed, and grass) to nutrient rich waste streams as manure. It was already shown that the feedstock origin strongly influences the biochar physical properties as bulk density, total pore space, specific surface area, and moisture characteristics, which are important for their fitness for use in growing media [7]. The nutrient properties of the biochar are largely determined by the nutrients present in the feedstock [1]. As a result, the widely diverging feedstocks will affect the suitability of the resulting biochars for their use in growing media, but it is not clear to what extent.



Although soilless cultivation based on growing media can be circular in a high degree, there still is “waste”, including the remaining crop residues after harvest and the spent growing media. Spent growing media (SGM) are an example of nutrient rich waste materials [21]. They can be directly incorporated into the soil as soil improver, used as bulking agent for composting [22,23], directly reused as substrate with or without hygienization step (e.g., [21]), or used as feedstock for energy [24] and/or biochar production. Recycling of nutrients (N, P, and K) in SGM attributes to circular horticulture and environmental sustainability. Spent growing media may suffer from high nutrient and salt concentrations, reducing their capacity for recycling, e.g., direct use as soil amendment or use as bulking agent in composting. The nutrient and salt concentrations of the SGM are thus an important estimate for their potential for reuse. It is unclear to what extent biochar from SGM can be used in new growing media and how it can effect nutrients and plant growth.




1.4. Biochar Effecting Disease Suppression against Bortrytis cinerea on Strawberry


The worldwide second most significant fungal pathogen and the most important fungal disease for strawberry, including high risk for fungicide resistance, is Botrytis cinerea [25]. The need for environmentally friendly alternatives for fungicides, such as biochar addition to the growing medium, is high.



A woody and a greenhouse waste biochar showed to induce systemic resistance in strawberry leaves against B. cinerea [26]. In addition, we showed in previous research that, under low nutrient conditions, the amendment of a biochar based on stone oak resulted in enhanced root formation, fruit production, and postharvest resistance of strawberry fruits against B. cinerea [11]. Following hypotheses were made for the mechanisms involved in the disease suppressive effect against B. cinerea: (1) A nutrient addition effect of biochar, as the susceptibility of plants to diseases is known to be influenced by its nutritional status [27]; (2) a rhizosphere microbiome effect due to biochar, since the susceptibility of plants to diseases is influenced by its rhizosphere microbiome (e.g., [28]); (3) an effect of biochar by inducing the plant’s systemic resistance [29]. It is unclear whether this effect is attributed to the changes in the rhizosphere microbiome described above and/or whether biochar acts directly as an elicitor/priming agent. It is difficult to differentiate between these 3 mechanisms and possibly a combination of mechanisms are involved. Moreover, it is not clear what the effect is of the nutrient concentrations supplied during cultivation on these mechanisms. Higher nutrient concentrations are usually supplied [27] than was the case in the experiments of De Tender et al. [10,11].




1.5. Research Questions and Hypothesis


In the present study, eleven biochars were processed from two types of residues: Lignocellulosic material (wood, flax shives, or Miscanthus straw) versus spent growing media. Our previous experiments involved only one specific biochar produced from holm oak wood [10,11], further called the reference biochar. Positive effects of the addition of the reference biochar on plants, roots, fruits, and disease suppression were observed as described above. Addition of the reference biochar increased the K content in the growing media, but it was not clear if K was taken up by the strawberry plants.



The research questions are: (i) How do biochars based on other feedstocks than the reference biochar [10,11] differ in their effects on plant growth, nutrient uptake and disease suppression? Can potential differences among the biochars for nutrient and salt leaching, interaction with fertigation, and plant uptake be related to the type of feedstock (lignocellulosic material versus spent growing media)? (ii) Is the disease suppressive effect and the plant growth promotion of the reference biochar in limed peat similar as described in De Tender et al. [10,11]? (iii) Is there a positive effect of the biochars based on spent growing media on plant growth as source of nutrients and on disease suppression, or are there negative effects (i.e., salts)? We hypothesize that biochar from spent growing media has diverging properties and modes of action in a peat-based growing medium, compared to lignocellulosic biochar. We evaluated this hypothesis by a 3-step approach: (i) Chemical characterization, (ii) a column test with fertigation and (iii) a greenhouse strawberry trial with peat blended with different biochars and with increasing mineral fertilizer doses.





2. Materials and Methods


In total, 11 biochars were produced from lignocellulosic materials (n = 6) and spent growing media (n = 5). First, the composition of the produced biochars was compared between the groups, and with the biochar feedstocks. Second, a selection of the biochars (Table S1) was tested in a leaching experiment to assess interaction between nutrients, limed peat and biochars. Finally, three biochars and the reference biochar (Table S1) were tested in a greenhouse trial with strawberry for evaluation of their effects on plant growth and yield, nutrient uptake and disease suppression.



2.1. Biochar Production and Characterization


2.1.1. Biochar Production


The reference biochar has already been tested in numerous studies [30,31,32,33,34,35,36] and was made from holm oak by slow pyrolysis at 650 °C, at atmospheric pressure, with a residence time in the kiln of 12–18 h, 0% oxygen content (Proininso Inc., Málaga, Spain) and was previously tested by De Tender et al. [10,11] for strawberry cultivation. The other biochars were produced by ECN > TNO using the Pyromaat reactor under controlled conditions. The Pyromaat reactor is an indirectly heated screw reactor and is able to convert typically 3–5 kg h−1 of fuel in an atmosphere of choice at temperatures up to 800 °C. The heat needed in the reactor was supplied indirectly by the reactor wall. The pyrolysis experiments included a variety of feedstocks (see below) at a fixed furnace temperatures (400 vs. 650 °C as measured at the inside of the outer wall of the reactor). The reactor was a cylindrical horizontal vessel, in which the material is transported and mixed by an internal screw. The reactor allowed for a gas flow in countercurrent mode to prevent tar condensation. For all biochars used in the present study a mixture of steam and nitrogen gas was used. Biochar quantities of approximately 1–1.5 kg per hour have been produced for each processing condition and feedstock. Each pyrolysis run lasted at least three hours (with 30 min residence time for the biomass) to ensure sufficient biochar product for characterization and experiments. All biochars were activated to some extend due to the use of heated N2 and steam during the 1-step gasification production process, except for the wood from forestry management processed at 400 °C, that was treated with 30 L N2 only. In total, 11 biochars were produced based on seven feedstock materials (Table 1): (i) Three lignocellulosic materials (flax shives, miscanthus straw and wood from forestry management) gasified at two temperatures (400 °C and 650 °C), resulting in 6 lignocellulosic biochars, and (ii) four batches spent growing media from which one gasified at two temperatures (400 °C and 650 °C), and three gasified only at 650 °C, resulting in five spent growing media biochars.




