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Abstract

:

Nitrogen (N) in soybean (Glycine max L.) plants derived from biological nitrogen fixation was shown to be a sustainable N resource to substitute for N fertilizer. However, the limited water supply in sandy soil is a critical factor for soybean nodulation and crop growth. This study investigated the potential mechanism of the effect of biochar and irrigation on the soybean-Rhizobium symbiotic performance and soil biological activity in a field trial. In the absence of N fertilizer, 10 t ha−1 of black cherry wood-derived biochar were applied under irrigated and rainfed conditions on an experimental, sandy field site. The plant biomass, plant nutrient concentrations, nodule number, nodule leghemoglobin content, soil enzyme activities, and soil-available nutrients were examined. Our results show that biochar application caused a significant increase in the nodule number by 35% in the irrigated condition. Shoot biomass and soil fluorescein diacetate hydrolytic activity were significantly increased by irrigation in comparison to the rainfed condition. The activity of soil protease reduced significantly, by 8%, with the biochar application in the irrigated condition. Further, a linear correlation analysis and redundancy analysis performed on the plant, nodule, and soil variables suggested that the biochar application may affect soybean N uptake in the sandy field. Nodulation was enhanced with biochar addition, however, the plant N concentration and nodule Lb content remained unaffected.
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1. Introduction


Nitrogen (N) is a growth-limiting factor in ecosystems due to its crucial role in the synthesis of major bio-molecules [1], and thus is an especially paramount nutrient in agricultural crop production. Biological nitrogen fixation (BNF) in legumes was reported to provide considerable amounts of N and thus, improved soil productivity [2,3]. Biological nitrogen fixation accounted for 50–60% of soybean total N uptake by soybean according to a meta-analysis with 637 data sets in 108 field studies. In 2012, soybean contributed 67% of the world’s protein meal supply [4]. However, abiotic stresses, including drought, threatened the growth and yield of legumes and other crops [5]. Grain legumes are sensitive to drought stress which may inhibit nodulation and N fixation [6,7]. Water deficit plays a major role in soybean nodulation and renders low N fixation due to its limitation on Rhizobium survival in the soil [8]. The process of root hair infection by Rhizobium and the formation of infection threads has also been found to be seriously inhibited by water deficits [9,10,11].



Biochar has been used widely as a soil additive to increase soil fertility through improving the water holding capacity [12,13], soil cation exchange capacity (CEC) [14], nutrient retention [15], and soil microbial and enzyme activities [16,17]. Furthermore, biochar has been considered as a Rhizobium inoculant carrier to increase the Rhizobium survival rate and the soybean nodulation rate [18,19]. In view of the facilitating Rhizobium survival, biochar can provide a habitat for microbes due to its porous structure, which has a high internal surface area and a high ability to adhere to soluble organic matter [20,21].



A sustainable N source for crop growth is from organic N mineralization. Biochar has been reported to have a negative effect on organic N mineralization. This was attributed to the biochar feedstock type, soil type and soil organic matter content [22,23]. On the other hand, the positive effect of biochar on nitrification has also been widely observed and it was further noted in pot experiments without planting [1,24,25]. No effect of biochar on soil nitrification was found in the field experiments by Castaldi et al. and Nelissen et al. [24,26]. These effects of biochar on nitrification imply that plant N uptake may influence the nitrification process. More intricacies in legume planted soil were observed. The N source from air and soil showed a suppression effect between each other since N addition inhibits nodulation and N fixation, whereas plant N uptake from BNF reduces plant N absorption from the soil [27,28].



To understand the interactions between biochar, soil and plant, an analysis of soil enzyme activities can also assist. The total microbial activity renders a general estimation of organic matter decomposition in the soil [29]. The fluorescein diacetate (FDA) molecule is known to be hydrolyzed by a number of enzymes, including proteases, lipases, and esterases [30,31]. In addition, the FDA can also be hydrolyzed by bacteria and fungi [32]. Therefore, the hydrolytic activity of the FDA is considered as an indicator of total microbial activity. The FDA hydrolytic activity was shown to be increased by biochar addition in a pot experiment [15], whereas no effect was found in a field study [33]. Another extracellular enzyme, protease, catalyzes the hydrolysis of the protein components in the N mineralization process, especially in the initial stage [34]. The N derived from the mineralization of organic N by protease and peptidase catalysis represents 40% of the total soil N [35]. With respect to N related enzyme activity, biochar showed positive and negative effects on protease activity in recent studies [21,25,36]. It has been claimed that soil proteins can adhere to the surfaces of biochar pores. Accordingly, this may render a loss of available substrates in the soil and further result in a decrease of amino acids produced by protease catalysis [25]. In contrast, protease activity increased two-fold by the addition of biochar in a pot incubation experiment, however without planting [36,37]. The positive effect was generally attributed to the stimulation effect of biochar on microbial activity, as discussed by Ouyang et al. [37]. These results further suggest that the protease activity differed from a controllable pot ambience compared to realistic field surroundings, probably due to the complex and uncertain environmental conditions, such as weather, soil biota, and field heterogeneity.



