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Abstract

:

Several studies have reported that biochar can improve soil properties which are linked with higher crop yields and this effect is long-term. This paper aimed to study the effects of biochar (0, 10 and 20 t ha−1) and its combinations with N-fertilization (zero, first and second level of N-fertilization) after 3 and 4 years of its application on improving soil characteristics of loamy Haplic Luvisol and crop yields (Dolná Malanta, Slovakia). The results indicated an increase in soil pH (+7%), improvement in sorption properties (hydrolytic acidity decreased by 11%, sum of basic cations and base saturation increased by 20% and 5%, respectively) and soil organic carbon rose by 27% with increasing biochar rate in the soil. N-fertilization applied to biochar treatments was a stabilizing moment in C sequestration even in the case of its labile forms. Overall, humus stability and quality were not significantly changed, however in biochar treatments without N-fertilization, the humus stability and quality decreased 3 and 4 years after biochar application. Yield parameters differed with relation to climate conditions during both vegetation crop seasons, however the combination of 20 t ha−1 of biochar with the first and second level of N-fertilization had the highest potential to increase the grain yield.
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1. Introduction


Soil fertility decline is a major factor that prevents realizing food productivity potential. Around 1.5 billion hectares of cropland globally has been degraded [1]. Since soil resources are finite, requisite measures are required to rejuvenate degraded soils and wastelands. Areas excluded from cultivation due to social and economic reasons are replenished by reclaiming these lands and by arresting further loss of production potential [2]. If we want to manage soil efficiently and economically, we need to know its characteristics, the causes of low fertility and ways to eliminate them. Only such an approach enables the rational use of land resources and the high cost-effectiveness needed to stabilize and increase the fertility and production capacity of soils. One way to reduce this problem is to apply sustainable agriculture strategies that minimize adverse impacts of farming on the environment, e.g., a reduction of agrochemicals, while also increasing the interaction and synergism between various components of agroecosystems [3].



There is no need to think of new ways—the inspiration can be taken from the past. Several examples are known in history, when people living at that time tried to improve soil properties by applying, for example, ash, imperfectly burned wood, etc., and its accumulation in the soil had a profound effect on improving soil properties. The most well-known example in the literature is the creation of man-made dark soils (Chernozems), also called Terra Preta de Índio, more than 8000 years ago by the Amazon native inhabitants. These soils were created thanks to the massive accumulation of organic waste materials such as kitchen debris, excrement and waste biomass, along with the remains of unburned wood, which were further decomposed [4]. Similar soils have been documented in some other countries of South America and Western and South Africa [5]. As it is known, these soils are characterized by high fertility [6,7]. According to Kuzyakov et al. [8] Glinka was the first to recognize the importance of pyrogenic C in the year 1914: “There was almost no soil profile, in which charcoal particles did not occur in the upper horizon.” In contrast to many other topics in soil science, the importance of ash and fire, char and biochar for processes in soils was recognized only two to three decades ago. Biochar related to the Terra Preta de Índio phenomenon and many environmental benefits reported in various studies has become a hot topic for many scientific teams [5,9,10,11,12]. The soils throughout the world contain specific amounts of biochar as a result of natural events such as natural fires, paleo fires [8] and land use history—deforestation, pre-industrial charcoal kilns and anthropogenic oven mounds [8,13]. The attention of the scientific community is directed to the production of biochar itself, which is then applied to the soil as a potential soil improver. A number of reviews and studies have highlighted the potential benefits of utilizing biochar as a soil amendment [7,14,15,16]. Many studies have shown that biochar is a potential soil amendment to improve physical [6,12], chemical [3,17,18] and biological properties [6,19] of soils. The agronomic value of biochar mainly resides in its value as a fertilizer and its ability to improve soil properties and increase crop production [20,21,22,23].



The scientific reviews, e.g., References [21,23,24,25,26,27], summarizing the current knowledge and findings on biochar according to specific criteria are of rising importance because of increasing amounts of pot and field studies conducted under various conditions. In their review, Yu et al. [23] reported the effect of biochar application on crop yields’ increase after the application in problematic soils (acidic, alkaline, saline, as well as contaminated soils). In acidic soils, biochar can at least partially neutralize soil acidity due to its own alkalinity and high pH buffering capacity. Shift in pH and the reduction in Al can increase the bioavailability of P, Ca and Mg, resulting in enhanced plant growth. In alkaline soils, acidic biochar should be used to shift pH and improve the availability of P, Fe and Mg for plants. The authors further mentioned that biochar application to saline and sodic soils can directly improve the plant growth by adsorption of Na onto biochar surfaces or entrapment of Na in biochar pore structure and the release of plant essential nutrients, such as K, Ca, Mg, Mn, Cu, and Zn, helping to offset the adverse impacts of salts. In soils contaminated by heavy metals, the plant growth can be improved by biochar immobilization of heavy metals and reduction of their availability to plants. According to Subedi et al. [22], biochar-amended soils can enhance crop growth and yield via several mechanisms, such as expanded plant nutrient and water availability through increased use efficiencies, improved soil quality and suppression of soil and plant diseases. Yield response to biochar addition has been shown to be more evident in acidic and sandy soils than in alkaline and fine-textured soils.



According to Burrell et al. [28], changes induced by cropping, consolidation, biochar hydrophobicity, weathering of biochar particles and washout of ash and soluble elements are unlikely to be captured in short-time pot studies. Conversely, long-term field trials are much more likely to yield results that represent these indirect effects over time. However, to study the effect of biochar application to the full extent is impossible during a human lifespan due to reported resistance of biochar to microbial decomposition and persistence in the soil for as long as 100–1000 years [26], or over millennia [8]. Overall, there is a scarcity of studies presenting the mid-term and long-term effects of biochar amendment on the soil properties and crop yields [13]. Moreover, these studies can be divided into two major groups. Experiments in the first group are focused on the effect of repeatable biochar application for a period of a few years. Bai et al. [29] reported the effects of biochar application for six years on soil physicochemical properties and the fungal community in an intensively managed crop rotation system (rice–wheat). Li at al. [30] investigated the effect on the fertility and physical properties of cotton fields after biochar application for five and ten years. The other group of studies gathers works with a single application of biochar at the beginning of the experiment establishment, followed by a monitoring period reaching up to 3–4 years [31,32]. The experiment reported by Burrell et al. [28] was run in a glasshouse for the first year and then the pots were left to fallow outside for another two years. In the study of Altdorff et al. [33], the changes of soil water content were measured three years after the biochar application and two years after its reapplication.



