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Introduction

Studies have reported that Dicarboxylic acid polymer (DCAP) -coated phosphorus fertilizer (DCAP/P) positively impacts crop growth and yield. However, studies on the effects of interaction between DCAP/P and CaO to improve the PUE of plants on acidic soils are limited. 





Methods

This study aimed to (i) examine the effects of lime and DCAP on improving P uptake and cassava growth on acid sulfate soil and (ii) evaluate the effects of interaction between lime and DCAP/P on cassava PUE. The experiment was conducted in the greenhouse of the School of Agriculture, Can Tho University, from December 2022 to August 2023. The pot experiment was arranged in a completely randomized split-plot design, with factor A comprising two liming doses (0 and 4 t CaO ha-1) and factor B comprising three phosphorus (P) fertilization treatments (0P, 60P, and DCAP/60P), each with four replications. The local cassava variety ‘O Ta Bang’ was use inthe experiment.





Result

Our results showed that the total P uptake (g P2O5 plant-1) at 0Pand 60P only reached 72 and 96%, respectively, compared with the total P uptake of DCAP/60P. Among the CaO-treated samples, 60P treatment increased the plant PUE to 28.6%, while DCAP/60P treatment significantly increased the PUE to 48.8%. 





Discussion

The interaction between DCAP/60P and CaO synergistically enhanced PUE more efficiently than between 60P and CaO.
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1 Introduction

Cassava (Manihot esculenta Crantz) is a commercially important crop globally used as animal feed, biofuel source, and industrial raw material (Nweke et al., 2002). Cassava is a globally significant crop, with global output in 2021 reaching 315 million tons, covering 29.7 million hectares. In Vietnam, the cassava growing area is 532,600 hectares, with a yield of 10.27 million tons, ranking 7th in cassava production in the world (Otekunrin, 2024). Cassava is generally considered tolerant of low soil fertility (Howeler, 2002). However, high levels of undesirable elements in the soil can reduce cassava yield (Cassman et al., 2002; Ezui et al., 2016). In the Mekong Delta, acid sulfate soils (ASS) cover 1.6 million hectares, accounting for 40% of the natural land area. Cultivation on acid sulfate soils often encounters unfavorable soil factors such as low pH, high Fe2+, Al3+ content, which hinders root development, creates uneven nutrient content, especially phosphorus deficiency, and leads to reduced productivity (Xuan and Matsui, 1998; Dent, 1986; Iuliano et al., 2007). In plants, P is an important macronutrient involved in key physiological processes. Thus, limiting P supply from the soil limits crop growth and yield (Noor et al., 2017; Yaseen et al., 2017). However, P is one of the most difficult nutrients to absorb from the acidic soil (Aliyu et al., 2019). Experiments on omission of N, P, K on cassava in 04 growing areas on acid sulfate soil in the Mekong Delta showed that cassava yield responded poorly to phosphate fertilizer (Dang et al., 2016). Several previous studies have demonstrated the beneficial effects of calcium (Ca) in ameliorating Al toxicity in acidic soils (Hossain et al., 2014). Furthermore, the use of dicarboxylic acid polymers (DCAP) has been shown to prevent Fe and Al cations from precipitating P, therefore, this ACDP is expected to improve phosphorus use efficiency (PUE) for crops grown on acidic soils (Hopkins, 2015). However, there has been no evaluation of the effectiveness of combined liming and DCAP on acid sulfate soils used for cassava cultivation in the Mekong Delta. The objective of this study was to evaluate the combined use of lime and DCAP on PUE of cassava grown on acid sulfate soil.




2 Materials and methods



2.1 Greenhouse experiment and soil collecting

The study was conducted in the greenhouse of the School of Agriculture, Can Tho University, from December 2022 to August 2023. Table 1 illustrates the 3-year average (2021-2023) of climate conditions in Can Tho City, which has a tropical monsoon climate, divided into two distinct seasons. The rainy season lasts from May to November, the dry season from December to April of the following year. The average annual temperature is about 26.9°C, the average rainfall is 138.9 mm/year, highest in September (251.4 mm). The average number of sunshine hours per year is about 210.7 hours. The average humidity in the year is 83.3%.