As mentioned above, the effects of biochar on plant growth, plant nutrient uptake, soil nutrients availability and biological activity have been well documented. However, the impact of biochar and irrigation on the interrelationship among soil enzymes, soybean nodulation and crop growth as well as the potential of biochar on enhancing symbiotic performance of soybean under natural field conditions deserve more detailed investigations. Therefore, this study aimed to: (a) analyze the influence of biochar on plant growth under irrigated and rainfed conditions; (b) determine the effect of biochar and irrigation on soybean nodulation and N fixation; and (c) investigate the response of overall microbial activity (FDA hydrolytic activity) and protease activity to biochar amendment and irrigation. It was hypothesized that: (a) soybean nodulation, N fixation and plant biomass could be enhanced by increasing the water supply and biochar application; and (b) the soil enzyme activities and supply of available nutrients could be increased by biochar addition.




2. Materials and Methods


2.1. Study Site and Field Design


The soybean field trial was conducted on a sandy soil (sand: 77%, silt: 15% and clay: 8%, Table 1) at the Leibniz Centre for Agricultural Landscape Research (ZALF), Müncheberg, Northeast Germany (52.516074° N, 14.114823° E). The average temperature in Müncheberg was 19.0 °C during the crop season from 12 May to 15 September 2016, and the precipitation was 450.9 mm (Figure 1A,B).



To reduce field heterogeneity, the field was designed along a 90-m-long transect with a width of 24.9 m, and the transect was divided into two strips that were each 6.6m wide (Figure 2). One strip was irrigated, and the other was not. Eight evenly distributed replications were set with a 7-m space in the transect. Each replication included four randomly arranged treatments, i.e., (a) 10 t ha−1 biochar application with irrigation, (b) 10 t ha−1 biochar application without irrigation (rainfed), (c) no biochar application (control) with irrigation, and (d) no biochar application (control) without irrigation (rainfed).



All treatments received 100 kg ha−1 of Triple-Superphosphate fertilizer (46 kg P2O5 ha−1). A total of 10 t ha−1 of biochar was applied to the biochar treatments. The biochar used in the study was produced at 450 °C from black cherry wood (Terra Anima® online shop, Meißen, Germany), with a particle size of less than 4 mm. The biochar and soil properties are shown in Table 1.



Soybean (Glycine max L. var. sultana) seeds were obtained from the BASF Services Europe GmbH (Berlin, Germany) and planted in 8 rows for each plot with a seeding rate of 80 seeds m−2. The seeds were inoculated with Bradyrhizobium japonicum (HISTICK® Soy, BASF Services Europe GmbH) at a rate of 2 × 109 CFU g−1 before planting. The irrigation need was estimated by the decision support system, Irrigama, developed in ZALF (Wenkel et al. 1988; Mirschel and Wenkel 2004; Wenkel 2011), based on a model that was calculated according to the climate, soil quality, and development stage of the plants. The calculation depended on the initial data measured and estimated in Müncheberg. The irrigation water was supplied through a metal pipe armed with sprinklers on four days (11 July, 19 July, 22 July, and 25 July) and amounted to 75 mm in total (Figure 1A).




2.2. Plant Sampling and Analysis


Further, 90 days after planting (soybean reproductive growth stage 5), 15 plants were sampled from four points in each replicated plot for the measurements of biomass and plant nutrient contents. For plant sampling, the whole plant was carefully dug up at a depth of 25 cm. The shoots were cut for measurements of dry weight and plant nutrient contents. Subsequently, the roots were stored at 4 °C for nodule sampling. The roots were rinsed with water and air-dried after the nodules were removed. All plant materials were dried in an oven at 68 °C for 48 h. After the dry weight was determined, the materials were ground using a mill fitted with a 1-mm screen. Then, they were sub-sampled for the analysis of plant N, phosphorus (P), and potassium (K) concentrations. The N, P and K concentrations in plant tissue were analyzed with an inductively coupled plasma optical emission spectrometer (ICP-OES; iCAP 6300 Duo, ThermoFischer Scientific Inc., Waltham, MA, USA) via Mehlich-3 extraction (Sims, 2009). The yield was determined by harvesting five rows per 8.25-m2 plot 126 days after planting. Then, the seeds were ground roughly to 2–3mm particles and dried in an oven at 68 °C for 48 h. Subsequently, the dry weight of seed was determined.