2.1.2. Chemical Characterization and Data Handling


The biochars, their feedstocks, the limed peat of the leaching experiment and the peat blends of the greenhouse trial were chemically characterized using methods based on European Standards developed by CEN, the European Committee for standardization. Dry matter content, moisture content and laboratory compacted bulk density were determined according to EN 13040. Total pore space was calculated based on EN 13041 and included both the internal pores of the particles and the pore spaces between particles. Organic matter (OM) content and ash (=100−%OM) were determined according to EN 13039. Total N content was determined according to the Dumas method (EN 13654-2) with a Thermo Scientific flash 4000 analyzer (Thermo Scientific, Waltham, MA, USA). Organic (OC) and inorganic (IC) C were measured with a Skalar Primacs SLC TOC analyzer or Skalar Primacs SN100-IC C/N analyzer (Skalar Analytical B.V., Breda, The Netherlands), and C/N ratio was calculated as the ratio of OC over total N. Total Al, Ca, K, Mg, Mn, Na and P were measured by a 5110 VDV Agilent ICP-OES (Agilent, Santa Clara, CA, USA) after digestion of 0.2 g biochar with 8 mL HNO3 (p.a. 65%) and 4 mL H2O2 (p.a. 30%) in a 2:1 ratio using a Milestone ETHOS One high performance microwave digestion system (in 15 min to 200 °C, hold 15 min at 200 °C, max. 1500 W). The electrical conductivity (EC, EN 13038), pH-H2O (EN 13037) and several water-extractable elements (-H2O) were measured (EN 13652) in a water extract (1:5 solid:water v/v): C and P by a 5110 VDV Agilent ICP-OES (Agilent, Santa Clara, CA, USA), NO3-N, Cl and SO4 with a Dionex DX-3000 IC ion chromatograph (Dionex, Sunnyvale, CA) and NH4-N with a Skalar SAN++ flow analyzer (Skalar Analytical B.V., Breda, The Netherlands). Ammonium acetate extractable Ca, K, Mg, Mn, Na and P were measured by ICP-OES after extracting the sample in ammonium acetate (pH 4.65, 1:5 solid:water v/v). The cation exchange capacity (CEC) was determined by ammonium acetate at pH 7.0 and KCl, modified by Vandecasteele et al. [37] from the method by Rajkovich et al. [38]. The characteristics, analyzed on one replicate per sample, were compared with a two sample t-test for the lignocellulosic biochars (6) versus the biochars based on SGM (5), and for the biochars based on SGM (5) versus the initial SGM (4), after verifying that the data was normally distributed and between-sample variability was equal.





2.2. Leaching Experiment


2.2.1. Input Materials for the Leaching Test


The peat used was Prelvex white peat 100% (AVEVE Lammens, Wetteren, Belgium) that was limed 7 days before the beginning of the leaching experiment with 1.4 g growing media magnesium lime per liter of peat (RHP, MG’s-Gravenzande, The Netherlands). Besides the pure limed peat, seven blends of 90 volume percentage of limed peat with 10 volume percentage of varying biochars (Table S1) were tested.




2.2.2. Set-Up


The pure limed peat and the seven blends (in duplicate) were tested in a column leaching experiment [39]. Each leaching column (ROBU, diameter 125 mm and height 110 mm, Figure S1) was filled with 1 L of peat/blend on top of a Macherey-Nagel GF/D filter (2.7 µm) and a glass fiber filter (10–16 µm). On top of the peat (blend), a Macherey-Nagel 640w paper filter was placed. The water or fertigation solution was pumped onto the sample by a peristaltic pump (Watson Marlow 503S/RL) at an average solution addition speed of 0.067 L per day onto one column (0.012 m2). This is comparable to drip fertigation rates for strawberry in greenhouse culture during low evaporation conditions [27]. The composition of the percolated solution was analyzed twice a week after recording the collected volume in the leachate bottle. The pH was measured by a Metrohm 785 DMP Titrino pH meter (Metrohm, Herisau, Switzerland) and EC by a Consort C832 EC meter (Consort, Turnhout, Belgium), both with temperature correction. Anion concentrations (NO3−, SO42−) were measured by a Dionex DX-3000 IC ion chromatograph (Dionex, Sunnyvale, CA, USA), elemental concentrations (Al, Ca, Fe, K, Mg, Mn, Na, P) were measured by a 5110 VDV Agilent ICP-OES (Agilent, Santa Clara, CA, USA) and NH4+ by a Skalar SAN++ flow analyzer (Skalar Analytical B.V., Breda, The Netherlands).



The first phase of the leaching experiment consisted of 21 days of dripping a fertigation solution to investigate the interaction between the incoming nutrients and the peat (blend). This fertigation solution was prepared by solving 1 g of N-P-K-Mg 20-5-10-2 fertilizer in 1 L of demineralized water. In the second phase of the leaching experiment (14 days), fertigation was switched to demineralized water to verify if the accumulated nutrients could be leached out.




2.2.3. Data Handling


The net leached mass (NLM) of the elements in the leaching experiment was calculated as the cumulative leached mass subtracted by the total mass added by fertigation, with mass calculated as the product of measured volume and concentration:


   NLM     ( element )  =   ∑   i = 1  n   c  l , i   ×  V  l , i   −   ∑   i = 1  m   c  f , i   ×  V  l , i    



(1)




with NLM in mg, cl and cf the measured concentration in mg L−1 in the leachate and the fertigation solution, respectively, i the number of the collection event, n the total number of leachate collections during the whole leaching experiment and m the total number of leachate collections during the fertigation phase. Vl is the measured leachate volume in L, assuming that this volume is equal to the added fertigation volume (no volume loss).



The net relative accumulated mass (NRAM) of the elements in the leaching experiment was calculated as the total mass added by fertigation subtracted by the cumulative leached mass, given as percentage of the mass added by fertigation (with symbols as explained in the previous paragraph):


   NRAM     (  element  )  =    ∑  i = 1  m   c  f , i   ×  V  l , i   −  ∑  i = 1  n   c  l , i   ×  V  l , i      ∑  i = 1  m   c  f , i   ×  V  l , i     × 100 %  



(2)







The concentrations in the leachate, the NLM and the NRAM of the elements were compared between the pure peat and the blends by ANOVA and Dunnett’s test with pure peat as control group. A preliminar leaching experiment with pure peat and peat blends performed with 3 replicates, showed compliance with the ANOVA assumptions [39].





2.3. Greenhouse Strawberry Experiment


2.3.1. Rationale


Biochars made of spent coir and spent peat from strawberry cultivation were tested in a greenhouse experiment with strawberry and compared with other types of biochars (Table S1). A series of fertilizer doses were included as reference. Besides plant growth and yield, the nutrient uptake in aboveground plant parts and fruits was measured to assess the effect of the biochar type on the nutrient use efficiency. The biochars were tested at a dose of 2 g DM L−1 limed peat. This low dose was selected based on previous research using the reference biochar [10,11]. As fertilizer, we selected Haifa Multi-mix Potting Soil 14+16+18 (+micronutrients) PGMix fertilizer (Haifa North West Europe), a combination of several nutrients (most importantly 14%N, 16% P2O5 and 18% K2O) and the related salts. By applying different doses of this fertilizer (see experimental set-up), we combined the assessment of effects of (i) increasing concentrations of nutrients and salts on plant growth and (ii) nutrient release of the four tested biochars relative to the fertilizer doses.




2.3.2. Experimental Set-Up


Strawberry plants were grown in 1.5 L pots containing Prelvex white peat 100% (AVEVE Lammens, Wetteren, Belgium), mixed with different PGMix fertilizer doses (0.70, 1.05, 1.40 and 1.75 g PGMix per L) and 1.43 g lime per L (RHP, MG’s-Gravenzande, The Netherlands). For the biochar treatments, the peat substrate with 1.05 g PGMix per L was mixed with 2 g dry matter (DM) biochar per L peat substrate. Cold-stored bare-root strawberry transplants (cultivar Elsanta) were planted in all pots with pre-incubated blends. The pots were arranged in a semi-randomized design in the greenhouse and plants were grown for 11 weeks at 20 °C. More details on biochar preparation, pre-incubation, replicates and water gift is given in the Supplementary Material.



From week 6 onwards, fruits started to appear on the plants. Ripe fruits were picked per plant, counted and weighed, and this on 6 sampling times. Part of these fruits were inoculated with B. cinerea and the remaining fruits were used for chemical characterization (see below). Strawberry plants (leaves, petioles + remaining fruits) were sampled after 11 weeks of plant growth and weighed (fresh weight (FW) and dry weight (DW, 48 h at 70 °C)). In addition, the root development, depending on the number of visible roots (lateral roots and root hairs) on the surface, was measured by giving a 0–3 developmental score, with 0 = no visible roots, 1 = a few roots; 2 = roots all over the substrate surface; and 3 = substrate surface fully covered with roots.



At the end of the experiment, the total leaf area (TLA) was measured with a high resolution flatbed photo scanner (Konica Minolta Bizhub C224e, Konica Minolta, Tokyo, Japan) and analyzed using ImageJ. Furthermore, chlorophyll content was estimated, as described in detail by Debode et al. [40] and Vandecasteele et al. [37], for each of the three separate leaflets of two fully grown compound leaves of these six plants per treatment (details in Supplementary Material).



