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Abstract

:

The low nitrogen content of Bangka Island’s post-tin-mining soil may limit its suitability for agricultural production. In this study, we investigated the effect of locally available organic soil amendments on nitrogen fixation (N2–fixation) and crop nitrogen (N) uptake in a cassava–legume intercrop system. Cassava was intercropped with centrosema in post-tin-mining soils with six treatments, including a control and different soil amendments, such as dolomite, compost, charcoal, a combined treatment of charcoal and compost, and a combined treatment of compost and sawdust. The percentages of N derived from N2-fixation (%Ndfa) with the different seasons and treatments were comparable. Nonetheless, due to the higher shoot biomass accumulation, the mass of N2–fixation in soil amended with compost and when combined with charcoal was significantly higher than the control (50 to 73 kg ha−1). Treatments with compost and its combination with charcoal exhibited higher N uptake from the cassava–centrosema intercropped system (82 and 137 kg ha−1) and higher inorganic ammonium (NH4+) concentrations in the soil at harvest time (5.5 and 6.7 µg g−1). When combined with organic soil amendments, N2–fixation from centrosema produces not only higher biomass, but also higher N contribution to the system. Overall, locally available organic amendments, particularly the combined application of charcoal and compost, showed promise for improving N2–fixation of intercrop centrosema as well as for increasing N availability in the soil, which is of critical importance for crop growth in post-mining soils that have lost fertility.
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1. Introduction


The tin processing on Bangka Island continues to increase, resulting in land degradation and pollution [1]. Post-mining soils have been subjected to numerous physicochemical and biological changes, resulting in a significant loss of soil organic matter (SOM), the primary source of nitrogen (N) in soil [2]. The post-tin-mining soil on Bangka Island had a low pH and nutrient content, limiting its potential for agricultural production [3].



Recently, some local farmers have used the post-tin-mining area for agricultural purposes [4]. As a result, crop and nutrient management is critical for increasing productivity and restoring soil fertility on this degraded land. To maintain a yield on degraded land, a large amount of N fertilization is required, which is not affordable locally and also could increases nitrous oxide (N2O) emissions [5,6]. In addition, in tropical climates, N can be the most limiting factor for crop production [7]. Intercropping legumes with other plant species has been widely adopted in agricultural production systems for ecological and agronomic reasons [8,9]. At this study site, local farmers grow legumes such as centrosema (Centrosema pubescens) as intercrops with cassava (Manihot esculenta Crantz) [3,10]. Centrosema and other legume species have adapted to poor soil conditions and serve as an alternative N source for non-leguminous crops [11,12]. Leguminous species, in particular, are highly valued in these low-input systems because they contribute significantly to the N budget via N2-fixation and, as a result, can reduce chemical N fertilizer application [5,8,13]. Furthermore, legumes serve as cover crops (CCs), reducing erosion and nitrate leaching while also retaining N in the system [14,15,16].



The amount of N input via N2–fixation, a primary source of N in organic farming, is an important factor in the N balance of legume-based agroecosystems [14]. The application of soil amendments such as lime or dolomite increases N2–fixation in legumes, particularly in tropical soils [7,17,18,19]. The increased availability of macronutrients (phosphorus, potassium, and sulfur) and micronutrients (boron and molybdenum) increase N2–fixation in legumes in soils amended with charcoal [20,21,22]. Previous studies have found that charcoal-induced lower N availability promotes legume nodule formation and N2–fixation [22,23]. Organic fertilizers are also more frequently being used as soil amendments to improve soil fertility, soil N, soil organic carbon (SOC), and agricultural yield [24,25]. Organic manure, for example, increases soil nitrogenase activity, N2–fixation, and legume yield in acidic soil [26].Combining charcoal and compost has been shown to increase N supply and nodulation of peanuts in Ferralsol, thereby improving leaf N and overall yield [27]. However, un-pyrolyzed carbon sources such as sawdust can immobilize N in soil, making it less available for plant uptake [28].



In tropical post-tin-mining soils, studies on N2–fixation and N uptake in intercropping systems are highly limited; hence, we aimed to investigate how locally available organic soil amendments affect the N2–fixation of centrosema in an intercropping system. In doing so, we aimed to select the most suitable amendments for the remediation of tropical post-tin-mining soils. This selection required estimating the effect of the soil amendments on the N2–fixation potential of the centrosema. As cassava and centrosema yields differed significantly among soil amendment treatments [3], we hypothesized that (1) compost and its combination with charcoal would lower the percentage of nitrogen derived from N2–fixation (%NDFA); (2) N2–fixation by centrosema in combination with organic amendments would improve N uptake in intercropping cassava–centrosema; and (3) combining charcoal and compost would result in a high N2–fixation input from centrosema and increase soil N stock.