From the perspective of a farmer, a clear economic profit along with the potential increase in crop yield and improvement of soil properties are important issues to consider. Although a considerable amount of pot and field studies have been published so far—Liu et al. [24] elaborated on a dataset of 103 publications—only a few are related to soil-climatic conditions of Central Europe, Slovakia (e.g., Reference [34]) and our experimental site (Haplic Luvisols in temperate zone). Moreover, there is a lack of studies reporting the effect more than three years after biochar application. Therefore, biochar application in agricultural land on Haplic Luvisols in a temperate zone (and areas with similar conditions) is associated with a lack of knowledge regarding its effects on both soil properties and crop yields.



The aim of this work was to quantify the extent of the effect of applied biochar during the fourth and fifth year after its application in combination with N-fertilization on soil pH, sorptive characteristics and soil organic matter parameters, including humus as well as crop yields. Considering that the acidic soil was amended by biochar with alkaline pH, we tested the hypothesis (H) that biochar application will cause an increase of the soil pH, and thus it will improve the cation exchange capacity, nutrient uptake and crop yields (H1). We also assumed that biochar in combination with N-fertilization will have a more intensive effect on soil properties by accelerating mineralization with a positive effect on increasing the crop yields (H2).




2. Materials and Methods


2.1. Study Site and Description of the Field Experiment


The experimental site of the Slovak University of Agriculture in Nitra is located in Dolná Malanta (lat. 48°19′00″; lon. 18°09′00″). The study area is characterized by a warm lowland climate with long, warm, dry summers, short dry winters, and only a very short duration of snow cover (14–30 days). The mean long-term air temperature and precipitation according to the 30-year climatic normal for the period 1961–1990 was 9.8 °C and 540 mm, respectively [35]. The mean air temperature and precipitation amount at the experimental site during the vegetation season in 2017 and 2018 are shown in Supplementary Materials Figure S1. Field research was conducted on agricultural soil formerly under standard conventional practice and crop rotation. The experiment was established on a loamy Haplic Luvisol [36]. The initial characteristics of the topsoil at the study site are presented in Table 1.



The field experiment on studying the effect of biochar application on gas emission, soil properties and crop yields was established in 2014 [11,37,38]. Nine different treatments were organized into a randomized block design at 27 plots of agricultural land (4 × 6 m) representing one of three replications (Table 2; Supplementary Materials Figure S2). The biochar was produced by pyrolyzing paper fiber sludge and grain husks (1:1 w/w). Biomass was pyrolyzed at 550 °C for 30 min in a Pyreg reactor (Pyreg GmbH, Dörth, Germany). As declared by the manufacturer (company Sonnenerde, Riedlingsdorf, Austria), biochar had particle sizes between 1 to 5 mm. On average, it contained 531 g kg−1 and 14 g kg−1 of total organic C and total N respectively, as well as 57 g kg−1 of Ca, 3.9 g kg−1 of Mg, 15 g kg−1 of K and 0.77 g kg−1 of Na. The specific surface area was 21.7 m2 g−1 and the content of ash was 38.3%. The average biochar pH was 8.8. The biochar was manually applied into the top of the soil (0–10 cm) at rates of 10 and 20 t ha−1 on 10 March 2014, and initially incorporated into the soil by rakes. Regarding treatments with fertilization, ammonium nitrate (N fertilizer) was manually applied to fertilized plots in two N fertilization levels (N1 and N2) according to the experimental plan. The doses of level 1 were calculated according to the required average crop nutrient supply using the balance method. The level 2 included an application of an additional 50% of N in 2017 and an additional 100% of N in the year 2018 (Table 2). Both soil amendments were then incorporated into the soil by disking with a tractor cultivator. In the following years of the experiment, only N fertilizer was applied, the rates and time of application were dependent on the sown crop. Maize (Zea mays L. cultivar LG 30.275) was sown on 10 April 2017. N fertilizer in rates of 0, 160 and 240 kg N ha−1 (indicating fertilization level N0, N1 and N2, respectively) was applied on two application dates: 9 May 2017 and 14 August 2017. Maize was sprayed uniformly at all plots with ADENGO (at rate 0.4 L ha−1) and LAUDIS (at rate 2.2 L ha−1) pesticides on 17 May 2017. After harvest, crop residues were left at all plots. Spring barley (Hordeum vulgare L. var. Malz) was sown on 9 April 2018. After the crop emergence, Mustang herbicide was applied at all plots (0.5 L ha−1) on 3 May 2018. Treatments with N fertilizer amendment were fertilized at rates of 0, 40 and 80 kg N ha−1 (N0, N1 and N2, respectively) on 7 May 2018.




2.2. Soil Sampling and Analysis


The soil samples were collected at monthly intervals from the beginning (April) till the end (September) of the maize growing season in 2017 (from the 38th to 43rd month since biochar application) and from April to July in 2018 during the vegetation season of spring barley (from the 50th to 53rd month since biochar application).



Standard soil analyses were used to determine the sorption parameters, such as: hydrolytic acidity (Ha), sum of basic cations (SBC), cation exchange capacity (CEC) and base saturation (Bs) [39]. Soil pH was analyzed potentiometrically (Elmetron CPC 401) in suspension with 1 mol dm−3 KCl solution. Soil organic carbon (Corg) content was measured using the wet combustion method—oxidation of soil organic matter (SOM) by a mixture of 0.07 mol dm−3 H2SO4 and K2Cr2O7 with titration using Mohr’s salt [40,41]. The group and fraction composition of humic substances (extracted by a mixture of 0.01 mol dm−3 Na4P2O7, 10 H2O and 0.1 mol dm−3 NaOH) was determined by the Belchikova and Kononova method [40]. The light absorbance of humic substances (HS) and humic acids (HA) was measured at 465 and 650 nm using a Jenway 6400 Spectrophotometer to calculate the color quotients of humic substances Q4/6HS and humic acids Q4/6HA. Labile carbon (CL) content was determined using 0.005 mol dm−3 KMnO4 [42].