Table 1 | The 3-year average (2021-2023) of climate and weather conditions during the experimental period in Can Tho city.



The soil was collected from the Binh Tan district (10°09′49.2″ N 105°45′47.7″ E), Vinh Long province, and classified as OrthiThionic-Gleysols according to the World Reference Base for Soil Resources (WRB) (2015). The soil was collected at the 0–20 cm layer for the pot experiment. After collection, the soil samples were dried and mixed well. Then, 10 kg of soil was put in each pot (26 cm × 12 cm/12L).

During the pot experiment, the pots were kept open, and plant growth was related to the surrounding climate. Every two days, tap water was added to the pot to maintain field capacity. When weeds are found growing in the pot, they are hand-pulled to remove the entire plant, including roots, from the soil. In the experiment, the dolomite powder, also called dolomitic lime, was prepared by heating dolomite rock. The MgO and CaO contents were 21% and 30%, respectively (Chau, 2024).

DCAP active ingredient is provided by Binh Dien fertilizer company (https://binhdien.com/) for testing the effectiveness of phosphate fertilizer on acid sulfate soil in the Mekong Delta. We coated 2 L of DCAP, also known as AVAIL polymer, with 1 ton of diammonium phosphate (DAP) fertilizer as previously recommended (Mooso et al., 2013).




2.2 Basis for lime application rate

A previous study on liming cassava on ASS in Binh Tan, Vinh Long, tested the effects of 2 and, 4t CaO ha−1, achieving cassava tuber yields of 23.8 and 29.6, respectively (Dang et al., 2016). Thus, the tuber yield obtained from 4 t CaO ha−1 was significantly higher than that obtained from 2 t CaO ha−1. Therefore, we used 4.0 t CaO ha−1 for the present study.




2.3 Experimental design

The pot experiment was arranged in a completely randomized split-plot design, wherein factor A comprised two liming doses (0 and 4 t CaO ha−1) and B comprised three P fertilization treatments (0P, 60P, and DCAP/60P), with four replications (each replication was one pot). Thus, there were 24 pots in total (Figure 1).




Figure 1 | The experiment was arranged in a split-plot design: (i) Factor A with two liming doses of 0 t CaO ha−1(yellow color) and 4 t CaO ha−1 (green color), and (ii) factor B with three P applications of 0P (P1), 60P (P2), and DCAP/60P (P3).



We used a local cassava variety, ‘O Ta Bang’, which has a growing period of 8 months. Hardwood cuttings were taken from cassava plants that are more than six months old. Although cassava is a perennial crop, optimum tubers harvesting depends on the variety and growing conditions. For instance, the tubers can be harvested in humid tropical regions after 6–7 months (El-Sharkawy and Cock, 1990). To grow cassava in the pot experiment, the entire stake, comprising 20 cm long stem cuttings, was placed horizontally and buried to a depth of 10 cm.

The fertilizers used included DAP (comprising 18% nitrogen (N) and 46% P2O5) and KCl (containing 60% K2O). Each pot was fertilized with an amount of fertilizer equivalent to 90N-60P2O-90K2O. Fertilization time and dosage were as follows: The entire lime was used as basal fertilizer, and 50% N + 50% P2O5 + 50% K2O were applied after 25 and 55 days of sowing (Department of Cultivation and Plant Protection, Ho Chi Minh City, 2024).




2.4 Soil sampling and analysis

Soil was collected at the 0–20 cm layer, dried, mixed well, and cleared of trash. The physical and chemical properties of the soil were then analyzed at the soil laboratory of the School of Agriculture, Can Tho University.

