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Abstract

:

Intensive land use including cultivation may result in soil degradation. Restoring natural conditions or utility values called reclamation usually requires prior improvement of soil properties by using fertilizers or soil amendments. Special attention is paid to biochar, as it can improve soil physical and chemical properties. Therefore, amendment is potentially useful for preparation of degraded soil for future vegetation. In pot experiments, we studied the effect of wheat straw biochar (5% v/w) (soil with biochar (S + BC)), two rates of mineral fertilizer (no fertilizer as a control set (SC) and single initial dose of fertilizer (S + NPK)), and combination of biochar and fertilizer (S + B C + NPK) on sandy soil properties and grass growth. Biochar significantly increased soil pH, total organic carbon content (TOC), and volumetric water content (VWC, +24% after one week of measurements). However, dry mass of grass shoots was lower in S + BC than in SC (−38%). It was also observed that, in fertilizer, applied sets high concentrations of salts caused crust formation, surface cracking, and overdrying. Considering the results, biochar may be useful for increasing sandy substrate fertility, providing proper conditions for revegetation during reclamation.
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1. Introduction


Sandy soils are common worldwide, from temperate to semiarid and arid regions, estimated to cover 900 million ha. Despite cultivation, these soils are often infertile and their productivity depends on the organic carbon content and moisture conditions. Typical properties of sandy soils are low water-holding capacity, high permeability, and low ability to store or exchange nutrients [1]. Due to limited silt, clay, and organic matter contents, sandy soils have a weakly developed structure and are prone to degradation processes. Removing vegetation and topsoil layer, especially during opencast mining, decreases soil organic matter even more and intensifies water or nutrient retention problems, which are essential for plants growth [2]. Water and nutrient deficiency lead to changes in biological properties of sandy soils limiting plant and microbe development. Microbial activity in sandy soil is usually low [3], which can be observed as a priming effect on carbon and nitrogen turnover [4]. Soil microorganisms are very sensitive to environmental changes, and significant degradation of microbial community can occur following such disturbance, both in terms of total biomass and species composition [5]. This leads to a decision of land use change from cultivated to afforested and loss of agricultural areas globally. Sandy soil reclamation in terms of climate change and more severe drought periods might be challenging. There is an urgent need to develop new strategies of land protection and reclamation. One of common practices is using soil amendments in order to recreate the fertility of soil. Many different materials have been dedicated recently as soil amendments. Application of mineral fertilizers, which is recommended as a strategy to support plant growth, can be ineffective, causing risk of nitrogen leaching to waters or losses as gas into the atmosphere [6]. This brings the need to develop more complex remediation strategies improving soil properties, e.g., by increasing sorption capacity for nutrients and water, making mineral fertilization more efficient. Organic matter is important in the first stages of initial soil formation, especially at post-mining sites. Changes occurring in the initial soils related to their chemical composition, resources, the rate of organic matter, organic carbon and nitrogen accumulation, and the thickness of the humus horizons under the introduced plant communities may be important indicators of soil-forming processes and reclamation [7]. Different organic materials, e.g., sewage sludge, compost, peat, and poultry manure, have been used recently [8] as an amendment bringing good but usually short-term changes in soil properties. The main reason is quick mineralization of organic matter in dry soil and organic matter losses through leaching and volatilization. It is necessary to search for more stable forms of organic matter resistant to abiotic and biotic degradation for long-term effects of reclamation. Recently, a lot of attention has been paid to biochar as a very promising substrate for soil remediation. Several studies have demonstrated the effectiveness of some biochars to reduce metal toxicity in mine soils [9,10]. Sand- or rock-mining soils are in most cases not classified as toxic materials but as substrates with urgent need of basic property improvements like pH, water retention, or nutrient storage capacity to increase chance for revegetation. Properties of biochar, such as high porosity which may improve water retention, ability to modify chemical properties, or long-term interaction with soil, make this amendment potentially useful in reclamation process. For example, Fellet et al. [11] described that, following incorporation of an orchard waste-derived biochar on lead and zinc mine tailing, the pH, nutrient retention, cation exchange, and water-holding capacity increased significantly. Kelly et al. [12] suggested that biochar may be an effective strategy for reclamation of soils with water deficiencies like hard rock mine tailings. Unfortunately, the knowledge about biochar for reclamation purposes is still scarce and further research on this topic is necessary to verify efficiency of this material as an efficient soil amendment. Our study points out some knowledge gaps with direct questions, e.g., is biochar application alone enough to restore productivity of very poor sandy material? Or, should we merge biochar with mineral fertilizing to achieve better effects? The main aims of this study are therefore (i) to test biochar, mineral fertilization, and their combination on sandy substrate under conditions of pot experiment and (ii) to identify possible technical problems and usefulness of amendments regarding to a short-term application in sandy soil.




