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Cassava is important as food, feed, and raw material, yet its root architecture is not fully understood and thoroughly studied, thereby limiting the realization of its full potential. Compounding this is the common practice of applying fertilizer to cassava at planting without extensive knowledge of the suitable growth stage or time for optimal nutrient uptake. Consequently, this study’s objective was to stagger fertilizer application in split doses to synchronize nutrient uptake and cassava growth and track the storage root bulking process. Nine treatments of normal and controlled-release fertilizers were tested in the field, each applied in four splits at 0, 2, 4, and 6 months after planting (MAPs) to the Binte Massude cassava variety. The results indicated that controlled-release fertilizers applied in two splits at planting and 6 MAPs led to 19.0% greater root yield, whereas normal fertilizers applied in four splits every 2 months led to 22.7% greater root yield compared to not applying fertilizer to cassava. Irrespective of the fertilizer form, when the number of roots increased, the root yield decreased gradually, while root diameter and root length had a direct relationship with storage root yield. Furthermore, the relationship between root number and either root diameter or root length was significantly inverse. This study has successfully indicated the root attributes that can be observed to predict storage root yield, and that staggering fertilizer application in targeted splits increases root yield, however, this must be synchronized with moisture availability for optimal benefit.
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1 Introduction

Cassava (Manihot esculenta, Crantz), a root crop, is the third largest source of carbohydrates in the tropics and the sixth most important crop in the world (Lebot, 2008). In the tropics, it is a source of starch for over 500 million people (Balagopalan, 2002). Yet, its world production is only 262.6 million tons (FAO, 2017), of which the highest yield per hectare was achieved in India (36.4 t ha-1), while sub-Saharan Africa produced 6–8 t ha-1 (FAO, 2017). This yield gap per hectare between sub-Saharan African countries and India is attributed to several factors; however, the major factor is poor soils and minimal or lack of fertilizer application (Crawford et al., 2003). Interestingly, it has been observed that cassava root yield increases with fertilizer application even in sub-Saharan Africa (Fermont et al., 2009, 2007; Lawson et al., 2023; Mashuubu et al., 2024). Split application of fertilizer to cassava was reported to enhance the storage root yield (Katuromunda et al., 2021; Senkoro et al., 2018). Furthermore, Janat (2007) reported increased tuberous yield after fertigation of other root and tuber crops besides cassava. Recent studies on the effects of fertigation on growth and root yield of cassava indicated that leaf starch was more accurate in predicting storage root yield than leaf nitrogen (N) (Omondi et al., 2019b). Further, we showed that phosphorus (P) improved cassava storage root number (Omondi et al., 2019a), whereas potassium (K) led to a decrease in soluble carbohydrates and starch in the leaves; hence, we concluded that these sugars were translocated to the storage roots, thus improving bulking and development (Omondi et al., 2020a).

In another experiment, we established fertigation concentrations at which maximum storage root yields were achieved in the field for three cassava varieties (Mweru, Nalumino, and Kampolombo) (Omondi et al., 2018). This work laid the basis of fertigation in cassava and showed an increase in root yield using that method of fertilizer application. Yet, the application of fertilizer to cassava by most smallholder farmers is scarce (Howeler, 2002) and if done, it is usually at planting. Due to the growth habit of cassava, the applied fertilizer at planting could be lost either through leaching, surface run-off, or volatilization in the case of nitrogenous fertilizer before the critical stages of storage root bulking (Alves, 2002). Interestingly, the response of cassava and root crops to slow-release or controlled-release fertilizers compared to normal fertilizers is unknown. Controlled-release fertilizers gradually release nutrients into the soil over an extended period, matching plant nutrient uptake (Govil et al., 2024). The release is controlled by physical, chemical, or biological mechanisms, such as polymer, sulfur, and resin coats, reducing nutrient losses and improving efficiency (Govil et al., 2024; Jariwala et al., 2022). Since most cassava varieties’ maturity period is 8–18 or 24 months (Nzola et al., 2022), testing its response to fertilizers that match nutrient release with nutrient uptake over this long period is key. Consequently, tracking the bulking process will enable staggering of fertilizer application in split doses, synchronizing nutrient uptake and cassava growth. Thus, the objectives of this study were to track the storage root bulking of cassava through the growth period, determine the effects of split applications of fertilizers through banding on cassava growth and root yield, and evaluate the efficacy of controlled-release fertilizers in split applications on growth and root yield.