The soil surface (0.20cm) was a silty clay soil with a pH of 3.63 (1:1 soil and water suspension), containing 78 g organic matter/kg dry soil (Walkley-Black), 12.8 mg available P/kg dry soil (Bray-2 extraction), 14.9 meq H+ 100g-1 (H++ Al3+ - potential acidity extracted with Ca acetate buffered at pH 7), 12.6 Exch. Al3+, 71.0% Al saturation and the following exchangeable cations extracted by BaCl2 (cmol kg-1) including K+, Na+, Ca2+ and Mg2+ (spectrophotometer U-1100, Hitachi Co. Ltd., Japan) are: 0.28, 1.70, 2.16 and 1.04, respectively. Al saturation (Al3+ sat.) was calculated as the ratio of exchangeable Al to the sum of exchangeable Al, Ca, Mg, K, and Na. Soil texture (Pipette Method) of topsoil with the average values of clay, silt, and sand in the top soil were 44.3%, 38.6% and 0.6%, respectively.

Leaf and stem tissues of cassava plants were sampled. After determining their fresh weight, the samples were washed and dried in the sun, transferred to a drying oven, and dried at 70 degrees Celsius until the weight was constant. Then, the samples were weighed to determine their dry weights. The dried samples were crushed with a plant sample grinder to determine the total P content.




2.5 Growth, yield component, and productivity of cassava

Aboveground biomass (AGB) of a plant is the total biomass of organic matter above ground, including stems, leaves, flowers, and fruits. AGB sampling involves separating and evaluating individual parts, drying the removed material, and weighing its mass. AGB is an important index for monitoring plant growth (Poorter and Nagel, 2000).

Furthermore, from above ground, the cassava stem is divided into three parts: Hardwood (0–0.75 m), semi-hardwood (0.75–1.5 m), and shoot tip (>1.5m) (Chiona et al., 2016).

In this study, growth parameters measured at harvest included plant height, number of leaves, leaf size (leaf length and width), weight of AGB (cumulative weight of leaves and stems), and stem diameters (hardwood, semi-hardwood, and shoot tip).

Yield and yield component parameters of cassava tubers included number of tubers, tuber length and width, average tuber weight, and cassava stem and leaf biomass.




2.6 Statistical analysis

SPSS software (version 20.0) was used for data analysis. Variance analysis was used to compare the differences between means among the treatments using the Duncan’s test with significance levels at 5% and 1%. The relationships between the dry weight and P content and uptake of cassava plant parts were determined by Pearson’s correlation coefficient.




2.7 PUE

PUE was calculated using the formula proposed by Shabnam and Iqbal (2016):

	

Where ∑ P upt = Total P uptake (mgkg-1).





3 Results



3.1 Effects of P and lime fertilization on changes in soil properties

Soil pH value <5.0 (Table 2). Among the P fertilized samples, the soil pH was comparable across 0P (4.12), 60P (4.09), and DCAP/60P (4.03) samples. Similarly, the three groups exhibited only mild differences in the EC, potential acidity, and levels of Ca2+, Mg2+, Na+, K+, and Al3+ (Table 2).


Table 2 | Effects of P and CaO treatment on the changes in soil properties.



In contrast, at 30 and 60 days after treatment (DAT), the available P levels in DCAP/60P soil were significantly higher (22.0 and 17.4 ppm, respectively) than those in 0P soil (17.5 and 13.4, respectively).

Furthermore, the CaO-treated soil exhibited significantly higher pH, EC, and Ca2+ and Mg2+ levels (4.54, 0.63, 10.9, and 1.31, respectively) than the CaO-untreated soil (3.61, 0.55, 1.83, and 1.08, respectively) (Table 2). However, the CaO-treated soil exhibited a lower potential acidity and Al3+ sat. (6.01 and 29.8, respectively) than the CaO-untreated soil (14.9 and 72.6, respectively). In addition, at 30 and 60 DAT, Ca-treated oil exhibited significantly higher soil P availability (24.0 and 18.3 ppmP, respectively) than CaO-untreated soil (14.8 and 14.9 ppmP, respectively).