Statistical analysis of the plant leaves, fruits, chlorophyll content, and root score was done using a general linear model (lm), as described in De Tender et al. [41]. Homogeneity of variances was checked by means of boxplots and data normality was checked by QQplots.



Plant leaves of 4 plants per treatment were inoculated after ten weeks of plant growth with B. cinerea isolate PCF895 [42] according to the method of Harel et al. [26] and described in detail by De Tender et al. and Vandecasteele et al. [10,37] and in the Supplementary Material.



From the moment strawberry fruits were formed, these were picked and on average ten fruits per treatment were inoculated with B. cinerea according to the method of Reddy et al. [43] and described in detail in De Tender et al. [10]. The area under the disease progress curve (AUDPC) was calculated based on the relative infection scores [44]. In total, the inoculation was repeated independently six times. For B. cinerea infection on fruits, the AUDPC value is used as disease index. A general linear model was used with biochar treatment and repeat (infection was scored on four independent time points) as main effects, according to Schandry [45].




2.3.3. Chemical Characterization of the Growing Media, Plant Leaves, and Strawberry Fruits


The peat substrate was sampled at the beginning and end of the greenhouse experiment. The six biological replicates per treatment were sampled at the end of the experiment, mixed and one composite sample per treatment was analyzed (see Section 2.1.2). Details on the analysis of the leaves, plants, and fruits can be found in the Supplementary Material.



Total uptake in the leaves was compared between the blends by ANOVA and Dunnett’s test with the 1.05 g PGMix L−1 peat as control group, after verifying that the data was normally distributed and between-sample variability was equal.






3. Results


3.1. Chemical Characterization


The materials may differ in their bulk density due to differences in ash and (residual) moisture content. To allow for a better comparison between the materials, pH, EC, and extractable nutrients and salts were expressed on a volume basis. In general, the feedstocks based on spent growing media were characterized by high salt and nutrient contents (Table 1 and Table S2). In comparison with the initial feedstock, the biochars based on SGM had a significantly higher pH-H2O, significantly higher extractable K (K-aa) and Cl (Cl-H2O) concentrations and significantly higher total P, K, Ca, and Na concentrations, higher %OC and C/N ratio and lower mineral N, water-extractable P and CEC values (p < 0.01 for all listed characteristics), but not a higher EC. In general, total elemental concentrations increased 2- to 4-fold during pyrolysis, except for C and N. When compared with the lignocellulosic biochars, the biochars based on SGM were significantly higher in EC, ash, %IC, extractable K, Mn, Ca, SO4, and Cl, total Mg, Ca, Na, and N (Fe data not given since most numbers were below or close to the quantification limit), thus resulting in significantly lower C/N ratios. There was no difference in CEC and in total P and K between the lignocellulosic biochars and the biochars based on SGM. In comparison with the lignocellulosic biochars, the reference biochar was rich in Ca, IC and has a high ash content. The availability of nitrate-N and ammonium-N is below detection limit for all biochars, while the SGM still had detectable mineral N concentrations (Table S2). The biochars based on SGM had a similar total pore space compared to lignocellulosic biochars. Biochars produced at 400 °C had a higher CEC than biochars produced with the same feedstock at 650 °C.




3.2. Leaching Experiment


3.2.1. Course of the Leaching Experiment


The composition of the peat (Table S3) differed significantly from the biochars (Table 1 and Table S2), resulting in differences in leachate composition during both the fertigation (on average 2.0 L) and the water irrigation (on average 1.3 L) phase (Table 2, Figure 1 and Figure S2). During the percolation, elements in the fertigation solution could be accumulated by the peat and/or biochar (e.g., lower K concentration in the leachate compared to the concentration in the fertigation solution, Figure 1 and Table 2). Alternatively, elements present in the peat or biochar could be leached out by the percolating solution, resulting in a higher concentration in the leachate compared to the fertigation solution. In addition, elements temporary accumulated during the fertigation phase can be leached out during the water irrigation phase. The EC of the leachate was in general somewhat smaller in the leachate compared to the fertigation solution.




3.2.2. Interaction of Biochar with Percolating Solution


Peat interacted with the percolating solution resulting in a leachate composition deviating from the fertigation solution composition (Table 2), as was demonstrated and discussed previously [37]. For example, strong K retention by the limed peat was observed (Figure 1, Table 2, Table 3 and Table 4). In order to study the interaction between nutrients and biochar, it is important to compare effects of the peat blends with the limed peat and not with the incoming solution. The pH during the fertigation phase was significantly higher in the leachates of the peat blended with ref biochar, Speat650, and Scoir650 than in the leachates of the pure limed peat (Table 2). Compared to the pure limed peat, some biochars showed an accumulation of Fe, Mg (limited), NO3-N, NH4-N, and release of Mn, Na, P, SO4, Cl, and especially K during the fertigation phase (Figure 1, Figure S2 and Table 2). No significant effects of biochar addition on the EC of the leachate were observed.



Release of elements from the biochars to the leachate is possible if the elements present in the biochar are available for exchange with the percolating solution. This release can be limited or large compared to the total or available mass of the elements present in the biochar. Release can be only temporary or lasting. A temporary release is observed by a larger concentration in the leachates of the biochar-peat blend compared to the pure peat during the fertigation phase but not during the water irrigation phase. This was the case for Na and Cl, and to a lesser extent for SO4 (Figure S2). This temporary release can however be large, e.g., for ref biochar, Speat650, and Scoir650 (Table 2). The total released mass of Na, SO4, and Cl by the biochars (Table 3, taking the released mass by the pure peat into account) equaled the available and total mass of these elements present in the added biochar (Table 1 and Table S2), confirming that all Na, SO4, and Cl was released quickly. For P, the release from the biochars continued to a limited extent during the water irrigation phase for some biochars (Figure S2). The total released mass of P during the column experiment was similar to the ammonium acetate available P mass and approximately half of the total P mass in the biochars (Table 1 and Table S2). Although both the total and ammonium acetate available P in the biochar explained the net released P mass well (p < 0.001), the R2 value was larger for the ammonium acetate available P (0.90) than for the total P mass (0.68). In conclusion, the available P in the biochar was released rather quickly, but some non-available P remained in the biochar and was not immediately subject to leaching. For Mn there was some extended release also during the water irrigation phase for ref biochar and Misc650 (Figure S2). For the latter, all ammonium acetate extractable (so-called available) Mn (Table S2) was released, but for ref biochar and Speat650 most of their rather large ammonium acetate extractable Mn mass was not leached out. As a consequence, the net released Mn mass was not that well explained by both the available (R2 = 0.52) and total Mn mass of the biochar (R2 = 0.64). The release of Ca was not-significant, even for ref biochar with a very high ammonium acetate available Ca mass (Table S2). The net leached Ca mass was therefore not well explained by the total Ca mass (R2 = 0.30) and the ammonium acetate available Ca mass (R2 = 0.24). The largest release from biochar was noticed for K, for all biochars but especially for ref biochar (Figure 1, Table 2 and Table 3). Potassium release even continued during the water irrigation phase but dropped towards the end of the column experiment. At the end the net released mass almost equaled the ammonium acetate available and total K mass of the biochars, with R2 values of 0.95 and 0.94 respectively. Potassium release was not as quick as Na and Cl release, but was also limited in time. Some biochars had much larger Mg, Fe, and Al contents than the pure peat (Table 1 and Table S3), but this resulted not in Mg, Fe, or Al release.



Some of the elements in the fertigation solution were accumulated by the biochars, as could be seen from the difference in leachate concentrations with the pure limed peat: Fe, Mg (limited), NO3-N, and NH4-N (Table 2). Most of these accumulated elements were released again during the water irrigation phase (Figure S2), resulting in no significant difference in the net leached mass of the elements at the end of the leaching experiment (Table 3). Since the total added mass by fertigation depended upon the slightly varying pump speed, it is more correct to compare net accumulated mass of the elements (Equation (2), Table 4). No significant differences of net leached mass of NO3-N were observed between treatments at the end of the column experiment (Table 3 and Table 4), suggesting that the accumulation of NO3-N by some biochars was only temporary. Prolonged accumulation of Fe and NH4-N was observed for ref biochar.