2. Materials and Methods


2.1. Experimental Design and Treatment


On-farm experiments were conducted in the post-tin-mining area on Bangka Island (Indonesia) during the 2018–2019 growing season. The soil type in this study site was Technosol. The soil’s texture was sandy loam. The mean annual precipitation (MAP) was 2288 mm, and the mean annual temperature (MAT) was 27 °C [3].



The experimental design was a randomized complete block design (RCBD) with 6 treatments in 4 replicates (Figure S1). Each plot had a 2 m × 2 m area, with 0.25 spacing between them. The treatments included (1) control (no soil amendments), (2) dolomite applied at 10 t ha−1, (3) compost applied at 10 t ha−1, (4) charcoal applied at 10 t ha−1, and combined treatment of (5) charcoal and compost (10 t ha−1 of each amendment) and (6) charcoal and sawdust (10 t ha−1 of each amendment) (Figure S1). Compost, sawdust, and charcoal were purchased from a local producer on Bangka Island, while dolomite was purchased from an agricultural store. Amendments were then manually incorporated with a hoe before planting. Cassava and centrosema were planted in each plot in an intercropping system (Figure 1). The N content of the soil amendments varied (Table 1), with dolomite having the lowest value. For a more detailed description of the experimental design, crop species, and field management, see Maftukhah et al. [3].




2.2. Plant Sampling and Analyses


Cassava and centrosema were harvested from each plot after each growth period [3]. Subsamples from fresh weight yield determinations were used for dry matter and isotope nitrogen analysis. The leaves, stems, and tubers of the cassava plant, as well as the shoots of the centrosema, were analyzed separately. Individual samples were washed, chopped, and oven-dried at 65 °C for 48 h [3]. Dry matter (DM) was calculated using the dry-to-fresh-weight ratio of the field subsamples. Samples were ground and homogenized in a ball mill to produce a fine powder. A three-milligram sample of each plant part sample was weighed and measured for its elemental N content and its isotopic signature (δ15N) [29] using an Elemental Analyser Isotope Ratio Mass spectrometer (EA-IRMS) connected to a Thermo Delta V mass spectrometer via a ConFlo III interface (Thermo Fisher) (Bremen, Germany). A complete set of internal and external standards was used to calculate isotopic ratios and %N values from the samples. The 15N abundance was expressed in parts per thousand, per mil (‰) of the international standard for the sample isotope (atmospheric N). The natural abundance ratio R of 15N in the air that is used as the standard is 0.3667 % [30,31]. The nitrogen isotope composition was expressed as δ15N (‰) and computed as:


   δ  15    N =       R  sample   −  R  standard      R  standard        ×   1000   



(1)




where the δ15N is the proportion of 15N atoms, Rsample is the proportion of 15N atoms in the sample, and Rstandard is the 15N atoms in the atmosphere (0.3667%).




2.3. Soil Sampling and Analyses


For each treatment, soil samples from a depth of 0 to 20 cm were collected at the initial time (July 2018) and at the time of centrosema and cassava harvest (July 2019). Soils were sieved to 2 mm and subsampled to produce a 2 g fresh homogeneous sample, mixed with 15 mL of cold 0.5 M potassium sulfate (K2SO4) shaken for 1 h and filtered for ammonium (NH4+) and nitrate (NO3−) analyses. Subsamples for soil moisture determination at 105 °C [32] and those for total C and N analysis at 50 °C were taken simultaneously. K2SO4 extracts were immediately stored at 4 °C and kept for further analyses. Ammonium (NH4+) and nitrate (NO3−) were determined colorimetrically using the VCl3/Griess and modified indophenol method in microtiter plates as described by Hood-Nowotny et al. [33]. Isotope ratios in the extracts were determined using a modification of the microdiffusion technique [34]. Briefly, to prepare samples for NH4+ isotope analysis, an acid trap (consisting of a sealed PTFE envelope containing a cellulose filter disc acidified with 10 µL of 2.5 M KHSO4) was added to each 20 mL scintillation vial containing a 10 mL aliquot of sample extract, after 5 days this was followed by 40 mg magnesium oxide (MgO) to raise the pH to > 9.5. The vials were closed tightly immediately. The NH4+ released by the high pH was trapped in the acid trap. After leaving the samples at room temperature for five days, the initial discs were removed and processed. To prepare NO3− samples, a further 20 mg of Devarda’s alloy was added to the same extract, along with a new acid trap, which was left for 5 days before being removed and processed. After microdiffusion, the acid traps were transferred to a 48-well titer plate and dried in a desiccator containing a vessel with a small volume (~10 mL)of concentrated sulfuric acid in it for two days. The cellulose discs were transferred into tin capsules on the day of analysis and were measured using EA-IRMS. Each run included a complete set of isotopic, N internal and external, and international standards and blanks for quality control [34].