2. Materials and Methods


2.1. Materials and Experimental Setup


Sandy material (fine sand according to FAO (Food and Agriculture Organization of the United Nations) guidelines [13]) was collected from the top 25 cm layer of Nowogród Bobrzański sand and gravel quarry (Poland) (N 51º49’19.46”, E 15º13’47.8”, 72 m a.s.l.). Biochar used for experiment was derived from wheat straw (Triticum L.) in Swidnica Industrial Equipment Factory, Poland. According to IBI (International Biochar Initiative) Standards, the product fulfills all the criteria required for its use as a soil amendment [14]. Biochar chemical properties were determined at Wroclaw University of Environmental and Life Sciences (WUELS). Sandy substrate samples for experimental purposes were analyzed in WUELS laboratories to determine standard properties.



For chemical characterization of wheat straw biochar, the pH (water) was measured in 1:5 (v/v) ratio with Mettller Toledo pH-meter. Elemental composition (CHN) was determined by elemental analyzer (CE Instruments Ltd., Hindley, UK). The ash content was determined by dry combustion in 550 °C. The specific surface area (SSA) was obtained by N2-BET method using a TrisStar II 3020 (Micrometrics®, Norcross, GA, USA) surface area analyzer [15]. Sandy substrate texture was measured by aerometric method, and pH and electrical conductivity (EC) potentiometrically (soil:water 1:5 v/v ratio) were measured on. pH-meter and conductivity meter (Metller-Toledo, Greifensee, Switzerland). Cation exchange capacity was determined as a sum of base cations (MP-AES 4200, Agilent Technologies, Santa Clara, CA, USA, after extraction with ammonium acetate) and hydrolytic acidity (titration with 0.1 M NaOH potentiometrically, after extraction with 1M sodium acetate).



Biochar and sandy material properties are presented in Table 1.



Following, experimental trials were set up in 2-L round plastic pots: control – only sand (SC), sand + 5% biochar (v/w, equivalent to 42 tonnes per hectare) (S + BC), sand + NPK (nitrogen, phosphorus and potassium) mineral fertilizer(S + NPK), and sand + 5% BC (v/w, equivalent to 42 tonnes per hectare) + NPK (S + BC + NPK). Pot dimensions were as follows: approximately 17 cm diameter top × 13 cm diameter at the base × 13 cm depth. Applied mineral fertilizer was commercially available: YaraMila™ Complex (YARA International ASA, Oslo, Norway) Biochar was mixed with the entire volume of airdried sandy substrate. Fertilizer was applied as an initial dose in the form of a water solution of the Yara Mila complex, as an equivalent to 75 kg N ha−1, 30 kg P ha−1, 93 kg K ha−1, and 50 kg S ha−1—rates possibly close to recommended for sandy soils reclamation [7]. Solid form of the fertilizer was dissolved in distilled water (5 mg of fertilizer per 1 L of water); then, pots were watered only once with 100 mL of the solution, after germination of most seeds.



Turf mix consisting of species resistant to drought (Festuca rubra, Festuca arundinacea, Festuca trachyphylla, Lolium perenne, Trifolium repens, and Trifolium pretense) was sieved (75 grass and 5 seeds of legumes per pot). Each variant of the experiment was set up in 6 replicates. Pots were placed in a warm, shallow room and watered with distilled water as needed. Experiment was conducted for 11 weeks in summer months (June–August 2018).