Release and accumulation characteristics of the biochars differed widely. Most blends with lignocellulosic biochars (For650, For400 and Misc650) showed almost no differences with the pure limed peat, except from some initial K release. Misc650 also significantly released Mn. The biochars from SGM (Speat650 and Scoir650) increased the pH and showed especially release from K, Na, SO4, and Cl. Flax650 showed some temporary Ca and NO3-N accumulation and significant release of K and P. Ref biochar showed most pronounced differences with the other biochars: prolonged accumulation of Fe and NH4-N, increase of the pH of the leachate by 2 units and pronounced release of K, P, Na, Ca, and Mn.





3.3. Greenhouse Strawberry Experiment


3.3.1. Water Use, Plant Parameters and Disease Resistance


The average water use per pot during the experiment was 6.5 L (Table S4). No significant differences in water use between treatments were observed, but some trends were found: Water use increased with increasing fertilizers levels, and was higher for Ref biochar and Scoir650 than for For650 and Speat650.



Increasing the fertilizer dose did not result in significant higher yields, but there was a tendency of a higher total chlorophyll content at higher fertilizers doses, with a significant lower total plant CCI for the lowest fertilizer dose (0.70 g PGMix L−1) than the reference fertilizer dose (1.05 g PGMix L−1) (Table 5). There was also a tendency that all biochars have a negative effect on plant growth and yield (with For650 a significant lower DW and Speat650 a significant lower TLA compared to the reference fertilizer dose), except for Scoir650 for which no effect was seen. Remarkably, ref biochar had a significant higher CCI as compared to the unamended treatment (1.05 g PGMix).



Adding biochar to the limed peat had no effect on the disease susceptibility of the fruits (Table 5). The highest fertilizer dose and For650 caused a significant lower disease severity on the leaves than the reference fertilizer dose (p < 0.01 and p < 0.05, respectively) (Figure 2). No significant correlation was found between the plant growth parameters and disease severity (p < 0.05).




3.3.2. Nutrient Uptake


Higher values for EC, mineral N, SO4, P (both confirmed for P-H2O and P-aa) and K in the peat blends at increasing fertilizer doses (Tables S5 and S6) illustrate the effect of fertilizer dose. There was no effect of fertilizer or biochar addition on the pH of the blend. In the used limited application dose (2 g L−1), biochar addition did not result in higher available concentrations of mineral N, SO4, P, Ca, and Na in the peat blends at the start of the trial (Tables S5 and S6). The ammonium acetate extractable Ca, P, K, and Mg concentrations were lower for the peat with biochar addition compared to the reference fertilizer treatment. Due to nutrient uptake by the plants, all peat blends had lower values for EC, mineral N, SO4, and P-H2O at the end of the trial than at the start of the trial (Table S5). Only the treatment with the highest fertilizer dose had a residual water extractable mineral N (NO3-N and NH4-N) concentration >20 mg N L−1. This illustrates that fertilizer and biochar nutrients were used by the plants during the trial. The blends with biochar had somewhat higher pH values at the end of the trial, and showed low residual concentrations for water-extractable N and P.



On average higher N, P, K, Mg, Ca, and Na uptake in the aboveground biomass were observed at increasing fertilizer dose, but only the K uptake was significantly higher for the 1.75 g PGMix L−1 versus the reference fertilizer dose (Table 6). One type of biochar was a source of extra P, K and Ca for the plants: adding ref biochar resulted in significantly higher total plant uptake for these elements versus the reference PGMix dose. Although adding the reference biochar did not increase the available nutrient concentrations as measured by water and ammonium acetate extraction, the strawberry plants could access additional P, K, and Ca compared to the reference fertilizer treatment without biochar. Nutrient uptake by strawberry plants in blends with the other biochars was comparable to the reference fertilizer treatment.






4. Discussion


Differences in properties and mode of action of the reference biochar, lignocellulosic biochar, and biochars from spent growing media were confirmed by the (a) chemical characterization, (b) the leaching test, and (c) the greenhouse trial with strawberry.



4.1. Biochar: Effects on Salts and Nutrients


The tested biochars were higher in EC and richer in total and available concentrations of P, K, Ca, Mg, Na, Cl and SO4 than the white peat. Starting from the feedstocks, nutrient concentrations (not N) logically increased due to the pyrolysis process (on average a factor of two-four), with in general higher nutrient concentrations with increasing pyrolysis temperature [1]. The biochars based on SGM had higher total and available nutrient concentrations compared to the lignocellulosic biochars, which was related to their feedstocks. SGM of soilless strawberry cultivation are enriched due to accumulation of nutrients and salts during use in the greenhouse [21]. The characteristics of the reference biochar, made from oak wood, were somewhat distinct from the lignocellulosic biochars, especially regarding Ca, IC, and ash content. This can be both related to differences in feedstock composition and process conditions. The reference biochar was produced in another installation with much longer residence time than the other biochars in this study, with potential consequences for several biochar characteristics [46].



Biochar addition usually increases the EC of the growing media [6], which can be problematic especially for biochars from nutrient rich feedstocks [7]. However, in the strawberry trial of the present study no increased EC nor nutrient concentrations of the peat-biochar blends compared to the reference peat treatment were observed, possibly explained by the low biochar application rate (2 g per L peat) combined with the addition of PGmix fertilizer. For the leaching experiment with higher biochar application rate (10% v/v), no EC increase by biochar addition was observed in the leachate, even not for the biochars from SGM. In contrast, some prominent effects of the biochars on nutrient release in the percolating water were observed. This release was quick and total for Na and Cl. For K and SO4 the release was somewhat slower but by the end of the experiment, all K and SO4 added by the biochars was leached out. This partly (lignocellulosic biochars) or totally (reference and SGM biochars) counteracted the K accumulation by the white peat. Although biochar can bind incoming nutrients by electrostatic forces (CEC and anion exchange capacity, AEC), biochars acted dominantly as a source of Na, Cl, SO4, K, P, and Mn in this study. For P and Mn, however, the total added mass was not released completely, leaving part of the added mass in the peat blend. Since P and Mn concentrations were not elevated at the end of the leaching experiment (Figure S2), this remaining part is not readily available for leaching. Biochar has been reported as a source of K and P before [11,12,13], with variation in the extent of the release. Di- and trivalent ions Ca, Mg, Al, and Fe were not significantly released by the biochars in the present study, although they were sometimes present at high quantities and were extractable by ammonium acetate.



The released Na, K, P, SO4, and Cl amounts were significantly larger for the reference and SGM biochars compared to the lignocellulosic biochars, related to the nutrient rich feedstocks of these biochars, and/or to the difference in pyrolysis conditions for the reference biochar. Prasad et al. [47] observed a wide variety in total and available nutrient content for four commercial biochars from wood waste, paper fibers, and husk, and also differences between the size fractions within one biochar. The amount of P and K released in column studies depended upon the biochar feedstock used in the growing media blends [48]. About 35% of total biochar P was released after a series of leaching events, the same order of magnitude as observed in the present study (details not shown). We observed that the ammonium acetate extractable P was a good estimate of the leachable P amount. Altland and Locke [48] observed that half of the biochar K was released, while this was almost all K in the present study.



Biochars may interact with the fertigation in different ways. We conclude from this experiment that nutrient release rather than retention is expected when using biochars in growing media. The question remains if the nutrients added by biochar application are available for plants. In the strawberry trial, nutrient concentrations in the blends were not increased by the limited biochar addition. However, P and K uptake by the strawberry plants increased by addition of the reference biochar. The strawberry plants could, therefore, access biochar nutrients that were not accounted as available by measurement in water and ammonium acetate extract. Ca uptake by the plants increased significantly for this biochar, in accordance with the increased Ca concentrations at the first stage of the leaching experiment. While the reference biochar had similar or even lower total P, K, and Ca amounts compared to the other biochars, the ammonium acetate extractable P, K, and Ca was distinctly largest for the reference biochar. Ammonium acetate extractable nutrient concentrations are therefore preferred over total amounts to estimate the plant available nutrient concentrations.



