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Abstract

:

Biochars are used for soil fertility improvement because they may contain certain elements that plants use as nutrients. However, few studies have demonstrated enhanced crop nutrient uptake. Our study examined nutrient uptake responses of corn (Zea Mays L.) grain and stover over 4 years (Y) after a Goldsboro sandy loam (fine-loamy, siliceous, sub-active, thermic Aquic Paleudults) received different designer biochars and a compost. The designer biochars were produced from lodgepole pine (Pinus contorta) chip (PC), poultry litter (PL), blends with switchgrass (SG; Panicum virgatum), and a SG compost alone. Topsoil treated with 100% PL biochar and blended PC:PL biochar had significantly greater Mehlich 1 (M1) extractable P, K and Na contents compared to the control or other treatments. No significant differences were detected in annual grain nutrient concentrations. In the first corn stover harvest (Y1), significantly greater concentrations of P and K were taken up after treatment with 100% PL biochar, with PC:PL blend and with SG when compared to control. By the fourth corn stover harvest (Y4), nutrient uptake between treatments was not significantly different. Biochar impact on corn stover P, K and Na concentrations was time dependent, suggesting that repeated biochar applications may be needed.
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1. Introduction


Biochar has global attention as a soil amendment because it can replenish nutrient concentrations in poor-fertility soils [1,2,3]. Biochars supply inorganic nutrients to soils because they contain N and S associated with organic materials [4] and by having micro (e.g., Cu and Zn) and macro-elements (e.g., P and K) associated with the ash content [5,6,7]. These macro- and micro-elements added to soil are then available for plant nutrient uptake [7]. As reviewed by Hossain et al. [8], biochars can also influence the mobility [9,10] and bioavailability [11] of nutrients, as well as impact nutrient cycling [12]. Thus, the ability of biochars to act as a satisfactory soil fertility amendment is highly dependent on crops being able to uptake those nutrients for better plant growth and yield improvements [13].



Many biochar–plant response studies have been conducted at the laboratory, greenhouse and field scales [1,14]. In these studies, biochar impact on crop growth and yield characteristics was variable and complex [6,7]. Variable crop responses to biochar additions have been linked to inconsistent nutrient quantities contained within initial feedstocks [4,15], pyrolysis conditions [5], biochar morphology [16], and differences in soil types [6]. For example, biochars produced from lignocellulosic-based feedstocks usually have lower concentrations of total P and K as compared to animal manure-based biochars [4,5]. A higher pyrolysis temperature used in feedstock carbonization processes amasses element concentrations in the ash fraction [4,5]. With respect to biochar morphology, Novak et al. [16] showed that more dissolved P was released in water leachate from PL biochar as dust sized (<0.42 mm) compared to pellets (>2 mm). The ability of biochars to improve soil quality has also been linked to soil textural differences [14,17] and variations in climatic conditions (i.e., tropics vs. temperate regions; [18]. Thus, the inconsistent nutrient concentrations and application of biochars to different soils types under variable climatic conditions exacerbate the confusion in selecting a biochar type (i.e., feedstock source, pyrolysis temperature) for fertility management [2,19] and crop yield improvement [13].



To better optimize biochar selection as a soil amendment, Novak et al. [16,20] developed the designer biochar concept that states the biochar should have specific properties that target a particular soil deficiency. Consequently, designer biochars can be produced with specific chemical (e.g., pH and high P and K contents,) and physical properties (e.g., pellets and flakes) through choosing a particular feedstock, pyrolysis conditions, and biochar morphology [21]. As such, the specific soil deficiency is first measured or identified, then a biochar is designed with characteristics that addresses the targeted soil deficiency. Furthermore, if the biochar has properties that are not advantageous (e.g., alkaline pH, high nutrient contents, and excessive salts) for improving soil–plant relationships, then the biochar can be blended with compost or other biochar types to compensate for these properties of concern. Reports have shown that compost added to biochars enhances nutrient retention [22] and stimulates nutrient bioavailability [23].



Therefore, we utilized the designer biochar concept to produce biochar types that had specific properties to improve soil fertility in a Goldsboro loamy sand. These amendments were produced from 100% PC, 100% PL, 2:1 PC:PL blend, 2:1 PC:SG compost blend, and 100% SG compost and were chosen specifically to compensate for the low soil phosphorus (P) and potassium (K) contents in Goldsboro soils, blended to reduce excessive P contents in PL biochar, and co-blended with compost to enhance nutrient bioavailability. After biochar and compost application to field plots, multi-cycles of corn (Zea mays L.) were grown and these amendments impact on grain yields and biomass production was reported [24]. In that study, no improvement was described in corn grain yields or stover production. However, biochars and stover impacts on nutrient uptake dynamics were still in question. Inorganic fertilizer was added to all plots at typical fertilizer management rates to ensure that Goldsboro soils had sufficient nutrients if the biochar/compost mixtures did not supply critical plant nutrients. Here, we report the influence of these amendments on annual nutrient uptake by corn grain and stover along with topsoil Mehlich 1 extractable nutrient concentrations. Our hypothesis was that corn grain and stover nutrient uptake should increase in response to soil nutrient improvements after designer biochar application.