2.2. Water Content Measurements


To determine impact of biochar addition on water content, during the experiment, the humidity of mixtures was measured daily for a period of 7 days with ProCheckGeomor Sensor (Geomor-Technik, Szczecin, Poland). Measurements were carried out in situ on substrates in pots with vegetation at the 8th week of experiment. Before humidity measurements, pots were adjusted with distilled water to the same content of water (0.26 of Volumetric Water Content, VWC). Measurements started from the next day; initially, 100 mL of water was added to each pot to keep 70% of the water-holding capacity. Soil water content corresponding to 100% field capacity was determined by weighing soil-filled pots after full watering. The weight corresponding to 70% field capacity was calculated, and the pots were watered to reach 70% field capacity (100 mL of water per pot per day). The quantity of 100 mL was estimated based on previous experiments of our lab team members. However, it was noticed that, during the first days, the moisture of soil mixture was constantly increasing in SC and S + BC set; therefore, water dose was reduced to 50 mL per pot in the next days to avoid plant damage.




2.3. Chemical Analysis of the Mixture after Experiment


In the material collected from pots after 11 weeks of incubation, standard chemical analyses were conducted. Substrate from pots was airdried; passed through a 2-mm sieve; homogenized; and stored in warm, dry place before being analyzed. Total organic carbon content was measured on CS-MAT 5500 analyzer (Ströhlein, Kaarst, Germany, currently Bruker AXS Inc., Madison, WI, USA), total nitrogen content was analysed by the Kjeldahl method using N analyser (Buchi Labortechnik GmbH, Essen, Germany), and pH in distilled water potentiometrically (soil: water 1:5 v/v ratio) was measured on pH-meter (Metller-Toledo, Greifensee, Switzerland). Sum of base cations was determined on MP-AES 4200 (Agilent Technologies, Santa Clara, CA, USA) after extraction with ammonium acetate at pH 7.02 [16], and hydrolytic acidity was measured by titration with 0.1 M NaOH potentiometrically after extraction with 1 M sodium acetate. Cation exchange capacity was calculated as a sum of base cations and hydrolytic acidity [17].




2.4. Plant Analysis


During the experiment, grass shoots and legume biomass were harvested three times. Shoots were cut using steel scissors at the soil surface and then were weight to determine fresh biomass weight. Cut biomass was placed in paper bags; airdried in a warm, airy place; and then weighed to determine dry mass. Grass shoots were also measured in height from the soil surface to the end of the shoot using a plastic ruler.




2.5. Statistical Analysis


Substrate properties and plant growth parameters were analyzed statistically using Duncan test on the significance level p = 0.05 with R v3.6.0 software (Agricolae package).





3. Results


Biochar and fertilizer had impact on many standard properties of sandy substrates. In treatments with biochar (S + BC and S + BC + NPK), it was noticed that soil pH increased significantly (letters indicating significant differences, Table 2) by 0.3–0.4 units when compared to the control treatment. With fertilizer addition, soil pH increased only by 0.2 units compared to the control set (Table 2). Biochar application in combination with mineral fertilizer caused significant increase of total organic carbon content (TOC) from 0.12% in SC to even 0.45% TOC in S + BC + NPK soil. However, single biochar rates had less visible effects on TOC content than in combination with fertilizer (0.27% TOC in S + BC treatment vs 0.45% in S + BC + NPK) (Table 2). Total nitrogen content was the highest in S + BC + NPK treatment, but generally, nitrogen content was relatively low in each experimental set. Despite extremely low contents of C and N in the sandy material used as a substrate, biochar application changed the C:N ratio from 12:1 in SC to 14:1 in S + BC treatment. There was also positive biochar influence on cation exchange capacity (CEC) in soil. In S + BC treatment, CEC was 22% higher than in control. Combination of biochar with fertilizer leveled out the positive effect, as results of CEC in S + BC + NPK were comparable with SC and no significant differences were observed between treatments. NPK application caused significant decrease of CEC values in both S + NPK and S + BC + NPK treatments compared with the S + BC variant (Table 2).



