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Food insecurity remains a critical challenge for many farming communities in Madagascar, underscoring the need for sustainable strategies to improve crop yields. Black soldier fly frass (BSFF) is an emerging organic fertilizer, and composting may enhance its agronomic effectiveness. This study evaluated the effects of composted BSFF (CBSFF), fresh BSFF (FBSFF), cattle manure (CM), and a no-fertilizer control on maize (Zea mays L.) germination, height growth, grain yield, and agronomic efficiency of nitrogen (AEN) in southeastern Madagascar’s acidic sandy clay soils. Fertilizers were applied at 43 kg N/ha, reflecting actual farmer practices in the region. This rate represents one-third of the recommendation by FOFIFA (Madagascar’s national agricultural research institute). Farmers in this region rarely apply the full recommended dose due to limited access, high input costs, and low return on investment, factors that contribute to persistent yield gaps even where recommended rates are followed. Maize treated with FBSFF had significantly lower germination rate than all other treatments. In contrast, there were no statistically significant differences in final plant height or grain yield among CBSFF and CM. However, CBSFF-treated plants were on average 6 and 13% taller than those receiving CM and FBSFF, respectively, and produced 38% more grain than CM. All fertilizer treatments yielded significantly more grain than the unfertilized control, which produced no harvestable maize. CBSFF also showed the highest agronomic efficiency of nitrogen (AEN: 46 kg grain/kg N), although this difference was not statistically significant. These results suggest that BSFF, particularly in composted form, can supply sufficient nitrogen to support maize growth. Overall trends point to composted BSFF as the most agronomically effective option. Timing of application should depend on the frass form: composted BSFF is better suited for pre-planting use, while fresh BSFF may be more appropriate after germination. Even at sub-recommended doses, BSFF has the potential to enhance maize productivity and contribute to local food security. Further research across diverse agroecological zones, including trials comparing BSFF with the full recommended fertilizer dose, and economic analyses incorporating frass cost, labor, and transport are recommended to identify optimal application strategies and support widespread adoption by smallholder farmers.
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1 Introduction

Sustainable agricultural practices are crucial to address the increasing challenge of soil degradation and to improve the food security and livelihoods of the small-scale farmers who produce a significant portion of the food supply in sub-Saharan Africa (FAO, 2017). In Madagascar, where food security remains a critical challenge (Schipanski et al., 2016), increasing agricultural production is essential. However, sustainable agricultural methods such as improved rice cultivation, have seen limited adoption, often due to socioeconomic constraints and lack of access to resources (Stoop et al., 2002). This makes it harder to improve food systems and build resilience among smallholder farmers. As agricultural productivity is a key determinant of food security for these farmers (Herrera et al., 2021), promoting the wider implementation of sustainable practices is essential. The southeastern region is one of the most food-insecure areas of Madagascar, where smallholder farmers face significant challenges in achieving food security and contributing to local food availability (Randrianarison et al., 2020).

Organic fertilizer inputs are vital for improving soil health and boosting crop productivity, providing a sustainable solution for future agriculture (Vanlauwe et al., 2014; Vanlauwe et al., 2015). Organic fertilizers provide a valuable source of nitrogen, a key nutrient that is often deficient in soils and limits crop production in many regions of sub-Saharan Africa (Tully et al., 2015). The Black Soldier Fly (BSF) (Hermetia illucens, L.) is an effective recycler of organic waste, converting it into nutrient-rich organic fertilizer that can support crop production and soil health management (Lalander et al., 2015; Beesigamukama et al., 2021a), contributing to circular bioeconomy (Lopes et al., 2022). While BSF frass fertilizer (BSFF) is a relatively new organic fertilizer product, it is increasingly being studied for its agronomical performance and potential benefits in sustainable agriculture (e.g., Beesigamukama et al., 2020a; Anyega et al., 2021; Menino et al., 2021; Rehan et al., 2024), and forest restoration (Solofondranohatra et al., 2025). Many studies have demonstrated that BSFF has a positive impact on plant growth and yields (e.g., Choi and Hassanzadeh, 2019; Coudron et al., 2019; Menino et al., 2021), but negative effects of frass application such as stunted growth have also been reported due to phytotoxic properties (e.g., Temple et al., 2013; Setti et al., 2019). Lopes et al. (2022) highlighted that the main limitation of using freshly produced BSFF as a fertilizer is its lack of maturity and stability. Compost maturity and stability describes the extent to which the composting process has been completed, indicating that the material is free from phytotoxic substances and harmful plant or animal pathogens that could hinder seed germination, plant development, or overall soil health (Bernal et al., 2009, 2017). The immaturity of BSFF is primarily due to the rapid bioconversion of organic waste by BSF larvae–usually completed in less than 20 days, which leaves insufficient time for the frass to fully stabilize and mature (Setti et al., 2019; Song et al., 2021). The application of immature and unstable compost may result in nutrient immobilization and phytotoxic effects, which can negatively affect seed germination and restrict plant growth (Emino and Warman, 2004; Luo et al., 2018). Therefore, it is important to adopt post-treatments such as thermophilic composting, which has been shown to improve the suitability of BSFF as a fertilizer for cultivation (Lopes et al., 2022). Thermophilic composting is the decomposition of organic waste by heat-loving microorganisms at high temperatures (40–70 °C), resulting in rapid breakdown and pathogen reduction (Epstein, 1997), making the final product safe and nutrient-rich for soil application (FAO, 1980). A recent study by Lopes et al. (2024) showed that recirculating BSFF by incorporating it as a diet component for BSF larvae increased its degree of decomposition and ensured a better quality of the subsequent frass obtained. The frass produced from recirculation process is more mature and stable as evidenced by the reduction of its self-heating, gas volatilization, and a better seed germination (Lopes et al., 2024).