2.3. Plant Sampling


Plants of maize and spring barley were sampled at the end of the vegetation season on 26 September 2017 and 25 July 2018, respectively. Whole aboveground plant material was taken from one randomly selected 1 m row in the case of maize (wide row crop), while the spring barley was sampled from a randomly selected 0.5 × 0.5 m square (narrow row crop). The plant material was transported to the laboratory, where the plants, ears and grains were counted. Final grain yield was calculated as a multiplication of total number of ears per m2, number of grains per ear and average grain weight of dry biomass [43]. To obtain the weight of dry biomass, grains and the rest of the sampled plant material were dried separately in the oven at 60 °C until constant dry weight.




2.4. Statistical Analysis


All datasets were analyzed using the Statgraphics Centurion XV.I software (Statpoint Technologies, Inc., Washington, DC, USA). Average values of soil parameters over the whole study period and the selected crop yield parameters were analyzed by one-way analysis of variance (ANOVA) and subjected to the LSD test at p ≤ 0.05. The Mann–Kendall test was used to evaluate the trends of the soil parameters during the investigated period. A correlation analysis was performed using Pearson’s product-moment correlation coefficient (Pearson coefficient) to evaluate the linear relationships and their significance (at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001) between the studied variables. The first tested dataset consisted of monthly values of selected soil properties. Because the length of vegetation growth season in 2017 and 2018 was different, degrees of freedom (df) also varied: df in 2017 was 52 and df in 2018 was 34. The second dataset included averages of observed soil properties for the specific crop vegetation seasons in 2017 and 2018 as the correlations were sought with selected crop yield parameters (df = 7 in both studied years).





3. Results and Discussion


3.1. Soil Properties


Soil was acidic (pHKCl = 5.71) before the experiment, so application of biochar which is alkaline can be a useful tool for improving one of the most important soil properties as the modification of the soil pH might enhance available nutrient concentration in the soil [44], with a positive impact on plant growth and development. The optimum soil pH for nutrient release and intake for most plants is from slightly acid up to neutral (pH 6–7) [45,46]. This level was almost reached thanks to biochar. There were significant (p ≤ 0.05) increases in soil pH compared to relevant controls, except treatment B10N0 (Figure 1A). The highest increase was observed in B10N1 when compared to B0N1 and in B20N2 when compared to B0N2. The results of the Mann–Kendall test showed that application of N-fertilization in both levels without biochar had a negative effect, causing a decrease of soil pH dynamics during vegetation season in 2017 and 2018 (Table 3). Chodak et al. [47] reported that intensive N-fertilization and its higher doses were related to the decrease in soil pH and soil acidification.



Changes in hydrolytic acidity (Ha) after biochar amendment and biochar with N-fertilization are shown in Figure 1B. Adding biochar to soil decreased Ha but statistically significant differences were determined only between biochar treatments B10N0 and B20N0. Our study showed that the average Ha in B0N1, B10N1 and B20N1 was 23.8, 14.3 and 18.2 mmol kg−1 respectively, which clearly indicates a decrease of Ha values due to the combination of biochar application together with lower level of N-fertilization (N1). The same effect—a decrease in Ha—was observed in the case of biochar combination with a higher (second) level of N-fertilization. Similar findings were described in several studies [48,49]. These effects were due to the alkalinity of biochar and high levels of Ca2+ and Mg2+ in ash of biochar [50].



Despite the fact that the average values of Ha decreased (Figure 1B) after biochar application, its dynamics during the investigated period (vegetation season in 2017–2018) were different (Table 3).



The dynamics of Ha revealed no trend in all treatments, except B0N1, B0N2 and B10N2 treatments during the growing seasons in 2017–2018. The content of Ha increased with time in the above-mentioned treatments, which shows that N-fertilization is a key element in acidification of soil and biochar is a stabilizing element. Incorporation of biochar to soil may enhance the specific surface, area which improves soil sorption [51], which increases cation exchange capacity (CEC) [52]. The results of the LSD test in all fertilized treatments showed significant differences between the average values of other sorption parameters due to application of biochar to soil (Figure 1C–E). A higher dose of biochar amendment without N-fertilization applied to the soil resulted in a higher increase of sum of basic cations (SBC) and CEC. Addition of N at the first level together with 10 and 20 t ha−1 of biochar and N-fertilization at the second level, together with both 10 and 20 t ha−1 of biochar, significantly increased the value of SBC by 37% and 29%, as well as by 18% and 19% respectively, compared to B0N1 and B0N2. In the similar levels, the CEC values have been increased if biochar was applied together with N-fertilization in comparison to fertilized controls (B0N1 and B0N2).



Values of base saturation (Bs) fluctuated from 80.1% to 91.4%, and the applied biochar (p = 0.0002) and biochar with N-fertilization in the first (p = 0.0000) and second (p = 0.0000) levels had a significant influence on these values. The sorption complex after the application of biochar and biochar in combination with N-fertilization became fully saturated. The most significant saturation was observed in the B10N1 treatment compared to B0N1. A higher dose of biochar (20 t ha−1) rather than a lower dose of biochar but without N-fertilization had a positive effect on the increase of Bs when compared to B0N0 (Figure 1E).



The trends of sorption parameters in biochar and biochar with N-fertilization treatments were evaluated according to the results of the Mann–Kendall test (Table 3). The dynamics of SBC and CEC according to the above-mentioned test revealed no trend in all treatments, except B0N0 and B20N2 treatments during the growing season in 2017–2018. The content of SBC and CEC increased with time in B0N0 and B20N2 treatments. The results of Bs obtained seem to contradict the overall assessment of the application of biochar, but it must be pointed out that the biochar was applied only once at the beginning of the experiment and the dose of N was applied annually. So, the trends for 2017–2018 might differ. The values of Bs decreased with time in B0N1, B0N2 and B10N2 treatments (Table 3).