2. Materials and Methods


2.1. Site Characteristics and Soil Properties


The field plots for this experiment were located on grounds of the United States Department of Agriculture, Agricultural Research Service, Coastal Plain Soil, Water, and Plant Research Center, Florence, South Carolina, USA (34°14′38″ N and 79°48′45.3″ W). For nearly six decades, this field was used for agricultural farming research involving buried trickle irrigation, colored mulch technology, and tillage research on vegetables and row crops production yields. Prior tillage operations in this field consisted of conservation tillage that entailed only deep tilling using a shank to rip the soil to 40 cm soil depth, while conventional tillage involved disking soil to approximately 10 cm depth. A Goldsboro soil series encompasses the experimental field. The topsoil (0–15 cm deep) of the Goldsboro soil is composed of 67.8% sand, 21.9% silt, and 10.3% clay by the hydrometer method [25]. According to the USDA textural classification, this soil is a sandy loam. This soil series is a moderately well-drained Ultisol and formed in marine deposits, interlaced with fluvio-marine sediments [26].




2.2. Designer Biochar Production and Chemical Characterization


Designer biochar production technology and chemical characterization results have been described [24]. Briefly, the 100% PC and 100% PL biochar were commercially available. The SG crop was obtained from plots grown at the Clemson University Pee Dee Research and Education Center, Darlington, South Carolina under the management of Dr. Jim Frederick (Clemson University, Pee Dee Research and Education Center, Darlington, SC, USA). After harvest, the SG was pulverized into 6 mm flakes and allowed to compost for one week prior to blending with 100% PC biochar. Biochars and compost were characterized for their pH, ash, and C, H, O, N contents [24]. The 100% PC and 100% PL biochars total elemental analysis was determined by ashing the material at 600 °C, digesting the ash using ASTM method SW866 [27] and quantifying P, K, S, Mn, Cu, Fe, Na, Mg, and Ca concentrations using ICP-OES (Table 1). For the compost, its P, K, Cu, and Zn contents were determined by acid digestion by the Clemson University Agricultural Service Laboratory [28]. Chemical compositions for the biochar 2:1 blends were estimated based on field mixture ratios and using their measured chemical contents.




2.3. Establishing and Managing Field Plots


2.3.1. Establishing Plots and Soil Sampling


Twenty-four plots (40 m2) were established in a randomized complete block design in December 2015 as described [24]. In January 2016, the first-year (Y1) soil samples were randomly collected at 0–15 cm depths for fertility analyses from all plots and treatments. Mehlich 1 extractable soil nutrients in these soil samples were extracted and quantified using ICP-OES (Spectro-ICP, Ametek Analytical Instruments, Kleve, Germany) for P, K, Mn, Cu, Fe, Na, Mg, and Ca by the Clemson University Agricultural Service Laboratory [28]. The soil sampling and fertility measurements were repeated in a similar manner for year 2 (Y2—2017), year 3 (Y3—2018), year 4 (Y4—2019) and year 5 (Y5—2020—Table 2). While no corn was planted in Y5, soil samples in Y5 were collected and fertility was measured to determine soil characteristics at the end of this study.




2.3.2. Biochar Application


Biochar and compost were hand applied to plots in February 2016 and then lightly raked into the soil. Each plot received the equivalent of 30 tons ha−1 of biochar or compost with the blends receiving 20 tons ha−1 of biochar mixed with 10 tons ha−1 of SG compost. Shortly thereafter, the amendments were mixed to a depth of 10 cm using a field disk cultivator. Control plots of Goldsboro sandy loam soil received no biochar application but were fertilizer with inorganic fertilizer (as described below).




2.3.3. Agronomic Management


Each plot in the period 2016–2018 received inorganic N-P-K fertilizer as needed in late March to early April at rates described [24]. For 2019, all plots received 132 kg N ha−1, 31 kg P ha−1, and 95 kg ha−1 of K. Corn (DKC64-89 variety) was planted in early to mid-April (Table 1) at stand counts of 59,406 plants ha−1. Corn grain was harvested in late August to early September using a mechanical harvester on two center rows of each plot. After grain harvest, corn stover (leaves, cobs, and husks only) was collected by physically harvesting a row section in the two center corn rows. After oven drying (3–5 days at 65 °C), corn stover was processed and yields reported on dry wt. basis in kg ha−1. Monthly precipitation data for the period 2016–2020 were collected and organized (Table 3) from the database available at [29]. No supplemental irrigation was applied to the plots.




2.3.4. Statistics


A two-way ANOVA was used on the mean M1 soil elements extracted with fixed variables being year (Y), treatment and their associate interaction (Y * treatment). Results from topsoil M1 P and K concentrations obtained from 2016 to 2018 were published previously [25] and was merged with results collected in the period 2019–2020 to extend the field analysis and identify which treatment and extractable nutrients were significantly different. The soil results were limited to M1 extractable P, K, and Na because the remaining extractable nutrients (e.g., Ca, Mg, and Cu) were similar to controls. A two-way ANOVA was also used to determine significance for corn grain and stover nutrient uptake with year and treatment as fixed variables. The reported results are limited to P, K and Na uptake by corn stover. Corn grain nutrient composition showed no significant differences by year and treatment when compared with the control, so their results are not presented. All statistical analyses were determined using Sigma Stat v. 13 (SSPS Corp., Chicago, IL, USA) at a p < 0.05 level of significance. Individual comparisons between fixed variables in the ANOVAs were done using the Holm–Sidek method.