2 Materials and methods



2.1 Experimental sites

The study was conducted from 2021 to 2022 at Muriaze (15° 17’ S, 39° 19’ E) in Nampula province of Mozambique. Prior to the establishment of the experiment, initial random soil sampling in transects of 10 m by 10 m was conducted at 0–30 cm depth in a zigzag method (Maiti, 2013), mixed thoroughly to obtain a composite sample of 500 g, air-dried, and processed through a 2-mm sieve. These samples were analyzed for N-NO3-, P, K, Organic Carbon (OC), pH, and texture. N-NO3- was analyzed using the KCl extraction method (Bremner, 1960), and P and K using Mehlich 3 extraction (Mehlich, 1984). Soil pH was measured at a 1:2 soil:water ratio and texture using the hydrometer method. The results are presented in Table 1. The soil type was sandy clay. The rainfall amounts were 1,243.3 mm and 1,167.6 mm in 2021 and 2022, respectively, while the minimum and maximum atmospheric temperatures were 19.3°C and 30.7°C in 2021, and 19.7°C and 29.8°C in 2022 (Figure 1).


Table 1 | Soil characteristics at the onset of the experiment.




[image: ]

Figure 1 | (a, b) Rainfall amount and (c, d) atmospheric temperature during the cassava growth period.






2.2 Experimental setup

This experiment builds on other cassava trials that investigated the effect of fertigation on growth, root yield, and quality of cassava (Omondi et al., 2020b, 2018). This experiment consisted of split applications of nine treatments of fertilizers replicated four times in a randomized complete block design (Table 2). Normal fertilizers (NF) and controlled-release fertilizers (CR) were tested. A rate of 155, 23, 155 NP2O5K2O kg ha-1—the rate at which maximum root yield of Mweru was achieved in the previous experiment (Omondi et al., 2018)—was divided equally among the splits. The applied CR contained 16-10-16 + 2MgO+27SO3, and feeds the plant for 2–3 months.


Table 2 | Treatments in the field.



Cuttings of Binte Massude measuring 30 cm long with a minimum of 5–6 nodes were planted in the field at a spacing of 1 m by 1m in plots measuring 8 m by 8m containing 64 plants. Fertilizers were applied until 6 months after planting (MAPs) because after 6 months, the rains had receded drastically (Figures 1a, b), hence it was assumed that fertilizer dissolution could have been lower, leading to minimum benefit. Sigtryggsson et al. (2020) observed that 2 mm of rain dissolves 50% of fertilizers, yet after 6 months, the amount of rain at the experimental site was lower than that.




2.3 Data collection and analysis

The chlorophyll content index was measured using a chlorophyll meter (SPAD 502 Plus chlorophyll meter) in the youngest fully expanded leaf (YFEL) of three plants within the net plot. This was done between 10:00 am and 13:00 pm at 6, 9, and 12 MAPs.

From each treatment in the field, the five YFELs of four plants within the net plot were sampled at 6 MAPs. The leaf blades were separated from the petioles, rinsed in deionized water for 15 seconds, dried using a paper towel, and oven-dried at 70°C to a constant weight. The dried leaf blades were ground in a stainless-steel coffee mill to 0.5 mm particle size. Total N concentration in the leaf blade was determined after digestion with sulfuric acid and peroxide using the Kjeldahl method (Bremner, 1960). Phosphorus was determined using an automated photometric analyzer (Thermo Scientific Gallery Plus), while K was analyzed using an atomic absorption spectrophotometer (Snell and Snell, 1949).

Three plants were uprooted at 1, 3, 6, and 9 MAPs within the net plot at final harvesting (at 12 MAPs) for measurement of the primary root’s length using a ruler from the tip to the bottom and the diameter using a vernier callipers at the widest part, and the root density (number of roots per uprooted plant) and weight (fresh and dry).

At final harvesting, at 12 MAPs, five plants were uprooted using hand-hoes. The plants were separated into storage roots, stems, and leaves, and their fresh masses were recorded. A known fresh mass of the storage roots sub-samples was oven-dried at 70°C for 48 h, re-weighed until a constant weight was achieved, and then recorded.

Analysis of variance was conducted using R using the lmerTest package, and the means were compared by Fisher’s least significant difference (LSD) method, at a 95% confidence level (R Development Core Team, 2021). The site (location), the split fertilizer applications, and their interactions were fixed factors while the blocks were random factors. Regressions were done to determine the relationship between root yield, number of storage roots, root length, and root diameter.