2.4. Calculation


2.4.1. Estimation of Nitrogen Fixation in Centrosema


The percentage of nitrogen derived from N2–fixation (%NDFA) was determined based on the natural abundance method according to the following equation [35]. This method is widely used in intercropping systems to estimate N2–fixation [8,36,37,38]. Cassava was used as a reference plant.


   % NDFA =       δ  15    N  cassava   −  δ  15    N  centrosema      δ  15    N  cassava   − β      ×   100   



(2)







β is usually the δ15N value from a nitrogen-fixing plant grown in an N-free medium. The β value in this study was derived from the lowest δ15N of centrosema (β = −2.25‰).




2.4.2. Estimation of Fixed Amount of Nitrogen by Centrosema


As shown in Equation (3), the amount of N2-fixation by centrosema was calculated using the %NDFA and the N shoot content of centrosema [31] from each replication.


   N 2  −    fixation = Shoot   N    centrosema   ×    % NDFA    100    



(3)




where N2–fixation is the amount of nitrogen fixed by centrosema and Shoot Ncentrosema is the nitrogen in a centrosema shoot (kg N ha−1). In this study, the contributions from roots, nodules, and rhizodeposition were not included in the calculated values.



Finally, N uptake that did not result from N fixation was attributed to nitrogen derived from the soil (TNDFS) and calculated by the following equation [39].


    TN  2  −  fixation =     N  2 −  fixed _ centrosema   first   season       + N    2 −  fixed _ centrosema   second   season       



(4)






    TN   DFS   =    N   centrosema   first   season       + N     centrosema   second   season      −   TN    2 - fixed     



(5)




where TN2–fixation is total nitrogen fixed by centrosema and TNDFS is total nitrogen derived from soil.




2.4.3. Crop Nitrogen Uptake


Total nitrogen uptake (TNuptake) per unit area (kg ha−1) of the cassava plant parts and centrosema shoots was calculated by multiplying their dry matter yield by their nitrogen concentration [40]:


    TN   uptake      = DM    plant      ×     % N    100    



(6)




where TNuptake is the total plant’s nitrogen yield (kg ha−1), DMplant is plant dry matter yield (kg dry matter ha−1), and %N is the percent of nitrogen in the plant.



The N accumulation in the system was calculated by summing up the nitrogen uptake of cassava (leaves, stems, and tubers), centrosema, and weeds. We included weeds in this calculation due to high weed growth in the second season of centrosema. The nitrogen content (%N) in weeds was conservatively assumed to be 2% based on previous data.




2.4.4. Partial Balance of N


The partial N balance (PNB) was calculated by subtracting N-input from N2–fixation and soil amendments from N–output in the system [41]. Because the centrosema shoots, cassava plants, and weeds were removed from the system, the N–output was calculated using the total N uptake.


     PNB = ( N    amendment      + N     2 - fixation    ) −  N  uptake    



(7)







The total N (TN) stock in the soil was calculated accordingly. The following equation [41] was used to convert soil TN into stock values.


   TN   stock = TN   conc   ×   BD   ×   d   ×   10000     



(8)




where TN stock is the total N stock in the soil (kg ha−1) at harvest time, TN conc is the total N content in the soil (%), BD is the bulk density (1.5 kg cm−3), and d is the soil depth (20 cm). The TN conc data of the same experiment were obtained from Maftukhah et al [3], while BD was obtained at the beginning of the experiment according to previous method [42].





2.5. Statistical Analyses


Variance homogeneity and normality tests were performed on each analyzed variable. Parametric one-way ANOVA was used to test the treatment effect on ammonium (NH4+) in soil, and robust one-way ANOVA was used accordingly for nitrate (NO3−) in soil.



All data relating to the N in crops were subjected to a robust two-way ANOVA to test the growing season’s effects, the treatment’s effects, and the interaction between the growing season and treatment in centrosema. As factors for cassava, plant parts and treatments were used. Parametric and robust ANOVA tests were performed using R version 4.1.3 (R core Team, 2021), and the means were compared using a post hoc linear contrast test at p < 0.05. Data visualization was performed using SigmaPlot 14.5 (Systat, Inc., San Jose, CA, USA).