BSFF has been shown to have great potential to support the growth of maize (Beesigamukama et al., 2020a, 2020b; Gärttling et al., 2020; Tanga et al., 2022; Risman et al., 2025), the world’s most important cultivated food crop (Rouf et al., 2016). Beyond BSFF, recent work in Madagascar’s agroclimatological conditions has also demonstrated that other insect frass types, such as cricket frass, can significantly enhance crop performance, including green bean growth and pod production (Andrianorosoa Ony et al., 2024). In Madagascar, maize is among the top three food crops that farmers typically rely on, along with rice and cassava—for both home consumption and income generation, (Harvey et al., 2014). Maize is essential for the rural poor, as it serves as a key source of nutrition, especially during the lean season when food supplies are limited (Harvey et al., 2014). The use of BSFF could play an important role in supporting maize production in Madagascar, offering a promising solution to improve soil health and crop yields, for a sustainable and productive agricultural system. Here, we experimentally evaluate the comparative impact of the application of thermophilic composted BSFF, fresh BSFF, cattle manure, and no fertilizer on the germination, growth, yield and nitrogen use efficiency of maize in the farming systems of agricultural communities in southeastern Madagascar. This study provides information essential to integrate BSFF into existing local farming practices.



2 Materials and methods


2.1 Study site and climate

The experiment was carried out in Morafeno village, Ankarana Commune, Farafangana District, in the southeastern region (23.018°S, 47.769°E) of Madagascar from November 2024 to February 2025. The region is characterized by a humid tropical climate, receiving roughly 2,000 mm of annual rainfall mostly during the rainy season from November to April (CREAM, 2013).

Climatic conditions during the early cropping season (November–December 2024) were broadly consistent with long-term monthly averages (1970–2000; Fick and Hijmans, 2017). November rainfall totaled 167 mm (vs. 149 mm normal), with a mean temperature of 25.1 °C (vs. 24.6 °C); December rainfall was 284 mm (vs. 294 mm normal), and mean temperature 26.5 °C (vs. 25.6 °C) (Supplementary Table S1).

Soil was sandy clay with strong acidity (Table 1). Soil acidity was corrected by applying dolomite at a dose of 0.25 t/ha, based on guidance from a local agronomic expert with long-term experience in diverse Malagasy soil types. While this dosage is below the general recommendation for strongly acidic soils (e.g., Chairiyah et al., 2021), it reflects field-level constraints and local agronomic practice. Table 1 presents the soil analysis results.


TABLE 1 Site soil properties (me% = milliequivalent percentage).

	Soil parameter
	Value

 

 	pH 	5.42


 	C/N 	17.9


 	Total nitrogen (%) 	0.17


 	Total organic carbon (%) 	3.05


 	Phosphorus 	4.01


 	Potassium (me%) 	0.06


 	Calcium (me%) 	1.1


 	Magnesium (me%) 	0.85


 	Sodium (me%) 	0.31


 	Clay (%) 	31


 	Silt (%) 	20


 	Sand (%) 	49




 



2.2 Experimental design and treatments

This study examined how (Zea mays L.), variety IRAT200, responds to different fertilizer treatments. The experiment was arranged in a Randomized Complete Block Design with three replicates. Each replicate consisted of 24 plants, arranged at a spacing of 80 × 60 cm.