3 Results



3.1 Chlorophyll content index and nutrient concentrations in leaves, petioles, and stems

Generally, the chlorophyll content of cassava was higher under controlled-release fertilizers, though significantly different among the split application treatments (Figure 2). As expected, the chlorophyll content increased with time of growth in all the split applications, and it was significantly lower when the entire amount of fertilizer was applied at planting, regardless of the fertilizer type (Figure 2). Applying controlled-release fertilizers in two splits, at planting and at 6 months after planting, led to more chlorophyll consistently from 8 to 12 months after planting, whereas, for normal fertilizers, this was achieved under four splits every 2 months (Figure 2).
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Figure 2 | Split application of: (a) controlled-released and (b) normal fertilizers’ effect on chlorophyll content index of cassava. The error bars are SE (standard error).



Similar to chlorophyll content, total N in the leaves of cassava was significantly higher under application of normal fertilizers in four splits, reaching 5.7% (Figure 3a). This was similar to that under controlled-release fertilizers applied in two splits, at planting and at 6 months after planting, which reached 5.6% N, while with no fertilizer application, N in the leaves was 4.8%. Total N in the petioles and stems followed a similar trend as in the leaves, though the content was lower (Figure 3a).
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Figure 3 | Effect of split application of different fertilizer forms on the concentration of: (a) N in the leaf blade (youngest fully expanded leaf–YFEL), petioles, and stems, (b) P in the leaf blade, petioles and stems, (c) K in the leaf blade, petioles and stems. The error bars are – SE (standard errors).



The concentration of P in the leaves of cassava under controlled-release fertilizers applied in two splits, at planting and at 6 months after planting, was 0.67%, while that under normal fertilizers in four splits was 0.65% (Figure 3b). These were the highest concentrations of P in the leaves. Likewise, in the petioles and stems, P was highest when controlled-release fertilizers were applied in two splits, at planting and at 6 months after planting, followed by when normal fertilizer was applied in four splits (Figure 3b).

Like the concentration of P, K in the leaves, petioles, and stems of cassava was highest under application of controlled-release fertilizers applied in two splits, at planting and at 6 months after planting, followed by normal fertilizer applied in four splits (Figure 3c). In general, total N and P were higher in the leaves, followed by the petioles and then the stems, whereas K was higher in the stems, followed by the petioles and the leaves (Figure 3).




3.2 Number of storage roots, diameter, and length

The number of roots declined significantly in all treatments, from over 35 at 1 month after planting to below 20 at 12 months after planting in both forms of fertilizers and across split applications of fertilizers (Figures 4a, b). Not applying fertilizers (control treatment) to cassava consistently led to fewer storage roots than in the other treatments throughout the growth period, while splitting the fertilizer amount four times—applying it every 2 months—produced more storage roots regardless of the fertilizer form (Figures 4a, b).
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Figure 4 | Number of cassava storage roots under (a) controlled-released and (b) normal fertilizers, their diameter on (c) controlled-released and (d) normal fertilizers, and the length under (e) controlled-released and (f) normal fertilizers applied at different times during the growth. The error bars are SE (standard error).



Conversely, root diameter significantly increased during the cassava growth period from 1 month after planting to 12 months after planting, and similar to the number of storage roots, the roots under no fertilizer application were the thinnest, whereas the cassava plants that received four splits of fertilizer every 2 months had the thickest storage roots (Figures 4c, d). Interestingly, for normal fertilizers, this was clearly observed from 9 to 12 months after planting, while for controlled-release fertilizers, it was from 3 to 12 months after planting (Figures 4c, d). At 12 months after planting, the size was above 60 mm, widening the gap between it and the second thickest, i.e., two split applications of controlled-release fertilizers at planting and at 6 months after planting (Figures 4c, d).

Contrary to the number of roots and root diameter, root length was significantly longer when no fertilizer was applied to cassava plants in both forms of fertilizers (Figures 4e, f). This significantly increased from 1 to 9 months after planting, then declined towards 12 months after planting in both forms of fertilizers (Figures 4e, f). Furthermore, from 9 to 12 months after planting, the split application where more and thicker storage roots were achieved was where the shortest roots were observed: with four splits of fertilizer application every 2 months (Figures 4e, f).