A heatmap of the Pearson correlation was created to evaluate the relationship between the DM of the centrosema shoot, %N, %NDFA, N2–fixation, N uptake, and a number of soil properties (total nitrogen: TN, nitrate: NO3−, ammonium: NH4+, total phosphate: TP, available phosphate: AP, total potassium: TK, available potassium: AK, total organic carbon: TOC, dissolved organic carbon: DOC, and water holding capacity: WHC). Crop biomass data, as well as soil properties (TN, TP, AP, TK, AK, TOC, DOC, and WHC), from the same experiment were reported in a previous study [3].





3. Results


3.1. Nitrogen Isotope Discrimination (δ15N), Nitrogen Derived from N2–Fixation (%NDFA), and Nitrogen Fixation (N2–Fixation) of Centrosema


There were statistically significant differences in the δ15N of centrosema between treatments (p = 0.012), but neither the season nor the interaction between the season and treatment significantly influenced the δ15N values. The δ15N values of centrosema increased throughout the season when the soil was amended with double amendments of charcoal and compost (Figure 2A). Centrosema on poor soil had the lowest shoot δ15N enrichment as observed in the dolomite treatment (Figure 2A).



The %NDFA of a legume indicates the relationship between plant-available soil N and legume growth [31,38]. Growing season, treatment, and their interaction each had no effect on the %NDFA (p > 0.05, Figure 2B). The amount of N2–fixation in centrosema exhibited the same trend as shoot dry matter [3]. Except for dolomite treatment, centrosema fixed significantly more N2 in the first growing season than in the second growing season (Figure 3). The impact of the soil amendment was clear, and compost treatment increased N2–fixed by sixfold, while the combined treatment (charcoal and compost) increased N2– fixation by eightfold compared to the control (Figure 3). When the interaction between the treatment and the growing season was considered, the combined treatment (charcoal and compost) proved to be the most effective, with the highest N2–fixation rate in centrosema (36 kg ha−1, Figure 3). The total mass of N2–fixation by the centrosema was also higher in compost and the combined treatment (charcoal and compost) than in the control (Table 2).



In this study, nitrogen accumulation from the soil (TNDFS) was calculated by subtracting N uptake from N2–fixed by centrosema over the growing season. Soil amended with charcoal + compost also showed the highest amount of nitrogen derived from the soil (38 kg ha−1, Table 2).




3.2. Nitrogen Content (%N) and Nitrogen Uptake (N Uptake) in Centrosema


The %N in centrosema varied significantly across seasons (p < 0.05, Figure 4A). In contrast, both treatment and its interaction with the growing season had no significant effect on the %N of centrosema (p > 0.05).



Growing season, treatment, and their interaction all had a significant effect on N uptake in centrosema shoots (p = 0.001). Similarly to N2–fixation, with the exception of the dolomite treatment, N uptake was greater during the first growing season than the second (Figure 4B). Compost and combined treatment (charcoal + compost) significantly increased N uptake among treatments. Compared to the control treatment, N uptake was fivefold higher in soil amended with compost and tenfold higher in soils amended with combined charcoal and compost (Figure 4B). Furthermore, the combined treatment (charcoal + compost) exhibited the highest N uptake in centrosema when considering the interaction between treatment and growing season. The total nitrogen uptake (TNuptake) by centrosema across seasons was higher in soils amended with compost or charcoal + compost compared to the control (61 and 111 kg ha−1, Table 2).




3.3. Nitrogen Content (%N) and Nitrogen Uptake (N Uptake) in Plant Parts of Cassava


The %N in cassava was significantly different between plant parts (p < 0.05, Figure 5A), with leaves having the highest value, followed by stems and tubers (4.08, 0.79, and 0.29 %, respectively). Similarly, N uptake and δ15N in cassava differed significantly between plant parts (p < 0.05 Figure 5B and Figure S2). N uptake was greatest in the stems, followed by the leaves, and then the tubers (4.18, 2.59, and 1.67 kg ha−1, respectively).




3.4. Total Nitrogen Uptake (TNuptake) in the System and Partial N Balance (PNB)


The TNuptake of cassava and centrosema during the growing season (2018–2019) was calculated for the whole plot, including (1) shoot N uptake by centrosema, (2) aboveground and tuber N uptake by cassava, and (3) aboveground N uptake by weeds. Total N uptake was significantly affected by the treatments (p < 0.05). Both dolomite and organic amendments increased TNuptake, most notably in the charcoal and compost treatment (137 kg ha−1, Figure 6).