3.2 Effects of P application and lime on growth, yield, and P uptake



3.2.1 Cassava growth

The 60P and DCAP/60P groups exhibited significantly higher values of plant height, number of leaves, leaf size, and stem diameter than the 0P group, with more prominent effects observed for the DCAP/60P group (Table 3). Typically, among the values of plant height, the 0P had lowest values of plant height (188) compared to 60P (210) and DCAP/60P (277). Similarly, liming enhanced plant height, number of leaves, leaf size, and stem diameter of cassava. Typically for such comparisons the number of leaves in CaO (118) was significantly higher than that of 0CaO (96) (Table 3).


Table 3 | Effects of DCAP-coated phosphate fertilizer and liming on the growth of cassava at harvest.



Linear regression correlations between leaf number and AGB weight revealed R2 = 0.77 (Figure 2A), and correlation between hardwood diameter and AGB weight has R2 = 0.75 (Figure 2B).




Figure 2 | Effects of (A) leaf number and (B) hardwood diameter on the AGB weight of cassava grown in ASS. Greenhouse experiment at School of Agriculture, Can Tho University. August 2023.






3.2.2 Yield and P uptake

Among the P-treated plants, the 60P group exhibited significantly higher dry weight (g per plant), P content (% P2O5), and P uptake (g P2O5 plant−1) of the AGB (451, 0.89, and 3.91, respectively) than the 0P group (420, 0.78, and 3.27, respectively) (Table 4). Similarly, the 60P group exhibited significantly higher biomass (g per plant), P content (% P2O5), and P uptake (g P2O5 plant−1) of the tuber (505, 0.308, and 1.56, respectively) than the 0P group (470, 0.268, and 1.28, respectively). In addition, among all P-treated groups, the DCAP/60P group exhibited the highest total P uptake (6.34 g P2O5 plant−1) with the highest P uptake in both AGB (4.33 g P2O5 plant−1) and tubers (2 g P2O5 plant−1).


Table 4 | Effects of DCAP-coated phosphate fertilizer and liming on P uptake of cassava at harvest.



P application in 60P and DCAP/60P groups resulted in higher plant height, number of leaves, leaf size, and stem diameter compared to the 0P group. Similarly, CaO treatment also enhanced the growth parameters of cassava (Table 3). As shown in Table 4, the dry weights of AGB and tuber of the 60P and DCAP/60P groups were higher than those of the 0P group. Similarly,

Furthermore, the CaO-treated plants exhibited significantly higher dry weights (g per plant) of AGB and tuber and total P uptake (564, 877, and 698 g P2O5 plant−1, respectively) than CaO-untreated plants (333, 366, and 3.92 g P2O5 plant−1, respectively) (Table 4).

The interaction between P and CaO application have been recorded on AGB dry weight, AGB P uptake, tuber dry weight, tube P uptake and P uptake. As a result, the interaction between P and CaO application affected the total P uptake (Table 4).





3.3 Effects of the interaction between DCAP and CaO on PUE

We observed that in the 60P and DCAP/60P groups, the CaO-treated plants exhibited substantially higher PUE (28.6% and 48.8%, respectively) than the CaO-untreated plants (7.9% and 16.4%, respectively) (Figure 3).




Figure 3 | Interaction effects of CaO with DCAP/60P on PUE in cassava grown in ASS.



Among the groups treated with 4 tons of CaO ha−1, the 60P plants exhibited substantially smaller tubers than the DCAP/60P plants (Figure 4).




Figure 4 | Under the same CaO application (4.0 t ha−1), the tuber size of the 60P-treated plants was substantially smaller than that in the DCAP/60P (AVAIL)-treated plants.






3.4 Correlation among agronomic parameters and soil chemical properties

Figure 5 shows the correlation matrix among agronomic parameters, cassava P uptake, and soil properties. AGB dry weight positively correlated with AGB P uptake, tuber P uptake, soil exch. Ca2+, and soil exch. Mg2+ (r = 0.93, 0.87, 0.87, and 0.51, respectively). However, AGB dry weight negatively correlated with soil potential acidity and soil exch. Al3+ (r = −0.92 and −0.88, respectively). Similarly, the tuber dry weight positively correlated with AGB P uptake, tuber P uptake, soil exch. Ca2+, and soil exch. Mg2+ (r = 0.92, 0.87, 0.87, and 0.51, respectively). However, tuber dry weight negatively correlated with potential soil acidity and soil exch. Al3+ (r = −0.89 and −0.94, respectively).