For tomato and sweet pepper it was shown that biochar addition to peat increased N and P levels in the plant and the N and P uptake efficiency, especially at reduced fertilizer rates [16]. Biochar P is partly available for grass [49]. Locke et al. [18] showed that biochar P and K can replace fertilizer P and K for initial plant growth (geranium, pansy, sunflower, zinnia and tomato) in growing media. However, at later growth stages P and K concentrations in leaves dropped below deficiency values although the initial P and K additions by biochar should theoretically have been sufficient. Apparently the plants benefit from a constant fertigation by mineral fertilizers compared to the initial provision of K and P by the biochar addition. In the present study, the elevated nutrient concentrations due to release by the biochars decreased to zero at the end of the leaching experiment. It is concluded that biochar can be a source of salts and nutrients in the initial phase, and that fertigation should be adapted accordingly in order to limit salt and nutrient leaching and to increase nutrient efficiency [17]. Especially in the case of nutrient rich biochars as the ones produced from spent growing media, nutrient reuse can be realized (reuse of the nutrients in the biochar) and sustainable production (avoid nutrient accumulation during cultivation) can be achieved by decreasing the initial fertigation concentrations.



In addition to act as a nutrient source, biochars can interact with nutrients by altering the pH and by (temporarily) accumulating the nutrients. The most prominent pH change was caused by the reference biochar, related to the high IC content of this biochar. The pH increase by 2 units to 6.4 is probably the reason for the Fe retention in the reference biochar blend. Biochars are known to absorb ammonium [13,35] by surface precipitation and complex formation [50] or by chemical binding and electrostatic interaction with surface functional groups [51]. A pH increase can increase the effective cation exchange capacity of the biochar and the peat, thereby increasing sorption possibilities for the positively charged ammonium anion. At the pH of the other blends (4.4–5.0) the effective cation exchange will be smaller, explaining the absence of ammonium retention in these blends. In addition, the CEC of the reference biochar is larger than the CEC of the other biochars. The CEC values of biochar are rather limited as also observed by Kharel et al. [52] and Nobile et al. [53], and significantly smaller than the CEC of peat. Increased CEC for growing media is not wanted since this could change ratios of elements in the fertigation solution [7]. Higher CEC values were measured for biochars produced at lower temperature, as was studied before [38]. This is attributed to the reduced presence of organic functional groups at higher pyrolysis temperature [1]. Even higher CEC values were observed for the feedstocks of the biochars. The feedstock type (lignocellulosic versus SGM) had no effect on the CEC of the respective biochars.



Nitrate concentrations in the leachates of the first phase of the column experiment slightly decreased upon biochar addition, similar to other studies [54,55]. At the end of the leaching experiment no significant differences in net leached nitrate mass with the pure peat were observed. This is in accordance with the study of Altland and Locke [12] who observed levelling off and broadening of nitrate peaks by biochar addition. By electrostatic binding of nitrate by the biochar AEC [56], biochar can buffer high nitrate concentrations while maintaining nitrate available for plant uptake. Values of biochar AEC were not measured in this study and the contribution of AEC to the observed temporary nitrate retention can, therefore, not be budgeted. Irreversible nutrient retention was not observed for the tested biochars.




4.2. Biochar and Plant Growth


There was a tendency of negative effect of biochar addition on strawberry plant growth and yield. This was in contrast to the previous studies by De Tender et al. [10,11] where the reference biochar had no or positive effects on strawberry plants. This is probably related to the lower fertilizer doses used in the previous study, where nutrient addition by biochar could improve plant growth. In the present study with higher fertilizer doses, the reference nutrient treatment had already sufficient nutrient availability to avoid that nutrients are the limiting factor for plant growth, and additional nutrient addition by biochar cannot further improve plant growth. The reason for the negative effect of biochar addition upon biomass (For650) and total leaf area (Speat650) is not clear. Negative effects on plant growth originating from increased EC or pH by biochar addition, as reported by Nobile et al. [53], are not likely in the present study given that EC and pH in the peat blends did not change upon the small amount of biochar addition. Disease suppression cannot explain the observed negative effects on plant growth (see Section 4.3). The positive effect of the reference biochar upon chlorophyll could be related to the increased nutrient uptake by the strawberry plants without an increase in plant biomass, resulting in higher nutrient concentrations.




4.3. Biochar and Disease Suppression


The nutritional status of a plant is known to influence its susceptibility to pathogens [57,58,59]. In the current study, both low and high fertilizer doses increase disease resistance against B. cinerea on the strawberry leaves, pointing at the role of fertilizer supply to crops for diseases.



The positive effect on disease suppression on the fruits of the reference biochar in limed peat as described in De Tender et al. [10,11] was not observed in the present study (second research question). We aimed with the reference mineral fertilizer dose in this experimental set-up for measuring the effect on disease suppression without subsequent changes/differences in plant growth or nutrient uptake. Only one biochar (For650) showed a low, but significant suppressive effect on B. cinerea on the leaves. The fact that feedstock is a main determinant for biochar mediated disease suppressions has been reported before [60]. No clear explanation for this feedstock related effect has been found so far. A nutrient effect seems not to be involved in this study as the nutrient uptake in the For650 blend was comparable to the reference fertilizer treatment without biochar. Vice versa, only for the reference biochar larger nutrient uptake was observed, and this biochar had no effect on disease suppression. Alternatively, there can be a trade-off between plant development and plant defense [61]. Mechanisms to mitigate the trade-off between growth and defense, e.g., the energy used for plant defense, inevitably leads to reduced plant fitness and hence compromises yield. However, no significant negative correlation was found between plant growth and plant resistance, indicating that there is no trade-off. Water use by the strawberry plants could not explain the observed disease suppression. Another possibility is that biochar For650 has a more positive impact on the rhizosphere microbiome and/or on inducing the defense response as compared to the other biochars tested (see the three main mechanisms explained in the introduction). Further research, including the metabarcoding of the rhizosphere microbiome and/or qPCR analysis of strawberry plant defense genes, is necessary to confirm this hypothesis.




4.4. Role of Biochar in Growing Media: Bulk Replacement or Additive


Biochars can be applied in growing media from different perspectives, i.e., in small amount or for bulk replacement. Substitution of peat with a large proportion of biochar is achievable if the physical and chemical properties of the biochar are similar to the commercial substrate or are in the ideal range for plant growth [6]. An important limiting factor is the pH and/or the pH buffering capacity of the biochar, which can result in a too high pH of the blend for plant growth [7]. In the case of biochars based on spent growing media, their use for bulk replacement in growing media may be limited due to their high nutrient concentrations, high EC and/or fine structure (i.e., a dusty biochar). However, the biochars can be added in low amounts and have beneficial effects regarding fertilizer replacement and/or establishing a stable microbial community in the growing medium. Due to the rather limited volume of the medium and the intense contact with roots in comparison with open field cultivation, the use of biochar in growing media is an opportunity for ecological intensification. Based on the greenhouse strawberry trial, no negative effects of biochars based on SGM in comparison with the other biochars were observed. In the first phase of the leaching experiment, larger nutrient leaching from the blends with biochar from SGM compared to the lignocellulosic biochars was observed. Upon SGM biochar addition, there was no increase in EC in both the leaching experiment and the greenhouse trial, while the pH was not (greenhouse) or only slightly (leaching experiment) increased. It is concluded that biochars from SGM can be used in growing media, but that at larger application rate the fertigation in the start period should be adapted and/or salt sensitive plants should be avoided. There are also some practical issues in preparing biochar from SGM: The SGM should be dried and well chopped or shredded before processing, and the resulting biochar could be rather “dusty” and hydrophobic, especially in the case of spent coir. The biochar in our study was produced in a batch-fed reactor, while it might be challenging to use SGM as feedstock in a continuous reactor.