The PNB differed significantly between treatments (p < 0.05). Because there was no N input other than N2–fixation, the PNB for the control and dolomite treatments was negative (Figure 6). The highest PNB was observed in the charcoal and compost treatments (Figure 6). Centrosema contributed different amounts of N to the soil in each treatment. The legume contributed approximately 39% of the N input to soil when amended with charcoal or charcoal and sawdust. However, the legume in the compost and charcoal and compost treatments contributed less, with centrosema making up 23–26% of the total plant N uptake.




3.5. Soil N Dynamics


As shown in Figure 7, treatment had a significant effect on nitrate (NO3−) and ammonium (NH4+) in soil. Soil amended with compost, as well as with combined treatment, significantly increased NH4+ in the soil by threefold compared to the control. However, the δ15N of NO3− and NH4+ was not affected by treatment (Figure S3).





4. Discussion


4.1. Nitrogen Fixation by Centrosema


The total amount of N2–fixation is a combination of legume N content, biomass, and %NDFA [43]. In this study, however, a high amount of N2–fixation in centrosema, as observed in the combined treatment (charcoal + compost), was more affected by high shoot biomass production than %NDFA (Figure 8). This finding was supported by strong positive correlations between certain soil physiochemical properties (TN, NO3−, NH4−, TP, AP, AK, TOC, DOC, and WHC) and shoot DM and N2–fixation in the centrosema (Figure 8). Improved soil physicochemical properties influenced the shoot biomass of centrosema [3], resulting in a higher amount of N2-fixation.



Although we expected to find the lowest %NDFA in the compost and combined treatments (charcoal and compost), these treatments had no significant effect on the %NDFA. However, a significant negative correlation was found between %NDFA and soil nitrate (NO3−, Figure 8). High NO3− concentrations in soil may delay the formation of nodules and N2–fixation, thereby reducing %NDFA and the amount of N2–fixation [38]. N2–fixation rates from the legume decreased when the soil had more mineral N from soil uptake [44,45]. Our findings support previous research that low soil fertility promotes higher %NDFA [46], while legumes grown in fertile soil can fix larger amounts of N2. It is also possible that the increased N uptake from the soil may enrich the δ15N of centrosema (Figure 2A), resulting in a decrease in %NDFA, as was previously shown for clover plants [43].



Organic amendments have been shown to increase the nodulation of legumes, even when high total N levels are applied, whereas plant-available inorganic N levels are often low [47]. Other studies have demonstrated that charcoal can improve the amount of N2–fixation in legume species as well as rhizobia nodulation in acidic sandy soils [48], sandy clay loam soils [49], and sandy soils [27]. Several proposed mechanisms explain the effect of charcoal or compost amendments on N-fixing potential and plant growth. These include increased TOC, TN, and TP levels; improved soil aggregate stability and microorganism activity [50]; and elevated WHC [3]. In addition, charcoal has a high specific surface area and a high concentration of functional groups on its surface, which retain nutrients and thus provide adequate nutrients for crop growth [51]. Compost can promote N2–fixation because it contains micronutrients that are beneficial for nitrogenase activity and legume growth [27].



The dolomite treatment, on the other hand, promoted N2–fixation, resulting in the lowest δ15N values (Figure 2A), but ultimately resulted in the lowest amount of N2 fixed in terms of mass due to its shoot biomass being the lowest. Liming acid soils can improve macro- and micronutrient availability (such as P, Mo, Ca, and Mg) in soils, which can increase N2–fixation in legume species [18,19,22]. In the present study, however, no correlation between soil pH and δ15N was observed, suggesting that other factors may have contributed to this phenomenon. In addition, the estimation of the N source for centrosema revealed a similar result. Soil amended with dolomite exhibited a higher TN2–fixation than TNDFS, whereas soils with greater nutrient content, such as those observed with the combined charcoal and compost treatment, exhibited a lower TN2–fixation than TNDFS (Table 2). This study revealed that when access to soil N is limited, legumes can meet their N demand through N2–fixation, as found in the previous study by Lambers et al. [52].



It is noteworthy that the ability of soil amendments to supply nutrients gradually declined along with plant development, resulting in a lower amount of N2 being fixed in the second season. Lower precipitation during the second season of centrosema [3], combined with intense competition for available resources between centrosema, cassava, and weed, is also likely to have resulted in lower biomass accumulation and, thus, lower mass of N2 fixed in centrosema. The competition for light, heat, water resources, and nitrogen between two crops in an intercropping system may have resulted in the different crop biomass values [53]. Dolomite treatment, on the other hand, revealed different patterns, with no significant effect of season on the N2–fixation. This is most likely due to the consistent liming effect of dolomite throughout centrosema’s growing season. Previously, Hale et al. [54] reported that soil pH was increased by liming application in the acidic soil of humid tropics sustained over five growing seasons (22 months).