Figure 5 | Correlation matrix among the dry weights and P content and uptake of cassava plant parts and soil chemical properties.



The AGB P levels are derived from the soil. However, the AGB P levels only mildly correlated with soil available P content at 30 and 60 DAT (r = −0.03 and 0.30, respectively). Similarly, AGB P levels only mildly correlated with soil exch. Ca2+, soil exch. Mg2+, potential soil acidity, and soil Al3+ sat. (r = −0.07, −0.06, 0.13, and −0.09, respectively) (Figure 5).

The available P content at 30 DAT strongly correlated with almost all agronomic parameters and soil indicators except potential acidity and Al3+ sat. However, the available P content at 60 DAT only moderately correlated with agronomic parameters and soil indexes, with r values ranging from 0.3 to 0.4.





4 Discussion



4.1 Effects of P and CaO application on soil acidity

The pH value of the soil was <5.0 (Table 2) because pyrite material in the soil profile appeared at a depth of more than 50 cm (Khoa et al., 2023; Ngoc et al., 2023), and under oxidized conditions when the soil became aerated, acidity occurred due to pyrite oxidation.

Although cassava is mostly grown on acidic soils, the pH is seldom low enough or the Al sat. is seldom high enough to warrant lime applications. In the CaO-untreated group (Table 2), the soil pH was very low (3.61) owing to the high potential acidity associated with Al sat. Then, Al can be toxic to the plant. Low pH causes a dissolution of minerals such as Al, Mn, and Fe (Rahman et al., 2018). Moreover, since the exchangeable base cations (Ca2+, Mg2+, and K+) of the soil are replaced by H+ and Al3+, the CaO-untreated group exhibited lower Ca2+ and Mg2+ levels (1.83 and 1.08, respectively) than the CaO-treated group (10.09 and 1.31, respectively). Application of 0P, 60P and DCAP/60P did not affect soil EC. According to Howeler and Aye (2014), cassava tuber yield is affected when soil EC rises above 0.5–0.7 mmhos/cm.

Al toxicity is considered toxic to plant growth on acidic soils (Kochian et al., 2005). When the pH is ≤4.5, the Al3+ species predominates in the soil, promoting complete desorption and leaching of the alkaline exchangeable cations (Garzón et al., 2011). Exchangeable Al is the major reservoir of labile Al and can rapidly enter the soil solution through exchange with other cations. Therefore, Al sat. is a reliable measure of the potential Al toxicity in acidic soils (Kariuki et al., 2007). As shown in Table 2, the maximum Al sat. reached 72.6% in CaO-untreated soil. Notably, cassava can tolerate an Al sat. of 60% to 80%.

Many crops grow best when the soil pH is between 6.0 and 7.0 because this pH range facilitates the availability of all essential nutrients (Rosen and Bierman, 2005). Typically, a lime requirement test is used to determine the amount of lime required to achieve the target pH (Mosharrof et al., 2021). Based on the optimum tuber yield received in previous field experiments, the current study focused on the CaO concentration of 4 t ha−1 for the greenhouse experiments (Dang et al., 2023). In the south of Peninsular Malaysia, a highly significant response to the application of 3 t lime ha−1 has also been indicated (Howeler, 2014).

Liming acidic soils is the most effective way to reduce the available Al content in soils. Applying appropriate amounts of lime to acidic soils induces several beneficial changes in the soil characteristics. For instance, it improves aggregate stability (Bolan et al., 2003) and the bioavailability of P, Ca, Mg, and molybdenum (Mo) (Kariuki et al., 2007). CaO application (Table 2) to the soil simultaneously reduced its potential acidity and Al sat. Moreover, levels of exchangeable Ca2+ and Mg2+ increased in the current study because of dolomite (CaMg(CO3)2) use. Thus, the CaO application improved soil Ca2+ and Mg2+ levels (10.9 and 1.31, respectively). Howeler (1996a, b) indicated that cassava can grow well on soils with average exchangeable Ca2+ and Mg2+ values of 1–5 and 0.4–1, respectively. The CaO treatment in the current study resulted in significantly higher Ca2+ and Mg2+ levels (10.9 and 1.31, respectively) compared to those in the CaO-untreated soil (1.83 and 1.08, respectively) (Table 2).