2.3. Soil Sampling and Analysis


The root system of soybean was very carefully removed from a 0–15 cm depth, and root-adhered soil was collected and considered root-associated soil samples. The total carbon (Ct), nitrogen (Nt), and sulfur (St) contents of soil samples were determined by the dry combustion method using a CNS elemental analyzer (TruSpec, Leco Corp., St. Joseph, MI, USA) [38]. P, K, magnesium (Mg), and calcium (Ca) were analyzed by ICP-OES (iCAP 6300 Duo) via the method Mehlich-3 extraction [39]. The CEC was determined using the method ISO 13536:1995 by ICP-OES (iCAP 6300 Duo).




2.4. FDA Hydrolytic Activity Assay


The FDA hydrolytic activity was determined following the method of Green et al. [40]. A total of 0.5 mg root-associated soil was added into a 50-ml vial with subsequent addition of 25 mL of sodium phosphate (0.06 M; pH 7.6). Then, 0.25 mL of 4.9 mM FDA substrate solution was added to all assay vials. The tightly capped vials were mixed and incubated in a water bath at 37 °C for 1 h. Subsequently, 1 mL of soil suspension was transferred to a 1.5-mL tube and centrifuged at 8000 rpm for 5 min. The clear supernatant was measured at 490 nm against a reagent blank solution in a spectrophotometer. The controls followed the procedure described for the assay, but 0.25 mL acetone was added instead of the FDA substrate solution. The concentration of fluorescein released was calculated by reference to a standard curve from the results obtained with standards containing 0, 0.019, 0.095, 0.952, and 2.857 μg mL−1 of fluorescein.




2.5. Protease Activity Assay


The protease activity was assayed using the method described by Ladd and Butler [41]. First, 0.5 g of root-associated soil was weighed into a glass vial. Then, 2.5 mL of phosphate buffer (0.2 M, pH 7.0) and 0.5 mL of substrate N-benzoyl-L-arginine amide (BAA) solution (0.03 M) were added. Subsequently, the vials were capped and shaken in a water bath at 37 °C with a rotary speed of 300 rpm for 1 h. After incubation, 2 mL of KCl (2 M) was added into the vials to cease the reaction, and 1 mL of the solution was pipetted into a micro tube and centrifuged at 6000 g for 10 min. Then, 0.5 mL of the clear supernatant was mixed with 4.5 mL of distilled water, 2.5 mL of sodium salicylate-NaOH and 1 mL of sodium dichloroisocyanide solution. The reaction mixture was incubated at room temperature for 30 min. The absorbance of the colored mixture was measured at 690 nm against a reagent blank solution in a spectrophotometer. The controls were performed to follow the procedure described for the assay, except the substrate BAA was added after incubation. The ammonium released was calculated by relating the measured absorbance at 690 nm to that of a calibration curve containing 0, 1.0, 1.5, 2.0, and 2.5 μg NH4+-N ml−1.




2.6. Nodule Sampling and Leghemoglobin Content Analysis


The nodules were collected after the roots were rinsed with water. Subsequently, the numbers of nodules (nodule size > 1 mm) were counted. Then, the nodules were sub-sampled for leghemoglobin (Lb) content analysis. The analysis of Lb content followed that of Wilson and Reisenauer (1963) [42], in which 0.5 mg of crushed and ground nodule was mixed into 3 mL of Drabkin’s solution. The supernatant was transferred to a 10-mL tube after centrifugation at 500 g for 15 min. The ground nodule was extracted twice more with 3 mL of Drabkin’s solution, and the supernatants were combined. The volume was adjusted to 10 mL with Drabkin’s solution, mixed, and centrifuged at 20,000 g for 30 min. The analysis was standardized with a freshly prepared solution of bovine hemoglobin.