In tropical regions, high annual precipitation (>2000 mm) and temperature (>20 °C) can affect the decomposition rate of organic soil amendments [55]. Compared to compost, sawdust is less biodegradable due to its high C/N ratio [3], long-chain alkanoic acids, n-alkanes, lignin, and other structural tissues [56]. Charcoal is considered to be highly resistant, with mean residence times ranging from hundreds to thousands of years [56]. Consequently, applied compost is rapidly mineralized, providing essential nutrients to this post-tin-mining soil and affecting plant growth in an intercropping system.




4.2. Crop Nitrogen Uptake


Compost and its combination with charcoal exhibited a higher value of N uptake in centrosema’s first growing season, which is consistent with the results regarding the amount of N2–fixing. The N consumption by plants can be limited by increased competition or decreased uptake due to a lack of nutrient or water availability [57], as mentioned above in Section 4.1. Due to the high shoot N, our finding suggests that centrosema may contribute a significant amount of N via litter decomposition during senescence periods near the end of the growing season.



Although cassava exhibited higher N content (%N) in the leaves, the lower biomass of this part resulted in lower observed N accumulation. Overall, cassava accumulated less N than centrosema, indicating that growing a legume alongside a non-legume crop is not always beneficial. Other explanations could be that we are underestimating the amount of N fixed by the centrosema or that the centrosema is competing with the cassava for soil N, as legumes are efficient scavengers of soil nitrogen [58]. Competition for nitrogen and complementary root growth between legumes and non-legumes, in particular, can reduce soil N and thus facilitate legume N2–fixation [59], as was also observed in the present study. On the other hand, because centrosema is used as fodder, increased biomass and N uptake in this cropping system can benefit low-income farmers.



Organic amendments increased the combined N uptake of cassava, centrosema, and weeds over the control and dolomite treatments. This higher value was attained because centrosema and weeds produce more biomass overall. When combined with the application of organic amendments, centrosema accumulated more N from fixation, allowing it to produce more biomass and increased N uptake in the system, supporting our second hypothesis.




4.3. N Contribution to Soil


The contribution of N fixed by centrosema to soils varied between treatments (Figure 6). The contribution from N2–fixation was about 40% N for both the charcoal and combined (charcoal and sawdust) treatments. However, the relative contribution of N2–fixation (<30%) from centrosema in soil amended with compost and its combination with charcoal was lower, despite their absolute contribution exceeding that of all other treatments. In the control and dolomite treatments, where no N was applied, the contribution of N2–fixation was low, whereas 100% of the N in centrosema was derived from N2–fixation. Low nutrient and mineral N levels in these soils promoted an effective legume–rhizobia symbiosis [38].



According to the estimation of partial soil N balance (PNB), the control and dolomite treatments had a negative N balance because no N was added via amendments. The high positive PNB in the combined treatment of charcoal and compost, on the other hand, suggests that significant amounts of N from the amendments remained in the soil. This condition would be beneficial for N2–fixation if maintained below the inhibitory threshold (approximately 30 kg inorganic N per ha−1), as was found in a previous study [60]. The nitrogen fixed by the legume plants can be used to fertilize the soil [61,62], thereby promoting crop growth in poor and low-input soils.



Compost and combined treatments (charcoal with compost or sawdust) both increased NH4+ levels and, hence, available N in the soil. The increased NH4+ and improved N2–fixation were most likely caused by high TN added to the soil via compost. Soil amendments with a high C/N ratio, such as charcoal and sawdust, increased N immobilization in the soil, reducing the loss risk of inorganic N [27,28,63,64]. These findings suggest that compost or sawdust in combination with charcoal are more effective at retaining N and increasing the amount of available N in the soil than charcoal alone. Previously, Jien et al [55] reported that N mineralization decreased in tropical agricultural soil treated with charcoal and compost as compared to soil treated with compost alone.



The adoption of legume species in conjunction with a combination of charcoal and compost to restore post-tin mining soils in an agricultural context is a strategy that not only promotes N uptake and N stock, but also reduces farmers’ financial reliance on synthetic N fertilizer. Centrosema with high N uptake can be used as cattle fodder and is likely to produce better manure quality for local farmers, potentially creating virtuous nutrient cycles.