3. Results


3.1. Biochar Characteristics


Acid digestion of biochars and SG compost revealed some interesting dissimilarities when plant macro- and micro-nutrient concentrations were compared (Table 1). As expected with wood-based feedstocks, 100% PC biochar had lower quantities of macro- (e.g., P, K, and Ca) and micro-nutrients (e.g., Cu, Mn, and Fe) compared to 100% PL biochar. The 100% PC biochar and SG compost had relatively lower P, K and Na contents, making them ideal blending agents to reduce the relatively very high P concentrations (33,000 mg kg−1) in PL biochar (Table 1). Switchgrass compost had lower amounts of Ca, and micronutrients (e.g., Mn, Cu, and Fe) relative to 100% PC biochar, but had relatively similar K and Mg concentrations to 100% PC biochar. The P content in SG compost (700 mg kg−1) was approximately 2.5-fold greater than that measured in 100% PC biochar (250 mg kg−1).




3.2. Soil Fertility


Soil samples were collected from all plots before biochar application (Y1—2016) and thereafter to determine annual soil nutrient dynamics along the experimental timeline (Y2 to Y5—2020). The soil M1 P concentrations were presented on a year and treatment basis (Table 4). For soil M1 P concentrations, we found very significant treatment and year effect, including very significant interactions between these variables (p < 0.001; Table 4). The soil M1 K and Na concentrations were also presented on a year and treatment basis (Table 4 and Table 5). For M1 K, there were significant Y * treatment interaction (Table 5). The soil M1 Na concentrations also showed significant Y * treatment interaction (Table 6).



We observed that in Y2 soil samples, application of 100% PL and PC:PL 2:1 biochar resulted in relatively higher topsoil (0–15 cm deep) P, K, and Na concentrations compared to the other treatments. For example, M1 P concentrations measured in the topsoil depth of the 100% PL treated plots were initially 73 kg ha−1, but after treatment with PL biochar ranged between 265 and 575 kg ha−1, Table 4). Blending the PL biochar with PC biochar in a 2:1 ratio reduced topsoil concentrations for these elements. Application of 100% PC biochar, PC biochar blended with SG (2:1), and the SG compost itself did not improve extractable M1 topsoil P, K and Na concentrations compared to the control. In spite of receiving P and K fertilizer, topsoil P, K, and Na concentrations measured in all treatments declined with time. By Y3 to Y5, soil K and Na concentrations were of similar magnitude as compared to control topsoil concentrations. In contrast, plots treated with 100% PL biochar and PC:PL 2:1 biochar blend had topsoil P concentrations that were still 2 to 4-fold greater than the control.



There was a significant Y * treatment effect noted for M1 extractable P, K and Na concentrations (Table 4, Table 5 and Table 6). Through Y2 to Y5, the M1 P concentrations were highest for soils treated with 100% PL biochar and the PC:PL 2:1 blend compared to the other treatments. The significant Y * treatment interaction was also noted in topsoil M1 K concentrations especially in Y2 and Y3 (Table 5). There was likewise a significant Y * treatment interaction determined with M1 extractable Na concentrations (p < 0.001; Table 6). This is evident by comparing Y2 and Y3 topsoil M1 Na concentrations after application of 100% PL biochar that ranged from 60.7 to 26.9 kg ha−1 and in Y4 to Y5 ranged between 14.2 and 16.3 kg ha−1, respectively (Table 6). Extractable P, K and Na concentrations extracted from topsoils were of similar magnitude for the control and in the plots treated with 100% PC and PC:SG blend.




3.3. Nutrient Uptake


There was not a significant Y * treatment interaction (p = 0.129; Table 7) that allows for a determination of which treatment and Y had significant impacts on corn stover P uptake results. Corn stover had significant increases in mean P uptake concentration in Y1 from all treatments except the 100% PC biochar and the control (Table 7). The P uptake influence was then limited in Y2 to only soil treated with 100% PL biochar and with the PC:PL blend. In Y3, the P uptake effect was significant only for 100% PL. By Y4, there was no significant treatment effect (Table 7). Grouping the treatment means by years revealed that there was a significant decline in corn stover P uptake over time. This was consistent with the two-way ANOVA results showing a significant Y * treatment interaction (p < 0.001).



Stover K uptake was significantly influenced by Y, treatment and a Y * treatment interaction (p < 0.001; Table 8). The significant interaction effect between Y and treatments makes it difficult to specifically discern which treatment had a significant impacted K uptake. All the same, we did measure the highest K uptake (218.9 kg ha−1) by corn stover in Y1 after treatment with 100% PL biochar (Table 8). However, the corn stover K uptake concentrations declined from 218.9 in Y1 to 122.5 kg ha−1 in Y3 in soil treated with 100% PL biochar. Potassium uptake by the other treatments ranged from 133.1 to 90.5 kg ha−1 in Y1 and also experienced concentration declines by Y4. (Table 8). The corn stover K concentration declines are corroborated by the significant Y * treatment interactions (Table 8).



Stover Na uptake concentrations was also significantly influenced by a Y * treatment interaction (p < 0.001; Table 9). The significant interaction between Y * treatment also muddles specific identification of which treatment had significant impact on mean Na uptake. However, we were able to determine that in Y1, corn stover Na uptake was highest after 100% PL biochar and PC:PL 2:1 blend (1.915 and 0.808 kg ha−1, respectively; Table 9) compared to the remaining treatments (>0.340 kg ha−1). For all treatments in Y2 to Y4, Na uptake concentrations were of fairly similar in range (0.111 to 0.291 kg ha−1).