The results showed that biochar application produced significant changes in Corg (Figure 2A). These results are not surprising because biochar is a significant source of organic carbon (C) [53] and biochar used in this study contained 53% of total organic C. The most significant effect of applied biochar on increase of Corg was observed in treatment B20N1 when compared to B0N1. The results of the Mann–Kendall analysis showed the dynamics of SOM and humus parameters (including Corg) during the investigated period (Table 4). Even though the average values of Corg increased after biochar application overall (Figure 2A), its dynamics during the investigated period were different during the vegetation period of 2017–2018 (Table 4). The dynamics of Corg revealed no trend in all biochar treatments with N-fertilization and unfertilized control (B0N0), except B10N0 and B20N0 treatments. In B10N0 and B20N0, the contents of Corg decreased with time during the vegetation seasons from 2017 to 2018.



Biochar 3–4 years after incorporation to the soil increased the content of Corg, but then gradually its content decreased, as shown by our results from the evaluation of dynamics (Mann–Kendall test). Biochar could be subjected to mineralization, resulting in a decrease of its volume in soil, including a decrease in soil Corg as a result of positive priming effect [54]. As reported in the literature, this is associated with biochar properties, particularly depending on the feedstock used and the production process itself [55]. It is evident from our results that the application of N-fertilization can be a stabilizing element in C sequestration after the application of biochar to the soil. As our findings indicate, nitrogen fertilization prolongs the effect of biochar to maintain a higher amount of Corg in the soil after biochar application. The explanation may be related to microbial activity and microbial biomass production [56,57], but also to the formation of root exudates [58], which ultimately contributes to the increase of Corg in the soil.



The labile carbon fractions have a much shorter turnover time [59] and thus are affected much more rapidly by management-induced changes in organic matter inputs or losses. To the contrary, our findings showed that biochar application did not produce changes in CL that were significant (Figure 2B). According to the results of the Mann–Kendall test, the dynamics of CL were stable in all treatments, except B20N0 during vegetation season 2017–2018. In B20N0, the content of CL increased with time (Table 4). A higher dose of biochar in 3–4 years after its application significantly enhanced biological properties, resulting in an increase in CL production in this treatment. Based on our results, N-fertilization together with biochar is a stabilizing moment in C sequestration even in the case of its labile forms.



Humus substances (HS) play an important role in the sequestration of C [60] in addition to soil fertility. A study of Jindo et al. [61] showed that biochar can play an important role in the formation of HS; therefore, we also evaluated the quality and stability of humus parameters, including HS with regard to the biochar application (Figure 2C–E). Application of a higher rate of biochar had more significant effects on the decrease of HS when compared to fertilized and unfertilized controls. The most significant decrease in HS was observed in B20N1 when compared to B0N1. The same effects have been observed in case of humic (HA) and fulvic (FA) acids as one of the most significant humus substances. This means that the most significant effects on decreased HA and FA were determined after application of a higher rate of biochar with or without N-fertilization, in comparison to respective controls. Biochar is composed predominantly of stable structures and only small quantities of labile molecules. For this reason, microorganisms are not able to intensively decompose biochar and the production of humus substances is limited. It all depends on biochar production conditions, as was mentioned by several authors [15,53,55,62]. These results are in contrast with the findings of Li et al. [63]. According to Li et al. [63], biochar is very beneficial for the formation of humus in the soil. The authors demonstrated increased contents of humic acids and fulvic acids after the application of biochar in a lab experiment, but our results came from the field experiment on a loamy Haplic Luvisol located in Central Europe.



The Mann–Kendall test showed that the dynamics of HS over time (for the vegetation season in 2017–2018) changed only in the case of FA (Table 4). In treatments B0N0 and B10N0, the FA content increased, and in other treatments, a stable trend in FA content was observed. Fulvic acids decompose easily but recover relatively quickly in a continuous process of humification.



Conversely, they accumulate under conditions of reduced biological activity [64]. In our case, N-fertilization appeared to be a stabilizing moment for stabilizing HS, including HA as well as FA, in the soil after biochar application. An increase of soil microorganisms is stimulated by biochar application, which promoted the production of HA and FA, as reported in Zhao et al. [65]. Over time, parts of HA and FA are used by microorganisms as a result of the decline in the slightly mineralized sources of carbon.



The HA:FA ratio and the stability of humus substances after biochar application did not change significantly (Figure 2F). However, the Mann–Kendall test showed that if N-fertilization was not applied, only the application of biochar at both rates during vegetation in 2017–2018 reduced the ratio of HA:FA, i.e., humus quality was significantly reduced in these treatments. This result may be related to impairment of the humus stability itself in the soil. Humus is relatively stable in the soil [66], but due to external influences, such as the use of biochar, its stability may be impaired and humus in the soil may be impaired [67] by a reduction of HS [68] as a result of microbial activity. Much depends on the biochar properties which are modified by the biomass type and technology used to produce this material [55]. For example, Zhao et al. [65] stated that the different effect of biochars on the content of HA and FA depended on different pyrolysis temperatures during biochar production.



Overall, the stability of HS expressed by Q4/6HS and Q4/6HA over the investigated period did not change significantly after either biochar applied alone or in combination with N-fertilization (Figure 3A, B). However, during the vegetation period 2017–2018, the stability of HA decreased (increasing trend means decrease in HA stability) in treatments where biochar without N was applied and at a higher biochar rate with both levels of N-fertilization, as indicated by the Mann–Kendall test results (Table 4).




3.2. Crop Yields


The results of selected yield parameters for crops grown during the third and fourth year of biochar application are reported in Table 5. Although no significant differences were observed for spring barley in 2018, significant differences were observed for several selected yield parameters of maize in 2017. Generally, biochar had a neutral effect or slightly decreased the amount of aboveground biomass at all fertilization levels in the third and fourth year of application. Application of biochar at 20 t ha−1 increased the amount of total aboveground biomass when combined with 160 kg N ha−1 (B20N1) in 2017 and with 80 kg N ha−1 in 2018 (B20N2), however this increase was not significant. Lesser amount of plants was observed for treatments with biochar application at 10 t ha−1 in 2017 (by 24% at B10N0 and by 17% at B10N1). However, double dosage of biochar at the first N-fertilization level led to a significant increase (p ≤ 0.05) of the amount of plants in comparison to treatment B10N1. In 2018, the amount of plants per m2 increased in the order B10N1 < B10N0 < B20N0 < B20N2 by 5%, 19%, 43% and 60% respectively, in comparison to individual controls (B0N0, B0N1 and B0N2).