Biochar addition improved water retention of the sandy substrate. Lower humidity and higher water percolation were observed in SC and SC + NPK treatments, while biochar application caused increase of humidity in the S + BC set. Fertilizer-applied sets (S + NPK and S + BC + NPK) showed susceptibility to overdrying, but in S + BC + NPK set, water content was higher than in S + NPK throughout the measurements (Figure 1).



Biochar and fertilizer application showed differential impact on plants biomass. Combination of both amendments increased grass and legume mix mean dry biomass by +225% (dry mass of control: 0.61 g per pot). Application of fertilizer in S + NPK treatment gave a less noticeable positive effect, as dry biomass was only 44% higher when compared with control set. Biochar in turn decreased shoot dry biomass by −38% (Figure 2). Results of fresh biomass weight confirm this tendency. In S + NPK + BC treatment, biomass after the third cut was +244% higher than in the control set. Application of single mineral fertilizer in the S + NPK set increased fresh biomass by +74% compared to control, while in BC treatment, biomass of shoots was −58% lower than in not amended control treatment (Figure 2).



A similar negative effect of biochar on plant growth was indicated in plant height. The longest shoots were measured in S + BC + NPK treatment, while in the S + BC set, plant growth was even weaker than in the control set (Figure 3).




4. Discussion


Our results have shown beneficial effect of biochar on some properties of sandy material, which may be useful during the reclamation process or improvement in sandy soil productivity. Liming effect of biochar application increasing soil pH is the most frequently discussed phenomena [18,19,20,21]. Similar findings were described by Novak et al. [22], who studied change of pH on loamy sand from the initial value 5.7 to 6.0 due to the application 2% of biochar, or by Chan et al. [23], who proved the ability of biochar to increase soil reaction on acid materials. High pH of biochar is an advantageous factor when applied to acidic soil. Biochar acts as a liming material, therefore, it can be used instead of calcium oxide [24]. Biochar, as an organic amendment, also has ability to increase TOC, which was proved in our study. Doubled TOC content in S + BC + NPK compared with S + BC treatment can be explained by higher input of biomass from the root system in NPK-fertilized sand. Similar findings were observed by Yost and Hartemink [1], indicating that mineral fertilization of sandy soil increases content of TOC. In the experiment, cation-exchange capacity has slightly increased after biochar application, while NPK caused decrease of CEC values, particularly visible in S + NPK treatment. Increase of CEC is usually observed on acidic soils [22], while under alkaline conditions, CEC changes are slightly visible or even CEC is decreased [15]. Decrease in CEC due to Ca2+and Mg2+ declines were reported mostly in long-term experiments as a common problem after nitrogen fertilization [25]. Our results show that, also in short-term experiments, nitrogen fertilization may cause base cation imbalance in sorption complex. Another likely reason for low CEC value is leaching nutrients with water, as the pots were freely draining. However, authors had not investigated a nutrient balance between material in pots and leachates. Therefore, this statement is rather a supposition, but similar effect cannot be excluded under field conditions, where leaching is common problem.



In soils with very low CEC, biochar can overtake the role of sorption complex and exchange cations with soil solution. The mechanism of changing CEC of soil-biochar mixtures was explained by Chintala et al. [26]. Biotic and abiotic factors during the incubation and slow oxidation of biochar in soil may cause modification of functional groups on their surface, which allows formation of organo-mineral complexes and finally enhances sorption capacity. However, it needs to be clearly stated that changes are more noticeable after long incubation time. In our study, the initial direction of changes was visible (CEC in S + BC and this variant was the highest), but relatively short incubation time seems not to be enough to observe them in a wider scope.