5. Conclusions


The application of locally available organic soil amendments had no significant effect on the %NDFA of centrosema, while higher shoot dry matter resulted in a higher mass of N2–fixation. The findings suggest that combining charcoal and compost promotes N2–fixation in centrosema (by 802%) compared to control when intercropped with cassava, leading to more sustainable food production in post-tin-mining soil. Even though centrosema can increase N concentrations, the benefits for the main crop—cassava—are still limited. Future research should investigate the use of soil amendments in conjunction with other legume species. Charcoal and its combinations, in particular, represent a climate-smart strategy for enhancing carbon sequestration in agricultural systems in order to increase fertility. Furthermore, future perspectives for the following research include the addition of nutrients to stimulate plant growth, which is of crucial relevance in highly nutrient-depleted post-tin-mining soils.
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Figure 1. Schematic illustration of the planting pattern in each treatment. Cassava was planted as the main crop and centrosema as the cover crop in the intercropping system. 






Figure 1. Schematic illustration of the planting pattern in each treatment. Cassava was planted as the main crop and centrosema as the cover crop in the intercropping system.



[image: Land 12 01107 g001]







[image: Land 12 01107 g002 550] 





Figure 2. Nitrogen isotope discrimination (A) and percentage of nitrogen derived from N2–fixation (B) in centrosema under different soil amendments and growing season treatments. Treatments (soil amendments) are indicated on the x-axis, along with a “control” that did not receive any soil amendment. Values are means ±  SE (n = 4). The effects of growing season (S), treatment (T), and the interaction of growing season and treatment (S × T) on nitrogen isotope discrimination and the percentage of nitrogen derived from N2–fixation were determined using robust two-way ANOVA. Uppercase letters below the bars in (A) indicate significant differences in the overall treatment effect using the post hoc linear contrast test on trimmed means at p < 0.05. 
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Figure 3. Amount of nitrogen fixation in centrosema under different soil amendments and growing season treatments. Treatments (soil amendments) are indicated on the x-axis, along with a “control” that did not receive any soil amendment. Values are means ±  SE (n = 4). The effects of growing season (S), treatment (T), and the interaction of growing season and treatment (S × T) on nitrogen fixation were determined using robust two-way ANOVA. Uppercase letters above the bars indicate significant differences between treatments during the same growing season, and lowercase letters indicate significant differences between growing seasons under the same treatment using the post hoc linear contrast test on trimmed means at p < 0.05. 






Figure 3. Amount of nitrogen fixation in centrosema under different soil amendments and growing season treatments. Treatments (soil amendments) are indicated on the x-axis, along with a “control” that did not receive any soil amendment. Values are means ±  SE (n = 4). The effects of growing season (S), treatment (T), and the interaction of growing season and treatment (S × T) on nitrogen fixation were determined using robust two-way ANOVA. Uppercase letters above the bars indicate significant differences between treatments during the same growing season, and lowercase letters indicate significant differences between growing seasons under the same treatment using the post hoc linear contrast test on trimmed means at p < 0.05.



[image: Land 12 01107 g003]







[image: Land 12 01107 g004 550] 





Figure 4. Nitrogen content (A) and nitrogen uptake (B) in centrosema under different soil amendments and growing season treatments. Treatments (soil amendments) are indicated on the x-axis, with a “control” that did not receive any soil amendment. Values are means ±  SE (n = 4). The effects of growing season (S), treatment (T), and the interaction of growing season and treatment (S × T) on nitrogen content and nitrogen uptake were determined using robust two-way ANOVA. Uppercase letters above the bars in (B) indicate significant differences between treatments in the same growing season, and lowercase letters indicate significant differences between growing seasons with the same treatment using the post hoc linear contrast test on trimmed means at p < 0.05. 
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Figure 5. Nitrogen content (A,B) and nitrogen uptake (C,D) in cassava under different soil amendments and plant part treatments. Treatments (soil amendments) are indicated on the x-axis, with a “control” that did not receive any soil amendment. Values are means ±  SE (n = 4). The effects of plant part (S), treatment (T), and the interaction of plant part and treatment (S × T) on nitrogen content and nitrogen uptake were determined using robust two-way ANOVA. Lowercase letters in (C,D) indicate significant differences between plant parts using the post hoc linear contrast test on trimmed means at p < 0.05. In (C,D), open circles indicate outliers. 






Figure 5. Nitrogen content (A,B) and nitrogen uptake (C,D) in cassava under different soil amendments and plant part treatments. Treatments (soil amendments) are indicated on the x-axis, with a “control” that did not receive any soil amendment. Values are means ±  SE (n = 4). The effects of plant part (S), treatment (T), and the interaction of plant part and treatment (S × T) on nitrogen content and nitrogen uptake were determined using robust two-way ANOVA. Lowercase letters in (C,D) indicate significant differences between plant parts using the post hoc linear contrast test on trimmed means at p < 0.05. In (C,D), open circles indicate outliers.