2.7. Statistical Analysis


The general linear model procedure was used for the analysis of variance, and multiple comparisons between treatments were tested at the p < 0.05 level using the Duncan test. To characterize the relationship between various parameters, linear correlation analyses were applied, and Pearson’s correlation coefficients were determined at p < 0.05. These statistical analyses were performed with SPSS Statistics v22.0 (IBM Corp., Armonk, NY, USA). For further data exploration, a redundancy analysis (RDA) was used to clarify the dependent relationships between the explanatory variables (soil properties) and response variables (crop parameters) using the open source statistical language R v1.2.1335 (R Studio, Boston, MA, USA). The RDA used multiple linear regressions by allowing the regression of multiple response variables on multiple explanatory variables. Therefore, the RDA models a cause-effect relationship. The results of the RDA were shown on a triplot, on which the angles between the arrows of the response and explanatory variables denote correlations. The points for observations can be projected perpendicularly on the species lines and indicate the values [43].





3. Result


3.1. Plant Biomass and Plant Nutrient Uptake


There was no significant effect only by the application of biochar on soybean shoot biomass, root biomass and yield under the irrigated or rainfed condition (Table 2). However, the shoot biomass was significantly affected by irrigation. The shoot biomass, root biomass and yield were increased by irrigation by 11.7, 6.6 and 5.2%, respectively. Likewise, plant shoot N and P concentrations were also significantly increased. The irrigated plots showed 10.6 and 15.4% greater N and P contents in the shoot, respectively. However, no significant differences for N and P concentration were found among the biochar treatments. The shoot K concentration showed no influence of either irrigation or biochar application.




3.2. Nodule Number and Leghemoglobin Content


Biochar increased the nodule number by 9.0 per plant under the irrigated conditions (Figure 3A) while no significant increase was detected under the rainfed condition. The Lb content was unchanged after the biochar application in both the irrigated and rainfed condition (Figure 3B).



In addition, there was a significantly positive correlation between the nodule number and shoot and root N concentration with the biochar application. The correlation coefficients were 0.63 (p < 0.01) and 0.72 (p < 0.01), respectively. Nevertheless, the correlation coefficient decreased to 0.54 (p < 0.05) between the nodule number and root N concentration when biochar was not applied. In addition, a significant correlation between the nodule number and shoot N concentration was not detected when biochar was not applied (Table 3). A negative correlation between Lb content and soil protease activity was observed in the biochar free treatments but no correlation was presented in the biochar applied treatments (Table 3).




3.3. Soil Enzyme Activities and Soil Nutrients


The activity of soil protease alter was significantly reduced by 8% in case of biochar application under irrigation, whereas no significant effect of biochar was presented for the rainfed condition (Figure 4A). The FDA hydrolytic activity was not significantly affected by the addition of biochar, but irrigation markedly increased the FDA hydrolytic activity by 52–63% in comparison to the treatments under the rainfed condition (Figure 4B). The protease activity was negatively correlated with shoot dry weight and shoot N concentration in biochar applied treatments, while no correlation was found for the treatments without biochar (Table 3). The correlation between the FDA hydrolytic activity and nodule number was strongly positive in biochar free treatments, whereas no correlation was shown in biochar applied treatments (Table 3). The soil Ct, Nt, P, K, Ca, and Mg contents, CEC, and pH were not significantly affected by biochar in both the irrigated and rainfed condition (Table 4).




3.4. Redundancy Analysis


The data of the response variables (shoot dry weight, root dry weight, yield, shoot N, shoot P, shoot K, and nodule number) and for the explanatory variables (soil Ct, Nt, St, Ca, K, Mg, P, CEC, pH, protease and FDA hydrolytic activities, and nodule Lb content) were standardized before the RDA was performed in order to reveal interdependencies under the experimental field site conditions. The first six RDAs explained 38.04%, 28.28%, 14.31%, 9.68%, 5.49% and 2.54% of the total variance in the crop and nodule parameters for the treatments with biochar, while for biochar free treatments the RDAs explained 41.79%, 28.81%, 16.26%, 6.85%, 3.59%, and 2.12%, respectively. The biochar-treated soil (Figure 5A) showed that: 1) shoot dry weight, shoot N, and shoot P were negatively related with soil total N and protease activity, and 2) root dry weight was strongly related with FDA.



For the control soil (Figure 5B) the most evident indications were that: (1) The nodule number was closely related with FDA; and (2) the root dry weight was closely related with Ct, Nt, Ca and CEC.