In sandy soils, nitrogen deficiency is a common problem. In tested sandy material from mining sites, total nitrogen was very low and increased after single BC application as well as when BC and NPK fertilization was applied simultaneously. Surprisingly, there was no significant increase of TN when single NPK application was tested. This can be explained by intensive uptake of nitrogen by grass, as NPK was applied only as a starting dose and not repeated. We assumed that, in NPK treatment, N losses were higher as biochar retained N in S + BC + NPK treatment. Biochar application brought the C:N ratio to value 14:1, considered typical for grasses in vegetative stage and providing proper conditions for microbial activity and nitrogen mineralization [27]. This is opposite to other studies showing that introduction of carbon-rich biochar may provide negative and wide C:N ratios [28], which cause significant soil N immobilization.



In loose sandy soils, water availability is the most important factor determining plant growth and nutrient availability from mineral fertilizers. Even in dry, hot seasons and in case of limited soil sorption capacity, most of the nutrients are lost due to intensive leaching during heavy rains of stormy origin or, regardless of the weather, by microbial activity [29]. Limited sorption capacity caused precipitation of the salts from soil solution, dryness, cracking, and quicker water runoff. Use of mineral fertilizers without increasing water retention and CEC by organic matter addition in sandy soils can lead to salt crust formation on soil surface inhibiting seed germination and plant growth. This phenomenon was observed at the first stage of pot experiment, which caused salt precipitation, crust formation, and problems with grass mix germination. However, this hypothesis needs further investigation under field conditions because salt crust formation is a common phenomenon in pot experiments due to limited soil volume, more regular watering, and higher air temperature under greenhouse conditions. Mechanisms of increasing soil water properties by the biochar was described by Karhu et al., [30] who pointed that there are two different possibilities: (1) high porosity of biochar and water absorption on particles surface and (2) creation and stabilization of soil structure by the organic amendment. Second property is particularly important on sandy soil, as biochar helps to create aggregate structure and mesopores in soil, which are conducive to keep water available for plants [31,32]. Authors claim that the best effects of biochar on water properties are observed for biochars produced in the temperature 550–600 °C, confirming high ability of used biochar to modify water retention. Based on our results, we suggest that biochar may have a positive impact on soil water availability, which is crucial for plants. A similar conclusion was made by Blackwell et al., who suggested that biochar seems to reduce drought stress, which can result in better crop growth and higher yields on drylands, especially in combination with intermediate rates of fertilizers [33].



Single biochar application had a negative impact on grass growth (biomass and shoots length), as availability of nitrogen is usually altered when biochar is applied to soil. Chan et al. [23] found that application of green waste biochar in the absence of nitrogen fertilizer had no positive effect on radish yield, even at the highest rate of 100 t ha−1. A number of studies have reported that adding biochar to soils may increase net nitrification rate [34], may stimulate N immobilization [35], may reduce N2O emission [36], may decrease NH3 volatilization, may enhance ammonium-oxidizing bacterial abundance [37], and may alter N availability for crops. Higher yield increases were observed with biochar application in the presence of N fertilizer, highlighting that biochar might play role in improving N use efficiency of crop plants [22]. Mechanisms underlying the N response to biochar additions are not well understood, but according to these reports, it is reasonable to hypothesize that biochar may retain N and, in theory, retard N leaching losses [34]. Our results prove that biochar is not a source of nitrogen for plant growth; however, when supporting soil sorption capacity, nitrogen fertilization in sandy soils is more efficient.



Biochar showed beneficial impact on numerous soil properties; however, its application alone is insufficient to restore productivity of infertile sandy material [38]. Despite the improvement of soil properties, biochar does not enhance grass growth or biomass production. These phenomena can be an obstacle in effective use of biochar as a soil amendment in agricultural areas, where high crop yields are crucial. Restoring soil productivity using only mineral fertilizers can also give negative effects, especially on sandy soils, as effectiveness of this method strongly depended on soil conditions, on applied dose, and on form of fertilizer. Water content and soil sorption capacity are the most important factors controlling nutrient release from fertilizer. Additionally, mineral fertilizers have no effect on soil properties, only supplying nutrients to the plant in the short-term periods. Biochar, in turn, did not act as a source of nutrients for plants but, as a material with high sorption capacity, could adsorb/precipitate even very limited amounts of nutrients or base cations from soil solution. It leads to the conclusion that simultaneous application of both amendments can create optimal conditions for biological reclamation of sandy soils. In the field practice, biochar can be mixed with soil by ploughing to depth of 25–30 cm to improve some soil properties, and vegetation can be stimulated by easily available nutrients delivered with fertilizers. The final effect will be creating stable habitat, suitable for plants introduced in reclamation process as well as for crops.