Four treatments were applied: composted BSFF (CBSFF), fresh BSFF (FBSFF), cattle manure (CM), and no fertilizer (Control). Fertilizers were applied at rates equivalent to 43 kg of total N per hectare, based on the usual dose locally used (cattle manure), which corresponds to the third of the recommended dose for the region (FOFIFA, 2024), and half of the commonly recommended dose in Sub-Saharan Africa (Tetteh et al., 2018).

Fresh BSFF was included to assess its agronomic effects under field conditions, given the limited data on its direct application and the possibility that smallholder farmers may use it without composting due to time or resource constraints.



2.3 BSFF production and characterization

BSFF was obtained from Valala Farm Research Lab at MBC—Antananarivo. Black soldier flies were reared on conventional chicken feed during the first 7 days, then on spent grain until harvest.

Fresh BSFF was sun-dried for 4 days and not sifted before application. Composted BSFF was prepared for 5 weeks using the heap method (FAO, 1980). Both FBSFF and CBSFF were analyzed for macro- and micronutrient content (Table 2).


TABLE 2 Characteristics of fresh BSFF and composted BSFF.

	Parameter
	Fresh BSFF
	Composted BSFF

 

 	pH 	6.06 	7.12


 	Organic carbon (%) 	37.97 	25.59


 	Total nitrogen (%) 	2.48 	2.41


 	NH₄+–N (mg/kg) 	4,700 	1,750


 	NO3−–N (mg/kg) 	4,550 	1,680


 	Phosphorus (%) 	1.31 	3.13


 	Potassium (%) 	0.21 	1.38


 	Calcium (%) 	0.29 	0.93


 	Magnesium (%) 	0.38 	2.58


 	Iron (mg/kg) 	977.3 	7,853.6


 	Manganese (mg/kg) 	214.3 	536.6


 	C/N ratio 	15.31 	10.61




 



2.4 Crop management

Following the practices of local smallholder farmers in the region, the fertilizer was applied once, in holes of 15 cm diameter and 15 cm deep, and mixed with the removed soil. Two seeds of maize were planted per hole.

Plants were watered twice a day, in the morning and in the evening. Weeds were removed manually whenever they appeared.



2.5 Measurements and sampling schedule

Maize was planted on 9 November 2024 and harvested on 21 February 2025, with a total crop duration of approximately 3.5 months. Growth measurements were carried out until physiological maturity, prior to final grain harvest, but phenological stages were not formally recorded in this trial.

Data on maize germination were collected at day 14 after sowing, and was defined as seedling emergence, indicated by the visible appearance of the coleoptile above the soil surface (ISTA, 2020). Data on plant height were collected every 4 weeks, from day 14 after sowing up to the harvest. Plant height was measured using a tape measure, from ground level to the tip of the shoot.

Maize grain data were collected at maturity by harvesting all plants per treatments. Maize ears were threshed to determine grain weights using a weighing scale. Grains were air dried to 12.5% moisture to determine grain yield per plant (g/plant), and calculated on a hectare basis to obtain the total grain yield (t/ha). Agronomic nitrogen efficiency (AEN), a measure of economic yield produced per unit amount of N supplied from each treatment, was calculated using the grain yield from each treatment using the following equation (Baligar et al., 2001).

AEN(kg/kgN)=[Grain yieldF(kg/ha)−Grain yieldC(kg/ha)]Quantity ofNapplied(kgN/ha)

where F represents fertilizer treatment and C represents the control.



2.6 Statistical analysis

All statistical analyses were conducted in R (R Core Team, 2020). Each dataset was tested for normality using Shapiro–Wilk test and residual diagnostics. Where necessary, data were log- or square-root transformed to meet model assumptions. Germination proportion, grain yield per plant, total grain yield, and agronomic nitrogen use efficiency (AEN) were analyzed using a one-way analysis of variance (ANOVA) with treatment as the independent variable. Pairwise comparisons were conducted using Tukey’s Honestly Significant Difference (HSD) test at p < 0.05. Maize plant height, which was measured repeatedly at 4-week intervals, was analyzed using a linear mixed-effects model with treatment, time (day), and their interaction as fixed effects, and replication as a random effect. Post-hoc comparisons were performed using Tukey’s HSD. All analyses were conducted with the “lme4” and “multcomp” packages in R. Model outputs and pairwise comparisons are provided in Supplementary Tables S2–S9. Raw data are available via Figshare (Doi: 10.6084/m9.figshare.30103666).