Generally, biochar application resulted in a decrease of ears per plant (in case of B10N2 in 2017, a significant decrease by 31%), but other parameters were improved. The amount of grains per ear increased in the case of fertilized treatments B10N1, B20N1, B10N2 and B20N2 in 2017. Moreover, the differences for treatments B10N2 (+42%) and B20N2 (+54%) were significant in comparison to control (B0N2). In 2018, a neutral effect or decrease in the amount of grains per ear was generally observed with the exception of B20N1 (increase by 7% when compared to control); however, none of these results were statistically significant. Biochar application at 10 t ha−1 increased the weight of grains for B10N0 and B10N1 in 2017. However, for biochar treatments with applied 240 kg N ha−1, the weight of grains significantly decreased on average by 33% for treatments B10N2 and B20N2. While some positive effects of biochar application on crop yield parameters were observed for treatments with both biochar application rates in 2017, the effect was more evident for treatments with the application rate of 20 t ha−1 in 2018.



Observed grain yield data in 2017 and 2018 (Figure 4) were compared to the average grain yields obtained for specific crops during the studied seasons in Slovakia. The average gained yield of maize in 2017 and spring barley in 2018 in Slovakia was reported to be 5.68–5.88 t ha−1 [69,70] and 3.63–3.83 t ha−1, respectively [69,71]. Considering the limitation of tillage operations on the site (only disking) since the biochar application in 2014, the observed crop yields in the field experiment were compared to the lower values referring to the country’s average.



In the 2017 cropping season, the majority of treatments resulted in the grain yield above the country’s average (including B0N0 without application of any soil amendment). Interestingly, the increasing level of fertilizers in general did not result in the expected increase of crop yield, especially in combination with biochar application. The lowest grain yield in 2017 was observed for treatment B10N1, when 160 kg N ha−1 and 10 t ha−1 of biochar were applied. At this biochar application rate, lower yields were also observed for other fertilization levels in comparison to relevant control treatments. The grain yield at treatment B20N1 was significantly higher than at treatment B10N1 by 46%. Moreover, it was also the only biochar treatment where a higher yield was observed in comparison to control (B0N1). Biochar at the non-fertilized treatments (B10N0 and B20N0) resulted in a similar grain yield that was lower than control (B0N0), however these results were not significant. A similar trend was observed at the second level of N-fertilization, although grain yield at B20N2 was slightly higher than at B10N2. In contrast to results from the maize cropping season in 2017, spring barley grain yields observed in 2018 were generally below the threshold of the country’s average (3.63 t ha−1) in all treatments. The trends in the effect of biochar application at various fertilization levels were very similar to the year 2017. However, these results were not significant and therefore it can be concluded that biochar application had no effect on spring barley yield. Biochar amendment at both application rates without fertilizer resulted in a similar grain yield that was lower than control (B0N0). Grain yield at the first fertilization level increased in the following order: B10N1 < B20N1 < B0N1. Also, at the second N-fertilization level, the lowest crop yield was observed for treatment with 10 t ha−1 of biochar (B10N2). Application of 20 t ha−1 of biochar (B20N2) showed the highest crop yields in 2018, quite high above the country’s average. The B0N2 treatment was also slightly above this average.



When attempting to evaluate the extent of the applied soil amendments on the crop yields, relevant climatic conditions must also be considered. The mean air temperature was higher by 8% during the vegetation season of maize (2017) and higher by 21% during the vegetation season of spring barley (2018) in comparison to CN. The site also received less precipitation during the individual growing seasons by 19% in 2017 and by 53% in 2018 when compared to CN (Supplementary Materials Figure S1). Monthly data of mean air temperature and precipitation amount in 2017 and 2018 at the experimental site were compared to the climatic normal (CN) 1960–1991 [35] and the deviation of the meteorological parameters was evaluated according to methodology of Kožnarová and Klabzuba [72] (Supplementary Materials Table S1). When considering the whole year period, both 2017 and 2018 were very dry in comparison to CN. The mean air temperature in year 2017 was similar to CN. However, year 2018 was extremely warm, which is in agreement to the worldwide discussed trend of climate warming [73,74,75]. We assume that crop yields were negatively affected by weather conditions at the experimental site, especially when the “very warm” up to “extremely warm” weather was accompanied by a lack of precipitation. Moreover, the precipitation was distributed very unevenly during the individual months. For example, the daily total on 24 July 2017 was 40% (24 mm) of the whole of July’s precipitation. An even higher extreme was recorded in 2018, when 92% (41 mm) of June’s total precipitation fell on 24 June 2018. Water stress is more critical at certain crop development stages. Stress from temperature and water impacts nutrient availability and susceptibility to pests, which affects the final crop yield [76]. Moreover, different treatments also influenced the start of individual growth stages [37], thus timing of precipitation could contribute to creation of future crop yield differently. As Liu et al. [24] pointed out, a general disadvantage of long-term field trials is that they are usually adversely impacted by environmental variability.




3.3. Relation of Crop Yield of Maize and Spring Barley to Changes of Soil Properties


Correlation analysis between studied soil properties revealed several significant relationships at various confidence levels (Supplementary Materials Tables S2–S5). During the studied period of 2017–2018, Corg correlated positively with pH, SBC and CEC, while negative relationships were observed between Corg and HS, HA and FA (p ≤ 0.001). There was a positive correlation between pH and SBC, CEC and BS, while pH and Ha correlated negatively. Regarding the crop yield parameters, number of ears per maize plant in 2017 positively correlated with the total number of ears (p ≤ 0.001). The more ears the plant had, the smaller the number of kernels in the ear. Number of ears in 2018 (spring barley) significantly (p ≤ 0.05) rose with increasing number of plants and aboveground biomass and positively influenced the spring barley grain yield. In 2017, average grain weight of maize positively correlated with HS, HA and FA, however with the amount of Corg, it correlated negatively, which means that from a qualitative yield parameter point of view, content of Corg was not important but specific humus substances played a significant role. Far less statistically significant relationships between crop yield parameters and soil properties were found for the vegetation season in 2018, which might be related to a stronger influence of weather conditions on crop yields.