4. Discussion


4.1. Soil Fertility


Applying the various designer biochars constructed to improve the inherently low fertility in the Goldsboro soil had different impacts on topsoil nutrient concentrations. As reported, PL biochar is enriched with plant macro- and micronutrients because these nutrients represent the element fraction not assimilated by animal digestion processes [4,5]. The unassimilated elements thus contribute to the PL nutrient pools in the animal waste-bedding material. As such, pyrolysis of the 100% PL feedstock into biochar results in nutrient-fortified biochar. Applying 100% PL biochar to the Goldsboro topsoil resulted in fortifying M1 P, K and Na concentrations compared to the other amendments. In fact, application of 30 t ha−1 of 100% PL biochar resulted in mean topsoil M1 P concentrations ranging from 265 to 575 kg ha−1, whereas prior to PL biochar application, background soil M1P concentrations in Y1 were 73 kg ha−1 (Table 4). In comparison with soil test ratings vs. fertilizer recommendations [30], the M1 topsoil P concentrations measured in this study after 100% PL biochar application were several-fold higher when compared to the medium to high P concentration ranges (46 to 112 kg ha−1) recommended for corn production in sandy South Carolina Coastal Plain soils. The very high M1 P concentrations measured after 100% PL biochar application corroborated the need to reduce plant available P concentrations by constructing a blended amendment using the PC biochar. The 100% PC biochar has a lower P concentration, so it was an ideal selection to dilute the high P content in the 100% PL biochar. Blending this designer biochar at a 2:1 PC:PL ratio caused reductions in topsoil mean M1 P concentrations ranging from 127 to 265 kg ha−1 (in Y2–Y5; Table 4). The topsoil mean M1 P concentrations measured in this study are still greater than the high to very high M1 P soil test category ranking (e.g., 113 to 269 kg ha−1) recommended for corn grain production in sandy SC coastal plain soils [30].



Similar trends occur with M1 topsoil K concentrations after treatment with 100% PL biochar. Our measured topsoil M1 K contents when compared to recommended fertility ranges are in the high to very high soil test category range (205 to 265+ kg ha−1) for corn grain production [30]. Likewise, our results in Table 5 showed that blending the 100% PL biochar with PC biochar reduced topsoil M1 K concentration to be comparable to the medium to very high category (174 to 265 kg ha−1; [30]). The same trends occurred with M1 Na concentrations, in that, topsoil Na concentrations were highest after application of 100% PL biochar, but were reduced by blending with PC biochar (Table 6). Another key trend noted is that topsoil M1 P, K, and Na concentrations in plots treated with 100% PC biochar, PC:SG 2:1 biochar, or SG compost were of similar magnitude compared to the control (Table 4, Table 5 and Table 6). This was not surprising since biochar produced from hardwoods, softwoods, or grain crops have lower total P, K, and Na contents as compared to manure-based biochars [7].



As noted in Table 4, Table 5 and Table 6, there was a significant Y * treatment influence on M1 topsoil P, K, and Na concentrations. The greatest soil M1 P, K, and Na nutrient concentrations were measured in Y2 after 100% PL and the PC:PL 2:1 blended biochar application, but their concentrations gradually declined by Y3 to Y5 (Table 3, Table 4 and Table 5). As noted, application of the remaining biochar treatments did not result in a resounding increase in P, K, and Na concentrations in Y2, as in fact, these three nutrient concentrations were similar to soil levels prior to biochar application (Y1). Nevertheless, soil M1 P, K, and Na concentrations in all treatments declined as a function of experimental duration which explains the significant Y * treatment interaction (Table 4, Table 5 and Table 6).



We suspect that topsoil M1 P, K, and Na concentration declines with Y were related to a combination of crop uptake (as discussed in next section), to soil profile leaching from percolating rainfall, to disking in biochar, and by fertilizer placement. While soil P is known to be bound to Fe-, Al-oxyhydroxide phases and incorporated into soil organic matter [31], it usually does not readily leach in sandy soils.



Explanation for topsoil M1 K concentrations are a bit more complex. First, monovalent K ion is soluble in water and will leach through sandy soils [32,33]. Secondly, some biochars were more enriched with K than other biochars (Table 1). Thus, we speculate that the topsoil M1 K concentrations declines in plots treated with 100% PL biochar and the PC:PL 2:1 biochar blend due to a combination of K leaching and with disking after application. All remaining treatments also experience M1 K concentration declines with time probably also explained by K leaching and corn stover uptake.



Sodium leaching through soils as a function of rainfall is a well-known process [31] and the decrease in Na concentrations with time are normal for this cation. However, a take home message is that the 100% PL litter biochar applied at 30 t ha−1 caused excess soil P, K and Na concentrations in the initial corn crop cycle (Y1), and their concentrations were reduced in subsequent corn crop cycles (Y3–Y5). The remaining biochars and SG compost when added at 30 t ha−1 did not appreciably imbalance soil nutrient concentrations as compared to 100% PL biochar. Mixing the PC biochar with SG compost did not result in improvement in soil M1 P, K, and Na concentrations. In fact, their concentrations were similar to the controls. The finding of no improvement in soil nutrient availability after co-mixing biochar with a compost is similar to reports [34].