[image: Land 12 01107 g005]







[image: Land 12 01107 g006 550] 





Figure 6. Nitrogen input, total nitrogen uptake in the system (N cum), and partial nitrogen balance (PNB) in the system under different soil amendment treatments. Treatments (soil amendments) are indicated on the x-axis, with a “control” that did not receive any soil amendment. Values are means ±  SE (n = 4). The effects of treatment on total nitrogen uptake in the system and partial nitrogen balance were determined using parametric one-way ANOVA. Uppercase and lowercase letters above the bars indicate significant differences between treatments using the post hoc linear contrast test at p < 0.05. 
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Figure 7. Soil nitrate (A), ammonium (B), and total nitrogen stock (C) under different soil amendment treatments. Treatments (soil amendments) are indicated on the x-axis, with a “control” that did not receive any soil amendment. Values are means ±  SE (n = 4). The effects of treatment on nitrate, ammonium, and total nitrogen stock were determined using parametric one-way ANOVA. Lowercase letters in (B) indicate significant differences between treatments using the post hoc linear contrast test at p < 0.05. 
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Figure 8. Heat map showing the relationships among shoot dry matter (shoot), nitrogen isotope discrimination (δ15N), nitrogen content (%N), percentage of nitrogen derived from the atmosphere (%NDFA), nitrogen uptake (N), and nitrogen fixation (Nfix) in the first and second seasons of centrosema (C1 and C2), with some soil physicochemical properties (total nitrogen (TN); nitrate (NO3−); ammonium (NH4−); total phosphate (TP); available phosphate (AP); total potassium (TP); available potassium (AP); total organic carbon (TOC); dissolved organic carbon (DOC); water-holding capacity (WHC); pH; electrical conductivity (EC); and cation exchange capacity (CEC)). The color gradient represents Pearson correlation coefficients when significant (n = 24, p < 0.05). 






Figure 8. Heat map showing the relationships among shoot dry matter (shoot), nitrogen isotope discrimination (δ15N), nitrogen content (%N), percentage of nitrogen derived from the atmosphere (%NDFA), nitrogen uptake (N), and nitrogen fixation (Nfix) in the first and second seasons of centrosema (C1 and C2), with some soil physicochemical properties (total nitrogen (TN); nitrate (NO3−); ammonium (NH4−); total phosphate (TP); available phosphate (AP); total potassium (TP); available potassium (AP); total organic carbon (TOC); dissolved organic carbon (DOC); water-holding capacity (WHC); pH; electrical conductivity (EC); and cation exchange capacity (CEC)). The color gradient represents Pearson correlation coefficients when significant (n = 24, p < 0.05).
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Table 1. Total nitrogen (TN) applied in different treatments. Values given are means (n = 2).
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	Treatments
	N Applied (kg ha−1)





	Control
	0



	Dolomite
	0



	Compost
	165



	Charcoal
	38



	Charcoal and compost
	203



	Charcoal and sawdust
	42
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Table 2. Total nitrogen uptake (TNuptake), total nitrogen fixation from the atmosphere (TN2–fixation), and total nitrogen derived from the soil (TNDFS) in centrosema under different treatments. Values are means ±  SE (n = 4). The effects of treatment on total nitrogen uptake, total nitrogen fixation, and total nitrogen derived from the soil were determined using robust one-way ANOVA. Lowercase letters indicate significant differences between treatments using the post hoc linear contrast test on trimmed means at p < 0.05.






Table 2. Total nitrogen uptake (TNuptake), total nitrogen fixation from the atmosphere (TN2–fixation), and total nitrogen derived from the soil (TNDFS) in centrosema under different treatments. Values are means ±  SE (n = 4). The effects of treatment on total nitrogen uptake, total nitrogen fixation, and total nitrogen derived from the soil were determined using robust one-way ANOVA. Lowercase letters indicate significant differences between treatments using the post hoc linear contrast test on trimmed means at p < 0.05.





	Treatments
	TNuptake (kg ha−1)
	TN2–fixation (kg ha−1)
	TNDFS (kg ha−1)





	Control
	12 ± 3c
	9 ± 3c
	3 ± 0.8



	Dolomite
	17 ± 1c
	16 ± 2bc
	2 ± 0.6



	Compost
	61 ± 5b
	50 ± 3ab
	11 ± 6



	Charcoal
	29 ± 3c
	25 ± 3b
	5 ± 1



	Charcoal + compost
	111 ± 7a
	73 ± 10a
	38 ± 12



	Charcoal + sawdust
	34 ± 6bc
	29 ± 7b
	5 ± 1
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