Integration of biochar and mineral fertilizers or manures generally results in better nutrient management and crop yield in most types of soils. The impact of biochar on the mineralization of native soil organic carbon varies among ecosystems. Application of biochar may enhance (positive priming) [77] or suppress (negative priming) [78] native soil organic carbon mineralization [26,79]. Our observation confirmed our hypothesis (H1) that biochar addition will increase the soils pH and increase the CEC (Figure 1A, D). These increases were statistically significant, and together with the increase of Corg (Figure 2A), we expected higher nutrient uptake resulting in the increase of crop yield. The initial soil pHKCl at the experimental site was 5.71 after biochar application rose up to 6.18 (for B10N1 in 2017). The recommended optimum pH for growing maize is 6.6–7.5 and for spring barley, 6.5–7 [80]. Biochar-mediated shift in pH and a related increase in the bioavailability of P, Ca and Mg, resulting in a balanced nutrient supply in rhizosphere reported in many works [23], did not enhance crop yields in our study. However, our results are in agreement with the study by Karer et al. [34] that was conducted in relatively similar climatic but different soil conditions. They observed that besides the significant increase of pH in the first year of biochar application and Corg increase, there was no significant increase of nutrient intake and correlation with crop yields observed on Cambisol, nor Chernozem. In our study, we actually observed a negative relationship between pH and average grain weight in 2017 and ears per plant in 2018. We suspect that some other factor was influencing crop yields in the studied years more strongly than pH. Adequate availability of nitrogen is a crucial factor for optimal N uptake by plants. Higher N uptake by the crop implies that the organic amended soil maintained a higher concentration of this nutrient in the soil solution. For most annual crops, N-uptake from soil at optimum fertilizer rates occurs for only 8–12 weeks. Nitrogen in applied organic amendments may be prone to immobilization, and, as a result, plants usually recover low amounts of organic amendment N in the short-term [81]. Lack of precipitation during the nutrient-demanding crop stages might lead to water insufficiency, which is necessary to solute nutrients.



Although biochar can improve degraded soils, it is not a one-size-fits-all solution. Soil- and crop-specific biochar are needed in order to ensure optimum crop yield and agricultural sustainability [26].




3.4. The Effect of Soil Amendments on Crop Yield of Maize and Spring Barley


According to previously published results of the established field experiment [11,82], spring barley crop yield increased for treatments with biochar application at 10 t ha−1 during the first crop season, just after biochar application in 2014. The differences in comparison to control rose in the order of B10N1 < B10N2 < B10N0 by 5%, 8% and 42%, respectively. In contrary, the lowest spring barley yields were observed for these treatments in year 2018, four years after biochar application (Supplementary Materials Figure S3), despite higher amounts of plants per m2 (Table 5). We suspect that water stress (Supplementary Materials Table S1) could play a role during formation of the grain yield that could explain the grain yields below average (Figure 4). The second level of N-fertilization in combination with biochar application (treatments B10N2 and B20N2) was not an efficient combination in increasing maize yield in 2017. Higher maize yields were observed for the same treatments in 2015 [80]. The positive effect of increasing grain yield at non-fertilized treatments was observed only during the first and second year after biochar application. Considering the observed grain yields in 2017 and 2018 cropping seasons, we can conclude that the combination of 20 t ha−1 of biochar with N fertilizer (B20N1 and B20N2) has the highest grain yield increase potential. We hypothesized that biochar in combination with N-fertilization will increase crop yields (H2). According to our observed results, this hypothesis was correct, especially regarding the biochar application at a rate of 20 t ha−1. Our observations are in agreement with Gathorne-Hardy [83], who also found that the combined application of biochar and nitrogen fertilizer significantly increased barley crop yields and nitrogen use efficiency on sandy loam soil up to two years after their application. The same author also reported that there was no clear interaction between the quantity of biochar and spring barley yield. Agegnehu et al. [81] reported an improvement of fertilizer use efficiency after application of organic amendments (biochar with or without combination with compost), especially when combined with mineral fertilizer. Moreover, when used together with organic amendments, less N fertilizer was required to achieve a given yield than when N is applied alone, which could have a positive effect on profitability and enhancement of long-term sustainability of the production system, while simultaneously mitigating environmental pollution.



Similar to our study, Baronti et al. [20] studied the positive effect of biochar application at the rate of 10 t ha−1. They used commercially produced biochar made from coppiced woodlands that increased yield of aboveground biomass and maize grains by 26% and 6% respectively, in comparison to control in the first year after biochar application. The authors assumed that increased reduction in N leaching (higher retention of NH4+; N immobilization in microbial biomass) or a reduction of denitrification, as described by Yanai et al. [84], could be the main mechanism explaining the observed yield increase. Major et al. [85] also observed an increase in maize yield four years after biochar application. Karer et al. [34] reported results of their two-year field experiment with beech wood biochar on Cambisol and Chernozem in Austria (temperate climate zone). Although their experimental biochar application rates were much higher (24 and 72 t ha−1) than usually recommended ones, they did not observe any adverse impacts on yield performance of spring barley, maize (first year) and sunflower, winter wheat (second year), and with sufficient N supply provision. However, they observed distinct yield decreases, especially for maize and winter wheat on the Cambisol, when biochar was applied without N supplement. This also confirmed the well-known effect of N availability, being the most limiting factor for crop yield. Although more N was contained in the biochar additive than in the mineral fertilizer, the crops could not take advantage of this biochar pool, at least not in the short term. In general, there are more studies that report the positive effects of biochar application on crop yields. In contrast, especially in the last decade, more studies occurred that reported a neutral or negative effect. Factors responsible for yield response to biochar are specific biochar/soil/crop/fertilizer combination, application rate, elapsed incorporation time, experiment type and environmental conditions, as summarized in the review paper by Subedi et al. [22].



The positive effect of biochar application on the alternation of crop yields in the third and fourth year after biochar application was visible only for higher application rate of biochar in combination with N fertilizer (B20N1 in 2017 and B20N2 in 2018) when compared to grain yields at control treatments (Supplementary Materials Figure S3). Interestingly, the positive effect for B20N1 treatment was not observed during the first year after biochar application (in 2014). With more time elapsing from the biochar application date, the positive effect of the biochar application seems to be decreasing. However, as it was already mentioned, the effect of changing weather conditions at the experimental site must be considered too while evaluating the results. Further research should also focus on the water retention ability of biochar and its relation to water availability to grown crops in biochar-amended soils during dry and hot periods.