4.2. Corn Grain and Stover Nutrient Uptake


Our hypothesis to test in this investigation was to determine if additional nutrients supplied to soils through biochar and compost application would supplement existing nutrient pools and subsequently be taken up by corn grain and stover beyond the nutrients supplied by inorganic fertilizer and released during organic matter decomposition. Plant nutrient uptake was determined by digestion of corn grain and stover samples collected annually after four corn crop cycles. Among all the elements quantified in the digestates, no significant differences in nutrient uptake by corn grain were measured. With respect to corn stover compositional analyses, only P, K and Na concentrations were found to be significant. Thus, we focused our explanation on corn stover uptake for these three nutrients.



With respect to corn stover P uptake in Y1, significant P uptake occurred after treatment with 100% PL, PC:PL 2:1, PC:SG 2:1, and SG compost when compared to the control and 100% PC treatment (Table 7). In Y2, significant corn stover P uptake was limited to only 100% PL and PC:PL 2:1 blend. By Y3, the significant P uptake effect was limited to only corn stover grown in 100% PL biochar application, later on in Y4, there were no significant differences between treatments.



The impact of greater P uptake by corn stover was time and treatment dependent with a significant p value of <0.001 determined for both variables (Table 7). Therefore, if a soil plant available P nutrient pool is in the low to moderate fertility range, then application of 100% PL biochar and PL biochar blended with PC biochar will supplement existing soil P concentrations. The supplemental P was then available for stover uptake. This was shown by comparing annual corn stover P uptake between treatments (Table 7). For example, corn stover P uptake in the Goldsboro soil control (no biochar applied) treatment ranged from 3.29 to 8.25 kg ha−1 (Table 7). Corn grown in the control plots met P uptake requirements through inorganic P fertilizer and from soil P inorganic and organic nutrient sources. In comparison, applying biochar produced from 100% PL and blended with PC biochar resulted in 2.57 to 3.11 (in Y1) and 0.97 to 1.87 kg ha−1 (in Y4) more P uptake by corn stover compared to the control. The remaining treatments, when averaged over four corn growth cycles, did not show significantly more P uptake by stover compared to the control. In these four treatments, the lack of a significant differences with the control suggests that the corn crop relied on P supplied from inorganic fertilizer or from organic matter decomposition to a greater extent than that associated with the organic amendments.



With respect to K concentrations, application of 100% PL biochar, the PC:PL blend and the switchgrass compost resulted in significant K uptake (Table 8). The significant uptake of K by corn stover is explained by the 100% PL biochar, its blend with PC biochar and the SG compost, all being enriched in total K (Table 1). The effect of additional K uptake is time dependent, since by Y2, corn stover K uptake from the SG treatment was similar to controls. In contrast to the results with SG treatment, significant K uptake occurred by corn stover in Y2 after application of 100% PL and with the PC:PL blend. In Y3, more K was taken up by corn stover treated with only the 100% PL biochar. This indicates that K released from 100% PL biochar is still contributing to the soil K nutrient pool and benefiting corn nutritional demands. Potassium release into soil solution by weathering of PL biochar has been reported [10].



Potassium uptake by corn stover was also time dependent since in early years (Y1 vs. Y5), there was sizable differences noted in the range of K uptake (92.1–218.9 vs. 65.7–83.1 kg ha−1; Table 8) in plots treated with designer biochars. Simply comparing the size of the range differences in nutrient uptake between treatments offers some evidence of nutrient release dynamics by biochars. For example, there was a 2.5-fold increase in stover K uptake in Y1 in plots treated with 100% PL biochar vs. control (218.9 vs. 90.5 kg ha−1; Table 8). By Y4, however, all treatments had near-similar mean K uptake ranges. This suggests that K released from all biochars had slowed to the point where plants were utilizing K from inorganic fertilizer, released from soil cation exchange sites, or released from organic matter decomposition. Here, examining the average K uptake in Y1 corn growth cycle, showed that K release from 100% PL biochar and the PC:PL blend, respectively, resulted in 128.4 and 42.6 kg ha−1 more K uptake compared to the control. In Y4, the same comparison between these two treatments showed dramatic K uptake concentration declines to 11.1 and 13.5 kg ha−1. These K uptake declines with time corroborate the noted Y * treatment interaction.



Under the sandy soil type, crop management, and climatic conditions in South Carolina, our results show sizable range differences especially after a one-time application of 100% PL biochar to the Goldsboro soil compared to the control. This finding suggests that applying 100% PL biochar to this soil will introduce a pulse of K available for corn stover uptake. However, the duration of this pulse impact on corn stover K uptake is short-termed. Because the impact of a single application of biochar has a short duration, repeated designer biochar application every three to four years would be ideal to supplement soil K concentrations. We realize that adding K-based fertilizer would be a less-expensive fertilizer option, however, there is the co-benefit of directly increasing other important plant nutrient (e.g., Ca, Mg, and Zn [7]) concentrations when biochar is applied.