4. Discussion


4.1. Plant Growth


This study observed that the application of biochar to soil slightly increased soybean shoot biomass and grain yield, but the effect was not significant. In several recent studies, it has also been reported that biochar had no significant effect on plant growth or yield [44,45,46,47]. Joseph et al. reported that the interaction of biochar with environmental conditions is important to determine the contrasting effects of biochar on plant growth [48]. Moreover, the interaction also depends on the physicochemical properties of biochar. For example, plant growth was inhibited when sandy Ultisol was amended with biochar produced at 800 °C, whereas plant growth was significantly enhanced by biochar produced at 350 °C [49]. In contrast, plant shoot biomass was enhanced after 75mm irrigation water was supplied when the plants were undergoing water stress from 37 to 74 days after planting.




4.2. Nodulation, and Nitrogen Fixation


Biochar increased the nodule number but showed no significant effect on Lb content. This indicates that the nodules from the biochar amended field and control field had a similar potential for N fixation as Lb regulates the release of bond oxygen to the bacteriods which are differentiated from Rhizobium-root cell symbiosomes. The bacteriods utilize oxygen for respiration and ATP providing for N fixation [50,51,52]. Therefore, leghemoglobin plays a critical role in nitrogen fixation of leguminous nodules [53]. Consequently, the stimulating impact of biochar on the nodule number indicated that the BNF might contribute more N to the shoot and root N concentration. A corresponding result was found in a pot experiment by Rondon et al., who showed that biochar addition increased the BNF-derived N in beans from 50% to 72% [54]. Additional evidence showed that biochar elevated the correlation between the nodule number and the shoot and root N concentration (Table 3). These results indicate the stimulating effect of biochar on BNF. Interestingly, biochar was also proven to have an inhibitory effect on plant N uptake by reducing N availability [54,55,56]. This decrease of N availability was reported to stimulate BNF [54].



The mechanism of enhancement of biochar on nodulation has been widely explained. Iijima et al. and Egamberdieva et al. pointed out that biochar is able to supply more pore space and air to nodule bacteria, which adhere to the biochar surface of pores in the soil [19,57]. The additional air supply from the pores may facilitate rhizobia respiration to enhance its survival rate in soil. In contrast, Pietikäinen et al. interpreted that the survival of bacteria, which are adsorbed onto biochar surfaces, is due to biochar protecting them in the soil [58]. Other research groups have elucidated the effect of biochar on nodulation caused by various signalling factors. Biochar can stimulate signalling for nodulation with the adsorption of flavonoids and Nod factors [59].



Nevertheless, there is a shortage of direct evidence to support those explanations, especially under field site conditions. Some evidence on examining the Rhizobium survival rate has been reported by Lehmann et al., who noted that the addition of biochar mixed with compost or farmyard manure increased the rhizobial cell counts and nodulation in soybean [60]. One specific experiment on biochar pore size was conducted to examine bacterial survival by Vanek and Thies [61]. This paper verified that Rhizobium tropici in biochar contained a maximum bacterial density of over 108 CFU g−1 at a mean pore diameter of between 10 and 15 µm for up to six months.



In the rainfed condition, however, our result did not manifest a significant increase of nodulation with the biochar addition. However, it was hypothesized that biochar application would be beneficial on nodulation. A water deficit can cause major effects on nodulation [8]. Zahran et al. illustrated that osmotic stress may lead to an alteration in the Rhizobium-host plant recognition process [62]. As this study recorded, the precipitation was only 34.3 mm from 37 to 74 days after planting (Figure 1A). The serious inhibition on root hair infection by Rhizobium and the formation of infection threads during water deficit has been observed frequently [9,10,11]. It is very likely that a water deficit played a more crucial role in nodulation than the beneficial effect of biochar under the rainfed condition in our study.




4.3. Soil Biological Activity


It was observed that the FDA hydrolytic activity, a measure of the overall microbial activity, was significantly higher in irrigated soil than in rainfed soil (Figure 4). In terms of suboptimal water supply, Elbl demonstrated that drought stress has a significant deleterious effect on the microbial activity in soil [63]. Furthermore, Hueso et al. illustrated that drought severely decreased the soil microbial community size and activity, as reflected by the significantly lower microbial biomass C and ATP values as well as enzyme activities [64]. In this study, the low precipitation from 86 days after planting to harvesting time may have induced drought stress to the microbial community. The precipitation and evaporation were 45.7 and 173.3mm respectively from 86 days after planting to harvesting time.