4. Conclusions


Through the application of biochar, the soil pH and soil organic carbon content both increased, and were improved together with the sorption parameters. The hydrolytic acidity decreased, while the sum of basic cations and cation exchange capacity increased because of the application of biochar. N-fertilization was an important stabilizing element for soil characteristics 3 and 4 years after the application of biochar.



Even though the properties of the soil were improved as a result of the application of biochar, the yield parameters and the overall grain yield depended significantly on the climatic conditions in the individual years. However, our results at 3 and 4 years after the application of biochar showed the potential of increasing the grain yield, especially at the dose of 20 tha−1 of biochar in combination with N-fertilization. Average grain weight of maize positively correlated with HS, HA and FA, however it correlated negatively with the Corg content. This means that specific humus substances played a significant role during formation of crop yield. Far less statistically significant relationships between crop yield parameters and soil properties were found for the vegetation season in 2018, which might be related to a stronger influence of weather conditions on crop yields.



As a conclusion, the results of this study supported our hypotheses only partly. The application of biochar to loamy Haplic Luvisol in the climatic conditions of Central Europe influenced the soil characteristics, leading to an increase in soil pH, improvement of sorption parameters and soil organic matter. Crop yields depended on climatic conditions during vegetation season rather than applied biochar and N fertilizer. The positive effect of biochar application on the alternation of crop yields in the third and fourth year after biochar application was visible only for a higher application rate of biochar with a combination with N fertilizer. Biochar application did not affect all crop parameters in the same direction. In 2017, a significant positive effect of biochar application was observed for number of grains per ear at the second fertilization level (B10N2 and B20N2). However, the same treatments had a significant negative effect on the weight of 1000 grains and a neutral effect on the final grain yield. In 2018, no significant effects (positive or negative) on crop yield parameters were observed regarding biochar application, thus it had a neutral effect. Further research should focus on the water retention ability of biochar and its relation to water availability to grown crops in biochar-amended soils during dry and hot periods, as the lack of precipitation during the nutrient-demanding crop stages can lead to water insufficiency.
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Figure 1. Dynamics of soil pH and sorption parameters during vegetation season in 2017–2018: (A) soil pH, (B) hydrolytic acidity, (C) sum of basic cations, (D) cation exchange capacity, (E) base saturation. Treatments are mentioned in the Material and Methods Section. Vegetation season in 2017 represents April to September and in 2018 from April to July. (4: April, 5: May, 6: June, 7: July, 8: August, 9: September). Different letters (a, b, c) indicate that treatment means are significantly different at p ≤ 0.05 according to the LSD multiple-range test. 
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Figure 2. Dynamics of soil organic matter and humus parameters during the vegetation season in 2017–2018: (A) soil organic carbon, (B) labile carbon, (C) humus substances, (D) humic acids, (E) fulvic acids, (F) humic acids to fulvic acids ration. Treatments are mentioned in the Material and Methods Section. The vegetation season in 2017 represents April to September and in 2018, from April to July (4: April, 5: May, 6: June, 7: July, 8: August, 9: September). Different letters (a, b, c) indicate that treatment means are significantly different at p ≤ 0.05 according to the LSD multiple-range test. 
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Figure 3. Dynamics of humus parameters during the vegetation season in 2017–2018: (A) color quotient of humus substances. (B) color quotient of humic acids. Treatments are mentioned in the Material and Methods Section. The vegetation season in 2017 represents April to September and in 2018, from April to July (4: April, 5: May, 6: June, 7: July, 8: August, 9: September). Different letters (a, b, c) indicate that treatment means are significantly different at p ≤ 0.05 according to the LSD multiple-range test. 
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Figure 4. Effect of biochar and fertilizer application on the grain yield of maize in 2017 (fourth year after biochar application) and spring barley in 2018 (fifth year after biochar application) (means ± standard error; n = 3), in comparison to average crop yield (dashed line). Different letters indicate significant difference between treatments at the same fertilization level (N0, N1, N2) at p ≤ 0.05 according to the LSD multiple-range test. 
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Table 1. Characteristics of a Haplic Luvisol at Dolná Malanta before the experiment.






Table 1. Characteristics of a Haplic Luvisol at Dolná Malanta before the experiment.





	Soil Properties
	Values





	Clay (g kg−1)
	249



	Silt (g kg−1)
	599



	Sand (g kg−1)
	152



	Soil organic carbon (g kg−1)
	9.13



	CEC (mmol kg−1)
	85



	Base saturation (%)
	142



	pH (in 1 mol dm−3 KCl)
	5.71







Note: CEC–cation exchange capacity.
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Table 2. List of investigated treatments and overview of individual amounts of applied biochar and inorganic fertilizer of the field experiment.
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	Treatment
	Description





	B0N0
	no biochar, no N fertilization



	B10N0
	biochar at rate of 10 t ha−1, no N fertilization



	B20N0
	biochar at rate of 20 t ha−1, no N fertilization



	B0N1
	no biochar combined with first level of N fertilization: doses of N were 160 and 40 kg N ha−1 in 2017 and 2018, respectively



	B10N1
	biochar at rate of 10 t ha−1 with N: doses of N were 160 and 40 kg N ha−1 in 2017 and 2018, respectively



	B20N1
	biochar at rate of 20 t ha−1 with N: doses of N were 160 and 40 kg N ha−1 in 2017 and 2018, respectively



	B0N2
	no biochar combined with second level of N fertilization: doses of N were 240 and 80 kg N ha−1 in 2017 and 2018, respectively



	B10N2
	biochar at rate of 10 t ha−1 with N: doses of N were 240 and 80 kg N ha−1 in 2017 and 2018, respectively