There was also a significant Y * treatment interaction noted with Na uptake by corn stover. The most significant differences in Na uptake was measured in corn stover grown in Goldsboro soil treated with 100% PL biochar and the PC:PL 2:1 biochar blend. This trend was apparent by comparing the size differences between Na uptake between treatments by year reveal some interesting trends. For example, there was a 6-fold increase in stover Na uptake in Y1 in plots treated with 100% PL biochar vs. control (1.915 vs. 0.308 kg ha−1; Table 9). By Y4, however, all treatments had near-similar mean Na uptake ranges. This suggests that applying 100% PL biochar results in a short-term spike in Na uptake that was limited to just Y1 (Table 9). This finding confirms the significant Y effect for Na uptake after biochar application (p < 0.001; Table 9).



We explain the significant Y effect for Na uptake by corn stover as related to the solubility of Na in soils. Here, the impact of Na uptake by stover from all biochars faded away with time probably due to Na leaching with percolating water from rainfall. Leaching of Na from soils in a normal process in the highly weathered Ultisols that formed in the humid climate of the Southeastern USA Coastal Plain region. In contrast, the increase in soil Na concentrations from 100% PL biochar application may be a concern in Ustic and Aridic moisture regimes in the Mid-Central and Southwestern USA agricultural region. In these regions, there is less rainfall to leach Na, so Na accumulation from 100% PL biochar applications could become a sodic soil issue.



We highlight that more Na uptake by corn stover is important if the stover is harvested for biofuel processing within one year after 100% PL biochar application. Sodium plus, alkali cations and other anions in stover will impact thermal conversion performance and costs during bio-oil production [35]. Residual alkali metals present in bio-oil can accelerate its aging and catalyze significant chemical changes during storage [36,37]. Moreover, alkali salts in bio-oils were found to deposit on the catalyst surface, causing poisoning of active sites and catalyst deactivation [37].



The PL-based designer biochars and the SG compost used in this study supplied additional P to the Goldsboro soil nutrient pools well beyond that supplied with inorganic fertilizer. Evidence was presented showing that additional P supplied by PL-based biochars were taken up by corn stover. Confounding interactions between treatment and year made determination of individual treatment effects for K and Na uptake difficult to interpret. However, simply comparing the range in K and Na corn stover uptake concentrations between 100% PL biochar and the control suggests enhanced uptake of these two nutrients.



No significant elemental uptake differences were found in corn grain. Measuring plant uptake of P, K, and Na over four crop cycles showed that the impact of these biochar supplied nutrients was time dependent. A few years after application, the benefit of additional P, K, and Na from PL-based biochars and SG compost fades causing plants to meet nutritional needs from existing soil nutrient pools.



If biochar is used to supplement soil fertilizer requirements for corn production in sandy South Carolina Coastal Plain soils, our results suggest that repeated applications may be needed. Others have suggested that repeated soil biochar applications should be furthered studied [38]. Repeated biochar applications to soil should be carefully considered, however, because this action may accelerate losses of indigenous soil organic matter by priming [39] and fertilizer N availability [40]. Potential losses of organic matter and N availability through repeated biochar applications could lower soil quality characteristics and impede achieving higher grain and biomass yields.
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Table 1. Chemical composition of designer biochars and compost (PC = pine chips; PL = poultry litter; SG = switchgrass compost; units are mg kg−1, dry-basis).






Table 1. Chemical composition of designer biochars and compost (PC = pine chips; PL = poultry litter; SG = switchgrass compost; units are mg kg−1, dry-basis).





	Parameter
	100% PC
	100% PL
	PC:PL 2:1
	PC:SG 2:1
	SG





	P
	250
	33,600
	11,367
	2973
	700



	K
	3010
	72,300
	26,107
	4627
	2900



	S
	110
	18,100
	6118
	272
	400



	Mn
	262
	1210
	578
	189
	44



	Cu
	190
	1600
	660
	129
	7



	Fe
	820
	4460
	2033
	569
	67



	Na
	1240
	20,400
	7627
	837
	30



	Mg
	1490
	16,700
	6560
	1360
	1100



	Ca
	6190
	46,700
	19,693
	4627
	1500
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Table 2. Research timeline for collection of soils for fertility measurements, corn planting and grain/stover harvesting dates (biochar applied to plots on 1–2 February 2016; na = not available).






Table 2. Research timeline for collection of soils for fertility measurements, corn planting and grain/stover harvesting dates (biochar applied to plots on 1–2 February 2016; na = not available).





	

	

	
Corn Dates




	
Soils Collection Date

	
Year (Y) of Study for Soil

	
Planted

	
Grain/Stover Harvested






	
6–8 January 2016

	
Y1

	
6 April 2016

	
9 September 2016




	
12–18 January 2017

	
Y2

	
5 April 2017

	
5–6 September 2017




	
15 February 2018

	
Y3

	
12 April 2018

	
30 August 2018




	
15–18 March 2019

	
Y4

	
17 April 2019

	
3 September 2019




	
6–8 April 2020

	
Y5

	
na

	
na
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Table 3. Monthly and annual precipitation totals for study period.






Table 3. Monthly and annual precipitation totals for study period.