Several articles have reported that rhizobia may increase enzyme activity in the soil-root zone. Siczek and Lipiec found that Rhizobium inoculation consistently increased the activities of several enzymes in the rhizosphere [65]. Particularly, the rhizobial inoculation was observed to enhance soil FDA hydrolytic activity in a two-year field trial [66]. Furthermore, biochar and its highly porous structure can protect microorganisms from being grazed by predators [67,68]. Therefore, Rhizobium colonizing in biochar pores might diminish its positive effect on soil enzyme activity. Furthermore, the biochar addition eliminated the strong correlation between the FDA hydrolytic activity and nodule number. Moreover, in treatments without biochar, the loading and vector angle in RDA of FDA hydrolytic activity and nodule number indicated a positive relation but not for the biochar treatments.



Soil protease activity decreased in biochar-amended soil under the irrigated condition. Geisseler and Horwath observed that the high uptake rate of the additional N by plant resulted in the decreased need for N from the hydrolysis of N compounds [69]. They suggested that the protease activity depends on the N demand of plants. The N supplied by BNF may also reduce the N need from the soil N mineralization for plants use. Consequently, protease synthesis may be inhibited. Additional evidence in the RDA triplot showed that biochar has an enhancing effect on the negative relationships between protease activity and plant shoot dry weight/shoot N concentration. The reverse direction between the vector of protease activity and plant shoot dry weight/shoot N in the RDA indicated a negative correlation, whereas the angle closing to 180° between the vector of protease activity and plant shoot dry weight/shoot N in biochar treatments indicated a strong relation. Additionally, as discussed in the prior section, the plants which were grown in the soil without the biochar application were supposed to take more N from the soil than those grown in biochar-added soil. Therefore, in the control soil, the N that is taken up from the soil mostly originated from N mineralization and inherent soil mineral N since no N fertilization was performed during the cropping period. This may explain why the protease activity was significantly higher in biochar free treatments than in biochar applied treatments.





5. Conclusions


We conclude that the application of black cherry wood biochar had a positive effect on the symbiotic performance of Bradyrhizobium japonicum with soybean, but only in the irrigated condition on our experimental field site. Nevertheless, plant growth was not significantly enhanced by biochar addition but improved by the water supply via irrigation. Further analysis reveals that nodulation was enhanced with biochar addition, however, the plant N concentration and nodule Lb content remained unaffected. The water supply played a more dominant role than biochar addition concerning the soil total microbial activity due to significantly higher FDA hydrolytic activity in the irrigated condition than in the rainfed condition. On the other hand, the biochar application reduced the soil protease activity in the irrigated condition. Under field conditions, the combination of soybean and biochar can be a promising approach to reduce N fertilization and relieve environmental cost, especially for sandy regions which are suffering from low soil productivity. However, adequate water supply is still a prerequisite for the promotion of crop production.
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Figure 1. Weather condition during the experimental period. (A) Precipitation, evaporation, and irrigation and (B) air and soil temperature. R2 indicates reproductive stage 2 of soybean growth. 
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Figure 2. Field layout at ZALF Experimental Field 
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Figure 3. Effects of biochar on nodule number (A) and leghemoglobin content (B). Nodules were sampled 90days after planting. Error bars (standard error) followed by a different letter within each column are significantly different at P < 0.05 using the Duncan-test, n = 8. g FW−1: per gram of fresh weight. 
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Figure 4. Effect of biochar on protease (A) and FDA hydrolytic activity (B) in the soil. The error bars (standard error) followed by a different letter within each column are significantly different at P < 0.05 using the Duncan-test, n = 8. 
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Figure 5. RDA-ordination triplot of variables in biochar treated soil (A) and control soil (B). Response variables are shown by green arrow; explanatory variables are shown by yellow arrow. Ct: total carbon content, LbC: leghemoglobin content, NN: nodule number, Nt: total nitrogen content, PA: protease activity, RDW: root dry weight, SDW: shoot dry weight, ShootK: shoot K concentration, ShootN: shoot N concentration, ShootP: shoot P concentration, St: total sulfur concentration. 
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Table 1. Soil and biochar characteristics.
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Total (g kg−1)

	
Available (mg kg−1)

	
C/N

	
pH (H2O)

	
CECeff (cmol+/kg)

	




	
C

	
N

	
S

	
Ca

	
K

	
Mg

	
P

	
Ca

	
K

	
Mg

	
Na

	
Total






	
Biochar

	
415.08

	
3.75

	
0.58

	
8893

	
1151

	
471

	
326

	
110.6

	
8.41

	
21.49

	
1.69

	
2.69

	
0.063

	
22.68




	
Soil

	
9.18

	
0.99

	
0