Moreover, the soil Al3+ sat. is reduced by liming. At soil pH > 5.5, Al sat. becomes zero, and Al toxicity is not a problem anymore (Howeler, 1991). However, at pH < 5.5, Al sat. increases. The critical Al3+ sat. level for cassava is 80% (CIAT, 1979; Howeler, 1980).




4.2 P availability

Although cassava has a long growing period of 8 months, several studies have used two split fertilizer applications at one month and two months after planting (Hauser et al., 2014; Katuromunda, 2021; Macalou et al., 2018). Table 2 shows the P availability in CaO-untreated soil at 30 DAT (13.9 and 14.9 ppm P, respectively). Howeler and Aye (2014) found that available P levels (4–10 ppm; Bray II) to cassava are much lower than those available to most other crops (10–18 ppm). This finding suggested that cassava will grow well in soils with low P levels compared to other crops, which eventually become P-deficient. Among the five rates of P tested, cassava varieties growing in semi-arid regions had a significantly higher PUE at 60 kg P2O5 ha−1.

Adsorption and desorption of P from solid soil phases and its conversion to ions (liquid phase) are important reactions of P in soils (Ghodszad et al., 2022), especially in ASSs. The adsorption of the cations present in lime materials (Ca2+ and Mg2+) into soil colloids reduces P adsorption in soils (Eslamian et al., 2021). Soil adsorption limits P availability, while desorption makes P available to the plants. However, P is easily leached from the soil. Studying P adsorption and desorption in soil is essential to ensure efficient P utilization by crops (Yang et al., 2019).




4.3 Effects of P and CaO application on the growth and P uptake of cassava

Usually, the roots develop to form a fibrous root system. A few of the fibrous roots develop to become storage roots. However, the absorption of water and nutrients is primarily mediated by the fibrous roots rather than the storage roots (El-Sharkawy and Cock, 1990).

The CaO-treated plants exhibited significantly higher dry weights of AGB and tuber than the CaO-untreated plants. These findings showed that P application positively impacted the growth (Table 3) and biomass of cassava plants (Table 4). According to Kumar et al. (2019), P is an indispensable component of important compounds in plant cells, such as phosphate sugars, photosynthetic intermediates, and phospholipids that make up the plant biomass. This result was consistent with the findings of Opala (2011), who reported that basal application of lime and P significantly increased the dry biomass.

The correlations observed between AGB dry weight and leaf number (r2 = 0.73) and AGB dry weight and hardwood diameter (r2 = 0.75) (Figures 1A, B, respectively) were consistent with those observed by Menegucci et al. (2023), indicating that the total dry matter in cassava positively correlated with its growth parameters.

The DCAP/60P group exhibited significantly higher tuber dry weight than the 60P group (594 vs. 505 g plant−1) (Table 4). P fertilization with DCAP supplementation most optimally increases PUE by reducing P ion release in the soil solution and preventing P from being immobilized by heavy metals (Imran et al., 2018).

The effects of P–CaO interactions on AGB and tuber dry weight were related to soil liming, which may have increased organic P mineralization (Table 4). Previous studies (Cock and Connor, 2020; Njoku and Enwezor, 1991) have suggested that cassava is tolerant to soil acidity. However, P fertilization can increase cassava yield (22% or 4.7 t ha−1) (Rosa et al., 2021). Liming-induced improvement of P availability in acidic soils is primarily attributed to improved soil acidity, reduced Al toxicity, and the availability of Ca and Mg in the lime compounds (Soratto et al., 2019; Fageria and Barbosa Filho, 2008).