	

	
Precipitation (mm)




	
Month

	
2016 †

	
2017 †

	
2018 †

	
2019

	
2020






	
January

	
57.7

	
81.3

	
72.1

	
95.5

	
97.8




	
February

	
153.9

	
48

	
35.6

	
61.5

	
147.1




	
March

	
45.7

	
50.5

	
347

	
90.2

	
158




	
April

	
73.1

	
104.1

	
126.4

	
115.3

	
45.2




	
May

	
108.1

	
46.9

	
129.5

	
41.9

	
281.7




	
June

	
96.1

	
170.1

	
88.4

	
98

	
121.9




	
July

	
213.1

	
199.6

	
122.4

	
194.3

	
167.6




	
August

	
50.8

	
94.2

	
66

	
118.6

	
67.1




	
September

	
35.1

	
101.3

	
382.8

	
116.6

	
268




	
October

	
322.3

	
71.9

	
469.6

	
64

	
61.2




	
November

	
29.5

	
17.5

	
158.2

	
77.5

	
113.5




	
December

	
154.9

	
131.3

	
311.5

	
211.6

	
81




	
Annual total

	
1340.3

	
1116.7

	
2309.5

	
1285.0

	
1610.1








† Data previously published [25].
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Table 4. Topsoil (0–15 cm deep) Mehlich 1 extractable soil phosphorus (P) concentrations in kg ha−1 by treatment and year (means from n = 4; Y = year; PC = pine chip biochar; PL = poultry litter biochar; SG = switchgrass compost).






Table 4. Topsoil (0–15 cm deep) Mehlich 1 extractable soil phosphorus (P) concentrations in kg ha−1 by treatment and year (means from n = 4; Y = year; PC = pine chip biochar; PL = poultry litter biochar; SG = switchgrass compost).













	Treatment
	Y1
	Y2
	Y3
	Y4
	Y5





	Control (0 biochar)
	86 a, A
	103 a, A
	101 a, A
	89 a, A
	59 b, A



	100% PC
	66 a, A
	93 b, A
	83 b, A
	72 a, A
	41 c, A



	PC:PL 2:1
	67 a, A
	265 b, B
	196 b, B
	220 b, B
	127 c, B



	SG
	62 a, A
	78 a, A
	71 a, A
	63 a, A
	36 b, A



	100% PL
	73 a, A
	575 b, C
	486 b, C
	451 b, C
	275 c, C



	PC:PL 2:1
	82 a, A
	100 a, A
	89 a, A
	72 a, A
	49 b, A



	Source of variation
	p
	
	
	
	



	Treatment
	<0.001
	
	
	
	



	Year (Y)
	<0.001
	
	
	
	



	Y * treatment
	<0.001
	
	
	
	







Lower-case letter indicates significant differences among mean values between years, while capital letter indicates significant differences among mean values between treatments using a two-way ANOVA at a p < 0.05 level of significance.
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Table 5. Topsoil (0–15 cm deep) Mehlich 1 extractable soil potassium (K) concentrations in kg ha−1 by treatment and year (means from n = 4; Y = year; PC = pine chip biochar; PL = poultry litter biochar; SG = switchgrass compost).






Table 5. Topsoil (0–15 cm deep) Mehlich 1 extractable soil potassium (K) concentrations in kg ha−1 by treatment and year (means from n = 4; Y = year; PC = pine chip biochar; PL = poultry litter biochar; SG = switchgrass compost).













	Treatment
	Y1
	Y2
	Y3
	Y4
	Y5





	Control (0 biochar)
	138 a, A
	136 a, A
	157 a, A
	195 a, A
	175 a, A



	100% PC
	155 a, A
	155 a, A
	156 a, A
	144 a, A
	160 a, A



	PC:PL 2:1
	132 a, A
	274 b, B
	207 c, B
	183 c, A
	174 c, A



	SG
	156 a, A
	144 a, A
	139 a, A
	141 a, A
	160 a, A



	100% PL
	146 a, A
	493 b, C
	303 c, C
	228 c, B
	206 c, A



	PC:PL 2:1
	136 a, A
	152 a, A
	153 a, A
	128 a, A
	157 a, A



	Source of variation
	p
	
	
	
	



	Treatment
	<0.001
	
	
	
	



	Year (Y)
	<0.001
	
	
	
	



	Y * treatment
	<0.001
	
	
	
	







Lower-case letter indicates significant differences among mean values between years, while capital letter indicates significant differences among mean values between treatments using a two-way ANOVA at a p < 0.05 level of significance.
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Table 6. Topsoil (0–15 cm deep) Mehlich 1 extractable soil sodium (Na) concentrations in kg ha−1 by treatment and year (means from n = 4; Y = year; PC = pine chip biochar; PL = poultry litter biochar; SG = switchgrass compost).






Table 6. Topsoil (0–15 cm deep) Mehlich 1 extractable soil sodium (Na) concentrations in kg ha−1 by treatment and year (means from n = 4; Y = year; PC = pine chip biochar; PL = poultry litter biochar; SG = switchgrass compost).













	Treatment
	Y1
	Y2
	Y3
	Y4
	Y5





	Control (0 biochar)
	9.4 a, A
	11.7 a, A
	10.0 a, A
	7.2 a, A
	10.2 a, A



	100% PC
	9.6 a, A
	14.1 a, A
	11.1 a, A
	6.2 a, A
	9.3 a, A



	PC:PL 2:1
	9.9 a, A
	21.2 b, A
	13.4 a, A
	9.1 a, A
	14.7 a, A



	SG
	9.9 a, A
	12.0 a, A
	10.1 a, A
	5.3 a, A
	12.5 a, A



	100% PL
	12.7 a, A
	60.7 b, B
	26.9 c, B
	14.2 a, A
	16.3 a, A



	PC:PL 2:1
	10.4 a, A
	14.6 a, A
	11.1 a, A
	6.1 a, A
	10.7 a, A



	Source of variation
	p
	
	
	
	



	Treatment
	<0.001
	
	
	
	



	Year (Y)
	<0.001
	
	
	
	



	Y * treatment
	<0.001
	
	
	
	







Lower-case letter indicates significant differences among mean values between years, while capital letter indicates significant differences among mean values between treatments using a two-way ANOVA at a p < 0.05 level of significance.