	B20N2
	biochar at rate of 20 t ha−1 with N: doses of N were 240 and 80 kg N ha−1 in 2017 and 2018, respectively
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Table 3. Dynamics of soil pH and sorptive parameters according to the results of the Mann–Kendall test.
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Treatments

	
pHKCl

	
Ha

	
SBC

	
CEC

	
Bs




	
Mann–Kendall Trends






	
B0N0

	
Stable/No Trend

	
Stable/No Trend

	
Increasing

	
Increasing

	
Stable/No Trend




	
B10N0

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend




	
B20N0

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend g

	
Stable/No Trend




	
B0N1

	
Decreasing

	
Increasing

	
Stable/No Trend

	
Stable/No Trend

	
Decreasing




	
B10N1

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend




	
B20N1

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend




	
B0N2

	
Decreasing

	
Increasing

	
Stable/No Trend

	
Stable/No Trend

	
Decreasing




	
B10N2

	
Stable/No Trend

	
Increasing

	
Stable/No Trend

	
Stable/No Trend

	
Decreasing




	
B20N2

	
Increasing

	
Stable/No Trend

	
Increasing

	
Increasing

	
Stable/No Trend








Ha—hydrolytic acidity, SBC—sum of basic cations, CEC—cation exchange capacity, Bs—base saturation.
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Table 4. Dynamics of soil organic matter and humus parameters according to the results of the Mann–Kendall test.
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Treatments

	
Corg

	
CL

	
HS

	
HA

	
FA

	
HA:FA

	
Q4/6HS

	
Q4/6HA




	
Mann–Kendall Trends






	
B0N0

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Increasing

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend




	
B10N0

	
Decreasing

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Increasing

	
Decreasing

	
Stable/No Trend

	
Increasing




	
B20N0

	
Decreasing

	
Increasing

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Decreasing

	
Stable/No Trend

	
Increasing




	
B0N1

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend




	
B10N1

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend




	
B20N1

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Increasing




	
B0N2

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend




	
B10N2

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend




	
B20N2

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Stable/No Trend

	
Increasing








Corg—soil organic carbon, CL—labile carbon, HS—humus substances, HA—humic acids, FA—fulvic acids, HA:FA—humic acids to fulvic acids ratio, Q4/6HS—color quotient of humus substances, Q4/6HA—color quotient of humic acids. Treatments are mentioned in the Material and Methods Section.
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Table 5. The selected yield parameters of maize and spring barley in the third and fourth year after biochar application, respectively (means ± standard error; n = 3).
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Treatments

	
Aboveground Biomass (t ha−1)

	
No. of Plants (m2)

	
Ears per Plant

	
Grains per Ear

	
Weight of 1000 Grains (g)






	
No fertilization: N0

	
Year 2017, crop: maize




	
B0N0

	
12.9 ± 0.8 a

	
10.5 ± 0.9 a

	
1.0 ± 0.0 ab

	
325 ± 26.6 a

	
216.3 ± 24.3 a




	
B10N0

	
11.2 ± 0.2 a

	
7.5 ± 0.9 a

	
1.2 ± 0.1 b

	
294 ± 13.4 a

	
227.3 ± 6.7 a




	
B20N0

	
10.9 ± 3.4 a

	
10.0 ± 1.0 a

	
0.9 ± 0.1 a

	
307 ± 72.9 a

	
190.7 ± 8.1 a




	
Fertilization: N1

	

	

	

	

	




	
B0N1

	
12.7 ± 1.6 a

	
9.0 ± 0.0 ab

	
1.8 ± 0.8 a

	
261 ± 78.8 a

	
211.0 ± 14.7 a




	
B10N1

	
9.8 ± 1.4 a

	
7.5 ± 0.0 a

	
1.0 ± 0.0 a

	
323 ± 32.9 a

	
216.0 ± 7.1 a




	
B20N1

	
14.1 ± 0.8 a

	
10.5 ± 1.5 b

	
1.0 ± 0.0 a

	
369 ± 25.0 a

	
204.9 ± 12.7 a




	
Fertilization: N2

	

	

	

	

	




	
B0N2

	
15.3 ± 3.8 a

	
9.0 ± 0.9a

	
1.3 ± 0.2 b

	
255 ± 31.9 a

	
266.1 ± 9.4 b




	
B10N2

	
11.5 ± 1.8 a

	
9.0 ± 1.5 a

	
1.0 ± 0.0 ab

	
362 ± 41.7 b

	
200.9 ± 16.2 a




	
B20N2

	
13.1 ± 1.1 a

	
9.5 ± 0.5 a

	
0.9 ± 0.1 a

	
393 ± 8.1 b

	
199.6 ± 9.4 a




	
No fertilization: N0

	
Year 2018, crop: spring barley




	
B0N0

	
8.6 ± 0.8 a

	
250.7 ± 46.3 a

	
2.6 ± 0.2 a

	
13 ± 0.5 a

	
38.9 ± 1.0 a




	
B10N0

	
7.5 ± 2.0 a

	
298.7 ± 32.4 a

	
2.0 ± 0.2 a

	
12 ± 1.0 a

	
38.5 ± 1.7 a




	
B20N0

	
7.9 ± 1.0 a

	
357.3 ± 17.5 a

	
1.7 ± 0.3 a

	
13 ± 2.3 a

	
34.5 ± 2.6 a




	
Fertilization: N1

	

	

	

	

	




	
B0N1

	
9.3 ± 2.4 a

	
296.0 ± 32.3 a

	
2.0 ± 0.4 a

	
14 ± 0.7 a

	
40.3 ± 1.2 a




	
B10N1

	
8.2 ± 0.1 a

	
312.0 ± 21.2 a

	
1.7 ± 0.0 a

	
12 ± 1.3 a

	
40.6 ± 1.9 a




	
B20N1

	
9.2 ± 0.3 a

	
237.3 ± 18.7 a

	
2.2 ± 0.5 a

	
15 ± 0.7 a

	
43.2 ± 1.5 a




	
Fertilization: N2

	

	

	

	

	




	
B0N2

	
11.3 ± 1.3 a

	
258.7 ± 53.1 a

	
2.5 ± 0.2 a

	
15 ± 0.8 a

	
42.0 ± 0.8 a




	
B10N2

	
9.7 ± 2.1 a

	
248.0 ± 37.8 a

	
2.4 ± 0.4 a

	
14 ± 4.6 a

	
40.5 ± 2.5 a




	
B20N2

	
12.8 ± 3.6 a

	
413.3 ± 131.4 a

	
2.1 ± 0.1 a

	
14 ± 1.4 a

	
38.9 ± 2.3 a








Different letters indicate significant difference between treatments at the same fertilization level at p ≤ 0.05 according to the LSD multiple-range test.
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