4.4 P uptake and PUE

In the present study, AGB had significantly higher P uptake capacity (g P2O5 plant−1) in CaO-treated samples (4.80) than in CaO-untreated samples (2.88). Similar results were observed in tubers, which showed significantly higher P uptake in CaO-treated samples (2.18) than in CaO-untreated samples (1.04) (Table 4). It is considered that the high Fe and Al contents in the acidic soil immobilize soil P, making it unavailable to the plants (Fageria, 2009). Therefore, the CaO-untreated 60P and DCAP/60P plants exhibited lower PUEs (7.9 and 16.4, respectively) than their CaO-treated counterparts (16.4 and 46.8, respectively) (Figure 3). According to Baggie (2002), under normal farming conditions, only 5–25% of the fertilized P is useful for plants, while 75–95% of the P is in a form that is difficult for plants to absorb (Mortvedt, 1994). Therefore, on ASSs, the high Fe and Al levels are considered a limiting factor to crop productivity, which can be improved by using lime in combination with DCAP.




4.5 Correlation relationships

We observed a positive correlation (r = 0.92) between dry weights of AGB and tuber (Figure 5), which was consistent with previous studies on cassava (Alves et al., 2022). There was a strong positive correlation between total plant biomass and storage root biomass of cassava (r2 = 0.96), as was also shown by Boerboom (1978). The increase in tuber yield and AGB in cassava was found to be related to photosynthetic rate. El-Sharkawy and Cock (1990) also suggested that the photosynthetic assimilation demand of the tuber leads to increased photosynthetic activity.

However, we observed a poor correlation between AGB P levels and dry weight (r = −0.10). This phenomenon is called the dilution effect, which occurs when the accumulated dry weight of biomass increases faster than the amount of minerals accumulated in the plant (Jarrell and Beverly, 1981). Moreover, we also observed a poor correlation between AGB P levels and tuber dry weight (r = 0.02) since, at harvest time, dry matter mainly accumulates in the tuber, followed by stems and leaves (Howeler and Cadavid, 1983). Several previous studies have suggested that nutrient dilution is more severe in cassava than in other crops (Greenwood et al., 1990; Justes et al., 1994; Ciampitti et al., 2013). Cassava tubers are a good source of carbohydrates and exhibit poor nutrient accumulation (Burns et al., 2010).

The potential acidity is impacted by H+ and Al3+ ions, which are absorbed in the solid phase. Potential acidity refers to the buffering capacity of the soil. Therefore, potential acidity is associated with many constraints to cassava growth, as evidenced by the negative correlation of potential acidity with AGB dry weight, tuber dry weight, AGB P uptake, and tuber P uptake (r = −0.92, −0.89, −0.84, and −0.78, respectively) (Figure 5). Similarly, a negative correlation was also observed between potential acidity and available P levels at 30 and 60 DAT (r = −0.89 and −0.50, respectively). The soil Al3+ content also negatively correlated with available P content at 30 and 60 DAT.

To overcome Al phytotoxicity, lime material, primarily composed of Ca oxides and hydroxides, is commonly used in acidic soils (Mora et al., 2002). Ca plays an important role in improving soil pH and reducing Al3+ exchange in soil, improving physiological and biochemical processes in plants (Jing et al., 2024). We also observed that soil Ca2+ content positively correlated with AGB dry weight, tuber dry weight, and total plant P uptake (r = 0.87, 0.92, and 0.84, respectively). Similarly, soil Mg2+ content positively correlated with AGB dry weight, tuber dry weight, and total plant P uptake (r = 0.51, 0.53, and 0.50, respectively). This finding indicated the benefits of dolomite liming in improving cassava growth and neutralizing soil acidity.

When assessing the impact of ASSs on plant growth, special attention should be paid to soil acidity, which profoundly influences various factors other than P availability in the soil.





5 Conclusion

The combined use of lime and DCAP was successful in enhancing PUE of cassava grown on acid soils. This result is considered a promising cultural practice in improving cassava yield, grown on large areas of acid sulfate soils such as in MD.
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