3.3 Root yield

Generally, regardless of fertilizer form or number of split applications, storage root yield significantly increased with time until 6 months after planting and then gradually dipped towards 9 months after planting, followed by a rise towards 12 months after planting (Figure 5). Under controlled-release fertilizers, in the first and third months after planting, root yield was highest when fertilizers were applied in two splits at planting, and at either 4 or 6 months after planting. In the successive months, 6 and 9 months after planting, the root yield was highest when fertilizer application was applied every 2 months in four splits. At harvesting, 12 months after planting, controlled-release fertilizers applied in two splits at planting and at 6 months after planting led to the highest root yield. However, this was not significantly different from root yields under two split applications at planting and at 4 months after planting. Instead, it was different from not applying fertilizer or applying controlled-release fertilizer only at planting, with a 19% and 12% difference, respectively (Figure 5a). Except for 1 and 3 months after planting, root yield under normal fertilizer was significantly high when the fertilizers were applied in four splits every 2 months, whereas not applying fertilizer to cassava led to the lowest root yields, which were 22% lower than under the four splits (Figure 5b).
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Figure 5 | Dry storage root yield of cassava under: (a) controlled-released and (b) normal fertilizers applied in splits. The error bars are SE (standard error).






3.4 Relationships among the root attributes

Irrespective of the fertilizer form, storage root yield was significantly inverse to the number of roots, when the number of roots increased (Figures 6a, b), the root yield decreased gradually, whereas root diameter and root length had a direct relationship with storage root yield (Figures 6c–f). However, the direct relationship between the root diameter and root yield was steeper and more significant (Figures 6c, d) than that between root length and root yield (Figures 6e, f).
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Figure 6 | Relationship between root yield and (a, b) number of roots, (c, d) root diameter, and (e, f) root length.



Like the relationship between root yield and number of roots, the relationship between the number of roots and either root diameter or root length was significantly inverse (Figures 7a–d), even though it was steeper between the number of roots and root length (Figures 7c, d). The relationship between root diameter and root length was not significant, yet it was positively direct and gradual (Figures 7e, f).
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Figure 7 | Relationships among root attributes: (a, b) between the number of roots and root diameter; (c, d) between root length and number of roots; (e, f) between root length and root diameter.







4 Discussion

To achieve the maximum from fertilizer application in terms of growth, yield, and quality, the “4Rs” of nutrient stewardship are supposed to be adhered to (Bruulsema et al., 2008), i.e., the right type of fertilizer, right placement, right timing of application, and right quantity. However, this is rarely the case for most smallholder farmers, regardless of the crop. In crops considered high value, there exists some effort to follow the 4R principles, although for those long categorized as “orphan” crops, these principles are hardly followed. Many studies have indicated the importance of fertilizer application to cassava, yet achieving synchrony between fertilizer application and nutrient uptake, plant growth, and development is elusive. This study has attempted to address this scarcity in knowledge by splitting fertilizer application to cassava throughout its growth period and tracking when the optimal storage root yields can be achieved. This is to enable identifying the best timing(s) for fertilizer application to cassava and which type of fertilizer, i.e., either controlled release or normal leading, should be used for an optimal yield.

The concentrations of N in the leaves of cassava grown without receiving fertilizers and those that received the full amount of normal fertilizers at planting were low, but not deficient. Indeed, the range of low N in the leaves was 4.8%–5.1% (Howeler, 2002). This affected the chlorophyll content and contributed to lower root yields. Conversely, N in the leaves of the cassava plants that received controlled-release fertilizers at planting and at 6 months and those that received normal fertilizers in four splits every 2 months, were within the sufficiency levels, i.e., 5.1%–5.8% (Howeler, 2002), consequently leading to higher chlorophyll content. Interestingly, K concentration in the plant tissues was the reverse of N and P’s trend, with more in the stems, followed by petioles and leaves, an indication of the importance of K in the translocation of sugars for bulking in the storage roots (Omondi et al., 2020a). Moreover, the highest root yields achieved were parallel to the K concentrations in various plant tissues.

Towards 9 months after planting, the root yields decreased, perhaps as a result of low atmospheric temperatures, which have been observed to lead to reduced shoots and stagnated growth (Brown et al., 2016; Omondi et al., 2020b). Consequently, this probably caused a reduction in net photosynthesis (Sagrilo et al., 2006), and thus decreased translocation of photo-assimilates to the sinks, i.e., the storage roots (Lemoine et al., 2013). Furthermore, production of new leaves during the low atmospheric temperature period possibly led to the remobilization of already stored starch in the roots (Hostettler, 2014; Lamm et al., 2023).