5. Conclusions


Diverging interactions with nutrients and strawberry plants were observed for different biochars when added to peat. Biochars produced from SGM had larger nutrient concentrations and larger EC compared with biochars from lignocellulosic biomass. Nutrient concentrations in SGM increased on average by a factor two to four from feedstock to biochar, emphasizing the importance of feedstock for biochar characteristics. All tested biochars showed important releases of Na, P, SO4, Cl and especially K. In this way, biochars can counteract accumulation properties of peat (e.g., for K) and act as a source of nutrients and salts in growing media. The released amounts were significantly larger for the reference biochar based on oak wood and SGM biochars, compared to the lignocellulosic biochars. The available nutrient concentration (e.g., measured by water or ammonium acetate extraction) is superior to the total nutrient concentration of biochars to estimate the amount of nutrients to be released from the blend and to assess the availability of biochar nutrients for uptake by strawberry plants. Increase of strawberry plant nutrient uptake was only observed when the reference biochar was added to the peat, related to the very high available nutrient concentrations in this biochar. Biochar can therefore be used as an additional fertilizer, especially for P and K. By taking nutrient release by biochars into account, fertigation in the first phase of growing media use can be adopted to increase fertilizer efficiency and reduce possible salt stress.



Despite the positive results in nutrient release, no effects of biochar addition on plant growth and disease suppression could be observed. This was in contrast to the previous studies where lower fertilizer application rates were used [10,11]. This indicates that in suboptimal situations biochar application can both boost plant growth and defense by increasing the nutrient concentrations. Besides being a potential bulk material and a source of nutrients, biochars have possibly no added value for plant growth and disease suppression in optimal nutrient conditions.



We conclude that it is perfectly possible to use biochars produced from SGM in new growing media blends. No adverse effects of SGM biochar application on EC and strawberry plants compared to other biochars were observed. At the used level of fertilizer application, no added value of SGM biochar on plant growth or disease suppression was observed. The largest difference with lignocellulosic biochars was on nutrient release, which can be accounted for by adopting fertigation levels in order to profit.
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Figure 1. Average concentration (of 2 replicates) of K (above) and NO3-N (below) in the leachate of the peat and peat blend columns. The solid black line represents the incoming solution concentration (first phase: Fertigation solution, second phase: Water). Codes of biochars: See Table 1. Ref biochar: Reference biochar based on stone oak wood. Graphs for Na, Mg, Mn, Ca, P, NH4-N, SO4, and Cl are presented in Figure S2. 
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Figure 2. Botrytis cinerea infection score on strawberry plant leaves for 4 treatments with increasing fertilizer doses and 4 biochar treatments. The infection was scored with a value of 0 (no infection) to 4 (100% infected leaf) 7 days after infection. 0.70 g = 0.70 g PGMix L−1, 1.05 g: 1.05 g PGMix L−1 (reference fertilizer dose), 1.40 g = 1.40 g PGMix L−1, 1.75 g = 1.75 g PGMix L−1. Codes for biochar: See Table 1. Ref biochar: Reference biochar based on stone oak wood. 
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Table 1. pH, electrical conductivity (EC), total content of C (inorganic, IC and organic, OC), N, ash and total nutrients, dry bulk density, pore volume and cation exchange capacity (CEC) of spent growing media (SGM) feedstocks (below the line) and biochars (above the line) including the ref biochar (reference biochar based on stone oak wood). See material and method section for full details.
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Code

	
Matrix

	
Feedstock

	
pH-H2O

	
EC

	
C/N

	
IC

	
OC

	
N

	
Ash

	
Dry Bulk Density

	
Pore

Volume

	
CEC

	
P

	
K

	
Mg

	
Ca

	
Na

	
Al

	
Mn




	

	

	

	
-

	
µS cm−1

	
-

	
%/DM

	
g DM L−1

	
vol%

	
cmolc (kg DM)−1

	
g (kg DM)−1






	
Ref biochar

	
biochar

	
Holm oak

	
9.1

	
384

	
80

	
1.38

	
63

	
0.8

	
20

	
290

	
83

	
41.9

	
1.9

	
8.7

	
4.3

	
85

	
0.3

	
1.6

	
0.9




	
Flax650

	
biochar, 650 °C

	
Flax shives

	
9.8

	
392

	
136

	
<0.08

	
94

	
0.7

	
12

	
57

	
97

	
36.4

	
3.6

	
13.8

	
3.3

	
17

	
0.9

	
1.8

	
0.1




	
Flax400

	
biochar, 400 °C

	
Flax shives

	
9.5

	
160

	
91

	
<0.08

	
69

	
0.2

	
8

	
71

	
96

	
95.0

	
2.2

	
9.2

	
2.1

	
11

	
0.5

	
0.8

	
0.1




	
Misc650

	
biochar, 650 °C

	
Miscanthus straw

	
9.1

	
191

	
418

	
<0.08

	
84

	
0.6

	
8

	
65

	
96

	
44.1

	
2.1

	
7.9

	
1.2

	
5

	
0.2

	
0.1

	
0.5




	
Misc400

	
biochar, 400 °C

	
Miscanthus straw

	
8.7

	
42

	
157

	
<0.08

	
71

	
0.3

	
6

	
54

	
97

	
50.5

	
1.2

	
7.3

	
1.2

	
6

	
0.1

	
0.1

	
1.0




	
For650

	
biochar, 650 °C

	
Wood forestry management

	
9.2

	
170

	
249

	
<0.08

	
85

	
0.8

	
7

	
81

	
95

	
45.9

	
1.8

	
9.3

	
2.2

	
15

	
0.6

	
0.6

	
0.2




	
For400

	
biochar, 400 °C

	
Wood forestry management

	
8.7

	
168

	
150

	
0.22

	
86

	
0.5

	
5

	
96

	
94

	
56.4

	
1.2

	
5.9

	
1.5

	
10

	
0.4

	
0.1

	
0.1




	
Speat650

	
biochar, 650 °C

	
Spent peat, batch1

	
8.7

	
718

	
66

	
<0.08

	
78

	
1.2

	
27

	
90

	
95

	
17.8

	
2.4

	
8.3

	
9.4

	
60

	
2.1

	
3.4

	
0.4




	
Speat400

	
biochar, 400 °C

	
Spent peat, batch1

	
9.8

	
1231

	
43

	
0.50

	
56

	
1.2

	
23

	
189

	
89

	
57.9

	
2.2

	
6.6

	
7.6

	
49

	
1.7

	
3.0

	
0.3




	
Scoir650

	
biochar, 650 °C

	
Spent coir, batch2

	
9.7

	
556

	
73

	
<0.08

	
85

	
1.3

	
22

	
64

	
96

	
36.7

	
3.5

	
13.1

	
1.4

	
37

	
2.1

	
1.9

	
0.1




	
Speat3-650

	
biochar, 650 °C

	
Spent peat, batch3

	
9.6

	
747

	
60

	
0.72

	
71

	
1.2

	
23

	
171

	
90

	
14.3

	
2.1

	
9.7

	
7.2

	
53

	
1.4

	
3.7

	
0.4




	
Scoir4-650

	
biochar, 650 °C

	
Spent coir, batch4

	
9.3

	
479

	
68

	
0.53

	
68

	
1.0

	
26

	
98

	
94

	
19.7

	
2.6

	
7.3

	
5.5

	
53

	
3.6

	
2.7

	
0.7




	

	
SGM

	
Spent peat, batch1

	
6.3

	
599

	
37

	
0.06

	
46

	
1.2

	
11

	
71

	
96

	
112.0

	
0.8

	
3.0

	
3.5

	
23

	
0.8

	
1.0

	
0.1




	