5. Conclusions


According to our studies, it was clearly indicated that biochar has a positive impact on soil water-holding capacity. Further research in the field condition is recommended, but based on our preliminary results of greenhouse experiment, it can be successfully applied to improve soil moisture of loose sandy material common in areas susceptible to overdrying, including reclaimed mining sites or cultivation areas. Biochar shows slight positive effect on some chemical properties of the soil (increasing pH and TOC), noticeable immediately after application. Contrary to reports from many authors, biochar did not clearly improve soil sorption properties (CEC), which may result from short incubation time. Due to the small plant growth in biochar-amended treatment, we recommend the addition of fertilizer at the initial dose to merge the positive effect of biochar and fertilizers, which guarantees effective biomass increase as well as improves a number of soil properties. Applying only mineral fertilizers is a one-way operation focused on high biomass production, but in this way, it is not possible to improve soil health. Biochar itself, in turn, depending on many factors may give less noticeable effects than expected and even inhibit plants growth, so prediction of its action in soil is difficult and need further investigations.
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Figure 1. Effect of biochar and fertilizer on volumetric water content (VWC). SC- control set (only sand), S+BC – sand with biochar, S+NPK – sand with mineral NPK fertilizer, S+BC+NPK – sand with biochar and fertilizer. 
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Figure 2. Effect of biochar and fertilizer on mean plants biomass (data from third cut): (a) fresh biomass and (b) dry biomass. Dots indicate mean values, horizontal lines in boxes indicate median. Letters indicate significant differences among the treatments (p = 0.05). 
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Figure 3. Effect of biochar and fertilizer on grass shoots length: Data from the last measurement (77th day of experiment). Dots indicate mean values, horizontal lines in boxes indicate median. Letters indicate significant differences among the treatments (p = 0.05). 
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Table 1. Characteristics of biochar and sandy substrate used in experiment.
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Characteristic

	
Value






	
Biochar




	
Substrate

	
wheat straw




	
Pyrolysis temperature

	
550 °C




	
Pyrolysis time

	
30 sec.




	
pH

	
9.5




	
Surface area

	
230 m2g−1




	
Ash content

	
30%




	
TOC *

	
65%




	
TN

	
1.12%




	
Sandy substrate




	
Texture

	
loose sand (93% sand, 6% silt, 1% clay)




	
pH (water)

	
6.99




	
EC

	
2.60 µS cm−1




	
CEC

	
1.02 cmol (+) kg−1








* TOC = total organic carbon content, TN – total nitrogen content, EC = electrical conductivity, CEC = cation exchange capacity.
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Table 2. Effect of biochar and fertilizer on basic substrate properties: Letters indicate significant differences among the treatments (p = 0.05). SD values are given in brackets.
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	pH
	TOC

%
	TN

%
	CEC

cmol (+) kg−1
	C:N





	SC
	7.04 (0.08) c
	0.12 (0.04) c
	0.008 (0.004) cd
	1.08 (0.30) ab
	12:1



	S + BC
	7.35 (0.07) a
	0.27 (0.06) b
	0.020 (0.005) b
	1.22 (0.20) a
	14:1



	S + NPK
	7.22 (0.13) b
	0.10 (0.04) c
	0.013 (0.003) d
	0.84 (0.12) b
	10:1



	S + BC + NPK
	7.33 (0.07) ab
	0.45 (0.10) a
	0.041 (0.002) a
	1.05 (0.34) ab
	11:1







TOC = total organic carbon, TN = total nitrogen, C:N = carbon to nitrogen ratio, SC- control set (only sand), S+BC – sand with biochar, S+NPK – sand with mineral NPK fertilizer, S+BC+NPK – sand with biochar and fertilizer.
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