Under controlled-release fertilizers, the highest root yields were recorded when fertilizers were applied in two splits at planting and again at 6 months. However, in previous months, the highest yields were associated with four split applications every 2 months, similar to that of normal fertilizers. This pattern indicates that while initial growth may benefit from concentrated nutrient applications, sustained yields are better supported by regular nutrient availability (Umeh and Mbah, 2010). Further cementing this is the high chlorophyll content under four split applications of normal fertilizer, signaling probable high photosynthesis activity (Lahai et al., 2003; Yu et al., 2024) and consequently increased photosynthate translocation to the storage roots (Omondi et al., 2018). In fact, Omondi et al. (2019b) showed a positive relationship between root bulking and photosynthesis. Moreover, the number of roots and diameter strengthen this, as even though the root numbers decreased with the growing period, there were still more under the four-split applications. The relationship between storage roots and root diameter and root length was positively proportional compared to storage roots and the number of roots, which was inverse. This suggests that while having more roots may not directly translate to higher yields, the size and length of the roots are critical determinants of overall productivity (Kreye et al., 2020). Furthermore, Chen et al. (2017) observed that an increase in root diameter and their length per plant had a positive correlation with root yield.

The relationship between the number of roots and root diameter or length was significantly inverse, indicating that as the number of roots increases, the individual roots may become thinner or shorter. At the early stages of growth, the plants require nutrients for growth (Medina et al., 2007) before they begin to store starch in the roots, hence the need for many roots that are mostly fibrous (Siebers et al., 2017), and longer roots for nutrient exploration and absorption (Robin et al., 2021). Indeed, this study consistently indicated higher root length when no fertilizer was applied to cassava (Figures 4e, f). This observation showed that the cassava roots receiving no fertilizer were exploring the soils further to access nutrients as compared to when fertilizers were applied. This probably reallocates the plant’s energy to finding more nutrient resources rather than concentrating on building its sinks, i.e., the storage roots (Mehdi et al., 2019), as indicated by the lower storage root yield. As the plant grows and the roots are established, its attention is diverted to translocating photosynthates to the storage roots (Mehdi et al., 2019), leading to starch accumulation (Ma et al., 2024; Sheng et al., 2023; Zhang et al., 2024) and the thickening of the storage roots (Lamm et al., 2023; Siebers et al., 2017).

Since controlled-release fertilizers have a coating (Govil et al., 2024) that reduces nutrient losses either through leaching or runoff (Rajan et al., 2021), the number of split applications is reduced, an advantage that could reduce the cost of production incurred through many split applications in comparison to normal fertilizers. Moreover, early in the season, the number of split applications between controlled-release and normal fertilizers for higher root yields was similar, i.e., 4 splits, perhaps because of more soil moisture due to the rainfall amount (Figure 1). Sigtryggsson (2018) stated that different fertilizers have various dissolution rates that require soil moisture availability. Certainly, under four splits, the quantity of fertilizer for dissolution is less, and the plants could absorb it before it is leached, compared to large amounts in either one or two splits. Indeed, Toth et al. (2006) and Yao et al. (2021) reported that rainfall intensity and amounts can enhance leaching and surface run-off of the applied nutrients. The differences in yield outcomes between fertilizer types further underscore the importance of tailored fertilization strategies in optimizing cassava production (Islami et al., 2016).




5 Conclusion

This study has tracked the storage root bulking of cassava revealing that: 1) drastic atmospheric temperature decrease during cassava’s growth reduces root yield, and thereafter, an increase in temperature improves root yields; 2) irrespective of the fertilizer form, when the number of roots increases, the root yield decreases gradually, whereas root diameter and root length have a direct relationship with storage root yield; 3) a split application of fertilizer in either form is key to enhancing root yield of cassava, for example, controlled-release fertilizers applied in two splits at planting and 6 months after planting or four splits of normal fertilizer four times every 2 months. This indicates the importance of the choice of fertilizer form depending on the rainfall and thus soil moisture. Areas with higher rainfall amounts require controlled release fertilizers to minimize leaching and loss of nutrients while synchronizing normal fertilizers with the critical growth stages in moderate or low rainfall areas would be beneficial.
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