	
SGM

	
Spent peat, batch3

	
5.7

	
912

	
35

	
<0.08

	
43

	
1.2

	
23

	
185

	
93

	
83.8

	
0.8

	
3.2

	
3.2

	
22

	
0.6

	
0.9

	
0.1




	

	
SGM

	
Spent coir, batch2

	
4.2

	
431

	
39

	
<0.01

	
46

	
1.2

	
8

	
41

	
97

	
109.3

	
1.7

	
3.7

	
0.4

	
13

	
0.5

	
0.3

	
0.0




	

	
SGM

	
Spent coir, batch4

	
5.7

	
882

	
31

	
<0.08

	
45

	
1.4

	
20

	
126

	
95

	
101.0

	
1.1

	
2.5

	
2.3

	
22

	
1.4

	
0.7

	
0.2











 





Table 2. Composition of the fertigation solution and the leachates during the fertigation phase (weighed mean), average of two replicates with standard deviation in parentheses. The composition of the leachates between treatments is compared by ANOVA. The average composition of the leachate of the treatments with biochar are compared with the control treatment of pure limed peat by Dunnett (*: p < 0.05; **: p < 0.01; ***: p < 0.001). Codes of the biochars: See Table 1. Ref biochar: Reference biochar based on stone oak wood.
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Fe

	
Al

	
Mn

	
Mg

	
Ca

	
K

	
Na

	
P

	
NO3-N

	
NH4-N

	
SO4

	
Cl

	
pH

	
EC




	

	
mg L−1

	
-

	
µS cm−1






	
Fertigation solution

	
0.5

	
0.00

	
0.49

	
15

	
0

	
96

	
1.2

	
24.1

	
75

	
123

	
304

	
2.1

	
5.0

	
1593




	
100% peat

	
1.2 (0.0)

	
0.13 (0.03)

	
0.06 (0)

	
25 (1)

	
67 (2)

	
52 (3)

	
5.1 (0.7)

	
21.5 (0.2)

	
66 (1)

	
75 (0)

	
274 (9)

	
3.7 (0.5)

	
4.4 (0)

	
1383 (22)




	
Ref biochar

	
0.7 (0.0) ***

	
0.08 (0.01)

	
0.23 (0.00) ***

	
25 (0)

	
83 (0) **

	
137 (1) ***

	
9.9 (1.1)

	
25.3 (0.3) ***

	
59 (1)

	
41 (6) **

	
267 (4)

	
5.7 (0.9)

	
6.4 (0.0) ***

	
1340 (44)




	
Flax650

	
1.2 (0.0)

	
0.11 (0.01)

	
0.06 (0.00)

	
21 (2)

	
53 (2) *

	
83 (0) ***

	
6.9 (0.9)

	
25.5 (0.4) ***

	
55 (7) *

	
68 (6)

	
271 (8)

	
4.2 (0.1)

	
4.6 (0.0)

	
1330 (48)




	
Misc650

	
1.2 (0.0)

	
0.17 (0.07)

	
0.14 (0.02) *

	
26 (3)

	
65 (6)

	
66 (4) **

	
7.5 (1.7)

	
21.1 (1.2)

	
60 (4)

	
59 (11)

	
273 (1)

	
6.0 (1.4)

	
4.4 (0.0)

	
1283 (74)




	
For400

	
1.2 (0.0)

	
0.13 (0.02)

	
0.08 (0.02)

	
23 (1)

	
61 (3)

	
70 (2) ***

	
6.8 (0.5)

	
22.0 (0.0)

	
68 (3)

	
71 (2)

	
278 (7)

	
4.5 (0.1)

	
4.4 (0.0)

	
1371 (8)




	
For650

	
1.2 (0.0)

	
0.10 (0.01)

	
0.07 (0.01)

	
22 (1)

	
56 (4)

	
72 (2) ***

	
5.7 (1.0)

	
21.6 (0.4)

	
63 (0)

	
73 (6)

	
272 (0)

	
4.5 (0.8)

	
4.6 (0.1)

	
1373 (42)




	
Speat650

	
1.1 (0.0) *

	
0.12 (0.02)

	
0.11 (0.01)

	
22 (0)

	
61 (4)

	
79 (4) ***

	
11.7 (2.7)

	
22.0 (0.4)

	
52 (2) *

	
70 (5)

	
317 (27) *

	
9.5 (2.2) **

	
5.0 (0.0) ***

	
1374 (7)




	
Scoir650

	
1.2 (0.0)

	
0.11 (0.01)

	
0.07 (0.04)

	
20 (0) *

	
52 (1) **

	
86 (0) ***

	
11.2 (2.0) *

	
24.1 (0.4) **

	
58 (0)

	
73 (3)

	
300 (3)

	
9.0 (1.6) **

	
4.7 (0.1) **

	
1380 (41)




	
p (ANOVA)

	
<0.0001

	
0.29

	
0.0002

	
0.031

	
0.0002

	
<0.0001

	
0.0135

	
<0.0001

	
0.0118

	
0.05

	
0.01

	
0.0065

	
<0.0001

	
0.33











 





Table 3. Net leached mass (in mg) of the elements in the leaching experiment as calculated by Equation (1) (average of two replicates with standard deviation in parentheses). Numbers are compared by ANOVA, and for the treatments with biochar compared with control treatment of pure limed peat by Dunnett (*: p < 0.05; **: p < 0.01; ***: p < 0.001). Codes of the biochars: See Table 1. Ref biochar: Reference biochar based on stone oak wood.
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	Fe
	Al
	Mn
	Mg
	Ca
	K
	Na
	P
	NO3-N
	NH4-N
	SO4
	Cl





	100% peat
	2.1 (0.3)
	0.33 (0.02)
	−0.84 (0.19)
	26 (1)
	149 (22)
	−46 (11)
	8.7 (0.2)
	6.1 (0.7)
	13 (5)
	−45 (19)
	67 (30)
	5.2 (0.2)



	Ref biochar
	0.7 (0.0) **
	0.27 (0.07)
	−0.26 (0.08) *
	26 (4)
	162 (27)
	134 (11) ***
	14.1 (0.9) **
	19.8 (1.7) ***
	19 (7)
	−57 (11)
	100 (16)
	7.4 (0.0)



	Flax650
	2.3 (0.3)
	0.37 (0.00)
	−0.94 (0.14)
	21 (3)
	136 (9)
	25 (5) ***
	14.0 (0.3) **
	16.6 (0.9)
	−1 (22)
	−56 (3)
	70 (28)
	6.9 (0.2)



	Misc650
	1.8 (0.2)
	0.38 (0.09)
	−0.50 (0.21)
	26 (2)
	123 (17)
	−3 (5) ***
	10.9 (0.2)
	8.3 (0.4)
	13 (0)
	−43 (7)
	94 (14)
	7.6 (0.4) *



	For400
	2.0 (0.2)
	0.34 (0.01)
	−0.79 (0.00)
	23 (3)
	141 (14)
	−11 (0) **
	12.8 (1.3)
	7.6 (1.6)
	20 (12)
	−52 (0)
	82 (29)
	6.1 (0.8)



	For650
	2.2 (0.4)
	0.29 (0.05)
	−0.89 (0.26)
	22 (1)
	138 (22)
	−5 (4) **
	10.9 (0.1)
	6.7 (0.2)
	9 (4)
	−47 (11)
	68 (14)
	6.6 (0.4)



	Speat650
	2.2 (0.2)
	0.40 (0.02)
	−0.84 (0.17)
	24 (1)
	161 (15)
	17 (6) ***
	25.7 (1.9) ***
	9.7 (1.1) ***
	−3 (4)
	−52 (1)
	173 (48) *
	18.1 (1.3) ***



	Scoir650
	2.3 (0.4)
	0.36 (0.09)
	−0.96 (0.07)
	18 (2)
	141 (16)
	35 (3) ***
	24.8 (1.0) ***
	14.1 (1.7) ***
	10 (2)
	−48 (5)
	142 (13)
	17.1 (1.2) ***



	p (ANOVA)
	0.006
	0.34
	0.024
	0.56
	0.50
	<0.001
	<0.001
	<0.001
	0.27
	0.75
	0.03
	<0.001










 





Table 4. Net relative accumulated mass of the elements in the leaching experiment as calculated by Equation (2) (average of two replicates with standard deviation in parentheses). Numbers are compared by ANOVA, and for the treatments with biochar compared with control treatment of pure limed peat by Dunnett (*: p < 0.05; **: p < 0.01; ***: p < 0.001). Codes of the biochars: See Table 1. Ref biochar: Reference biochar based on stone oak wood.