[image: Table] 





Table 7. Annual corn stover phosphorus (P) uptake (kg ha−1) after treatment with designer biochars (means computed from n = 4; Y = year; PC = pine chip, PL = poultry litter; SG = switchgrass compost).






Table 7. Annual corn stover phosphorus (P) uptake (kg ha−1) after treatment with designer biochars (means computed from n = 4; Y = year; PC = pine chip, PL = poultry litter; SG = switchgrass compost).













	Treatment
	Y1
	Y2
	Y3
	Y4
	Mean





	Control (0 biochar)
	8.25 a, A
	5.60 b, A
	3.48 b, A
	3.29 b, A
	5.16 A



	100% PC
	6.83 a, A
	5.34 b, A
	4.25 b, A
	3.43 b, A
	4.96 A



	PC:PL 2:1
	10.82 a, B
	9.05 a, B
	5.60 b, A
	4.26 b, A
	7.43 B



	SG
	10.54 a, B
	4.99 b, A
	4.40 b, A
	2.95 b, A
	5.72 A



	100% PL
	11.36 a B
	11.39 a, B
	8.17 b, B
	5.16 c, A
	9.02 B



	PC:SG 2:1
	9.35 a, B
	5.75 b, A
	4.18 b, A
	3.21 b, A
	5.63 A



	mean
	9.53 a
	7.02 b
	5.01 c
	3.72 d
	



	Source of variation
	p
	
	
	
	



	Year (Y)
	<0.001
	
	
	
	



	Treatment
	<0.001
	
	
	
	



	Y * Treatment
	0.129
	
	
	
	







Lower-case letter indicates significant differences among mean values between years, while capital letter indicates significant differences among mean values between treatments using a two-way ANOVA at a p < 0.05 level of significance.
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Table 8. Annual corn stover potassium (K) uptake (kg ha−1) after treatment with designer biochars (means from n = 4; Y = year; PC = pine chip, PL = poultry litter; SG = switchgrass compost).






Table 8. Annual corn stover potassium (K) uptake (kg ha−1) after treatment with designer biochars (means from n = 4; Y = year; PC = pine chip, PL = poultry litter; SG = switchgrass compost).












	Treatment
	Y1
	Y2
	Y3
	Y4





	Control (0 biochar)
	90.5 a, A
	92.3 a, A
	81.9 a, A
	69.6 a, A



	100% PC
	97.0 a, A
	85.4 a, A
	93.0 a, A
	74.9 a, A



	PC:PL 2:1
	133.1 a, B
	131.5 a, B
	98.8 b, A
	80.7 b, A



	SG
	131.1 a, B
	80.0 b, A
	92.3 b, A
	65.7 c, A



	100% PL
	218.9 a, C
	142.1 a, C
	122.5 b, C
	83.1 c, A



	PC:SG 2:1
	92.1 a, A
	83.2 a, A
	87.0 a, A
	73.1 a, A



	Source of variation
	p
	
	
	



	Year (Y)
	<0.001
	
	
	



	Treatment
	<0.001
	
	
	



	Y * Treatment
	<0.001
	
	
	







Lower-case letter indicates significant differences among mean values between years, while capital letter indicates significant differences among mean values between treatments using a two-way ANOVA at a p < 0.05 level of significance.













[image: Table] 





Table 9. Annual corn stover sodium (Na) uptake (kg ha−1) after treatment with designer biochars (means computed from n =4; Y = year; PC = pine chip, PL = poultry litter; SG = switchgrass compost).






Table 9. Annual corn stover sodium (Na) uptake (kg ha−1) after treatment with designer biochars (means computed from n =4; Y = year; PC = pine chip, PL = poultry litter; SG = switchgrass compost).












	Treatment
	Y1
	Y2
	Y3
	Y4





	Control (0 biochar)
	0.308 a, A
	0.112 a, A
	0.214 a, A
	0.150 a, A



	100% PC
	0.165 a, A
	0.194 a, A
	0.231 a, A
	0.110 a, A



	PC:PL 2:1
	0.808 a, B
	0.199 b, A
	0.129 b, A
	0.158 b, A



	SG
	0.340 a, A
	0.173 a, A
	0.111 a, A
	0.165 a, A



	100% PL
	1.915 a, C
	0.214 b, A
	0.134 b, A
	0.291 b, A



	PC:SG 2:1
	0.292 a, A
	0.180 a, A
	0.262 b, A
	0.118 a, A



	Source of variation
	p
	
	
	



	Year (Y)
	<0.001
	
	
	



	Treatment
	<0.001
	
	
	



	Y * Treatment
	<0.001
	
	
	







Lower-case letter indicates significant differences among mean values between years, while capital letter indicates significant differences among mean values between treatments using a two-way ANOVA at a p < 0.05 level of significance.
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