Table 4. Net relative accumulated mass of the elements in the leaching experiment as calculated by Equation (2) (average of two replicates with standard deviation in parentheses). Numbers are compared by ANOVA, and for the treatments with biochar compared with control treatment of pure limed peat by Dunnett (*: p < 0.05; **: p < 0.01; ***: p < 0.001). Codes of the biochars: See Table 1. Ref biochar: Reference biochar based on stone oak wood.













	
	Fe (%)
	Mn (%)
	K (%)
	NO3-N (%)
	NH4-N (%)





	100% peat
	−201 (15)
	86 (1)
	24 (0)
	−10 (5)
	18 (4)



	Ref biochar
	−100 (20) **
	39 (2) ***
	−104 (18) ***
	−20 (12)
	34 (2) ***



	Flax650
	−194 (2)
	85 (2)
	−12 (4) **
	0 (13)
	20 (2)



	Misc650
	−229 (48)
	64 (8) **
	1 (3) *
	−12 (3)
	23 (3)



	For400
	−186 (5)
	81 (5)
	6 (0)
	−13 (7)
	21 (1)



	For650
	−193 (13)
	84 (3)
	2 (1)
	−6 (4)
	18 (0)



	Speat650
	−178 (14)
	74 (1)
	−8 (4) **
	2 (3)
	19 (4)



	Scoir650
	−183 (2)
	83 (7)
	−16 (1) **
	−6 (0)
	17 (1)



	p (ANOVA)
	0.0077
	<0.0001
	<0.0001
	0.1848
	0.0018










 





Table 5. Plant data of the strawberry pot trial (DW = dry weight, FW = fresh weight, TLA = total leaf area, CCI = Chlorophyll Concentration Index (average) and the AUDPC (Area Under the Disease Progress Curve) of 6 replicates with standard error in parentheses (values in bold are statistically different from the reference fertilizer dose (in grey: 1.05g PGMix L−1) with *: p < 0.05; **: p < 0.01). Codes for biochar: See Table 1, ref biochar: Reference biochar based on stone oak wood, PGMix: Multi-mix Potting Soil 14+16+18 mineral fertilizer.
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Treatment

	
Above Green Parts

	
Strawberry Yield

	
Total Fresh Biomass

	
Root Score(0–3)

	
TLA

	
CCI

	
× 1000 = Total Plant CCI

	
AUDPC




	
FW

	
DW

	
Number of Fruits/Plant

	
Fruit Weight/Plant




	

	
g

	
g

	
-

	
g

	
g FW

	
-

	
cm2

	
-

	
-

	
-






	
0.70 g PGMix L−1

	
49.3 (4.3)

	
11.1 (0.6)

	
16.7 (1.6)

	
77.0 (11.6)

	
126.3 (14.0)

	
2.0 (0.0)

	
675.3 (63.1)

	
35.9 (3.8)

	
23.6 (2.5) **

	
2.4 (0.2)




	
1.05 g PGMix L−1

	
55.5 (8.8)

	
13.0 (0.5)

	
15.2 (2.1)

	
96.8 (13.7)

	
152.3 (15.7)

	
1.8 (0.2)

	
912.4 (66.2)

	
39.6 (2.9)

	
34.0 (4.1)

	
2.3 (0.3)




	
1.40 g PGMix L−1

	
66.5 (10.4)

	
14.7 (1.0)

	
15.2 (1.0)

	
90.0 (5.3)

	
156.5 (12.8)

	
2.3 (0.3)

	
1003.1 (82.4)

	
39.3 (4.1)

	
40.2 (5.0)

	
2.4 (0.3)




	
1.75 g PGMix L−1

	
55.2 (5.0)

	
14.8 (0.8)

	
14.5 (1.4)

	
83.8 (9.7)

	
139.1 (13.6)

	
1.8 (0.3)

	
1001.8 (103.7)

	
41.0 (6.8)

	
46.5 (1.2)

	
2.5 (0.2)




	
1.05 g PGMix L−1 + Ref biochar (2 g L−1)

	
51.5(9.6)

	
12.9 (1.0)

	
11.2 (2.2)

	
58.3 (2.2)

	
109.9 (24.2)

	
2.0 (0.4)

	
699.5 (101.7)

	
56.5 (5.2) *

	
38.4 (3.0)

	
2.2 (0.3)




	
1.05 g PGMix L−1 + For650 (2 g L−1)

	
50.8 (12.6)

	
10.4 (1.2) *

	
11.5 (3.0)

	
67.2 (3.0)

	
118.0 (27.3)

	
1.5 (0.2)

	
679.5 (94.4)

	
34.6 (3.9)

	
23.1 (3.0)

	
2.4 (0.2)




	
1.05 g PGMix L−1 + Speat650 (2 g L−1)

	
43.6 (2.4)

	
10.9 (0.8)

	
11.0 (2.9)

	
64.2 (2.9)

	
107.8 (21.8)

	
1.5 (0.2)

	
681.6 (93.2) *

	
53.5 (7.8)

	
36.9 (1.8)

	
2.5 (0.2)




	
1.05 g PGMix L−1 + Scoir650 (2 g L−1)

	
53.9 (6.8)

	
12.1 (0.8)

	
17.6 (1.1)

	
96.2 (1.1)

	
150.0 (10.2)

	
1.7 (0.2)

	
862.8 (43.4)

	
38.6 (4.0)

	
33.7 (4.5)

	
2.0 (0.2)











 





Table 6. Total N, P, K, Mg, Ca, and Na uptake (mg per pot) in the aboveground vegetative biomass in the strawberry pot trial of 6 replicates with standard deviations in parentheses. For the treatment with For650 and Scoir650, 5 replicates were used. Bold values indicate significant differences compared with reference treatment (limed peat + 1.05 g PGMix L−1) by Dunnett (*: p < 0.05; **: p < 0.01; ***: p < 0.001). Biochar codes: See Table 1. Ref biochar: Reference biochar based on stone oak wood. PGMix: Multi-mix Potting Soil 14+16+18 mineral fertilizer.
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	Treatment: Limed Peat +
	N
	P
	K
	Mg
	Ca
	Na





	0.70 g PGMix L−1
	108 (13)
	21 (2)
	74 (16)
	43 (5)
	109 (9)
	0.33 (0.09)



	1.05 g PGMix L−1
	135 (10)
	28 (5)
	99 (16)
	47 (5)
	118 (14)
	0.35 (0.08)



	1.40 g PGMix L−1
	141 (11)
	28 (3)
	130 (10)
	47 (8)
	122 (21)
	0.36 (0.1)



	1.75 g PGMix L−1
	157 (23)
	36 (6)
	147 (20) *
	48 (8)
	116 (20)
	0.43 (0.11)



	1.05 g PGMix L−1 + Ref biochar (2 g L−1)
	159 (23)
	39 (8) *
	153 (31) **
	53 (8)
	156 (22) ***
	0.39 (0.1)



	1.05 g PGMix L−1 + For650 (2 g L−1)
	127 (32)
	31 (8)
	97 (42)
	40 (9)
	109 (27)
	0.33 (0.09)



	1.05 g PGMix L−1 + Speat650 (2 g L−1)
	132 (27)
	32 (7)
	122 (38)
	43 (7)
	121 (17)
	0.38 (0.07)



	1.05 g PGMix L−1 + Scoir650 (2 g L−1)
	119 (21)
	26 (5)
	98 (21)
	44 (6)
	125 (19)
	0.36 (0.07)
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