3 Results


3.1 Maize germination

The different fertilizer treatments caused significant differences in maize germination proportion (p < 0.001) (Figure 1). Germination was highest in cattle manure (CM) (95.8%) and similar to plants treated with CBSFF (91.7%). FBSFF treatment significantly lowered maize germination compared to all other treatments (19.44%, all p < 0.001).

[image: Scatter plot showing germination proportions across four treatments: CBSFF, FBSFF, CM, and Control. CBSFF, CM, and Control have high germination proportions around 100%, labeled "a." FBSFF has a lower germination proportion around 25%, labeled "b." Error bars are present for all data points.]

FIGURE 1
 Germination proportion across four different fertilizer treatments. CBSFF, composted black soldier fly frass; FBSFF, fresh black soldier fly frass; CM, cattle manure; Control, no fertilizer. Letters above each treatment level represent statistically significant differences at p ≤ 0.05. Error bars indicate standard error of the mean.




3.2 Plant height

Fertilizer treatments resulted in significant differences in plant height during the experiment (p < 0.001) (Figure 2). At day 14, mean plant height ranged between 4.9 and 14.09 cm, with plants treated with FBSFF being significantly shorter than the other treatments. The GLMM indicated a strong effect of sampling time (p < 0.001, Supplementary Table S5), as plant height increased steadily across days 14, 42, 77, and 102. While the main effect of treatment alone was not significant, significant treatment × time (day) interactions were detected for the control treatment. For all treatments but the control, plant height increased significantly up to day 77, then increased slightly to reach peak values at day 102. From day 42 to the end of the experiment, maize grown using fertilizer treatments were significantly taller compared to the control. At day 102, CBSFF-treated maize reached the greatest mean height (171 cm), although this was not statistically different from CM or FBSFF. By contrast, control plants were 138% shorter than CBSFF.

[image: Line graph showing plant height in centimeters over days after planting. Treatments include CBSFF, FBSFF, CM, and Control. CBSFF shows the highest growth, Control the lowest. Error bars indicate variance.]

FIGURE 2
 Maize height growth over time across four different fertilizer treatments. CBSFF, composted black soldier fly frass; FBSFF, fresh black soldier fly frass; CM, cattle manure; Control, no fertilizer. Letters above each treatment level represent statistically significant differences at p ≤ 0.05. Error bars indicate standard error of the mean.




3.3 Maize grain yield

The final number of plants alive for each treatment, from which maize grain yield was measured is 64, 13, 64, and 35 for CBSFF, FBSFF, CM and Control, respectively. Different treatments caused significant differences in maize grain yield per plant and total yield (p < 0.001 and p = 0.02, respectively) (Figures 3A,B). Maize yield was positively affected by all fertilizer treatments compared to control. Grain yield per plant was highest with CBSFF (106 g), with no significant difference compared to FBSFF (85 g) and CM (82 g) (Figure 3A). The highest total grain yield (1.98 t/ha) was produced from maize grown with CBSFF, and this was 38 and 388% times higher than maize total grain yield produced with CM and FBSFF, respectively (Figure 3B). Total grain yield was significantly higher for CBSFF compared to FBSFF (p = 0.0502; Supplementary Table S8). No significant difference was found between CBSFF and CM (p > 0.05), although CBSFF yielded consistently higher. Control treatment maize plants did not produce any grain.

[image: Two box plots display maize grain yield. Panel A shows yield in grams per plant for CBSFF, FBSFF, CM, and Control, with similar yields except for a lower control. Panel B shows yield in tons per hectare, where CBSFF is highest, followed by CM, FBSFF, and Control, in descending order.]

FIGURE 3
 Maize grain yield per plant (A) and total yield (B) across four different fertilizer treatments. CBSFF, composted black soldier fly frass; FBSFF, fresh black soldier fly frass; CM, cattle manure; Control, no fertilizer. Final number of plants alive is 64, 13, 64, and 35 for CBSFF, FBSFF, CM and Control, respectively. Different letters above each treatment level represent statistically significant differences at p ≤ 0.05. Error bars indicate standard error of the mean.




3.4 Agronomic nitrogen use efficiency

The AEN from maize produced using the different treatments are presented in Table 3. Maize grown using CBSFF had the highest AEN (46 kg/kg N), which was similar to the AEN obtained with CM (33.3 kg/kg N) and FBSFF (9.4 kg/kg N).


TABLE 3 Effect of composted BSF frass (CBSFF) fertilizer, fresh BSF frass (FBSFF) fertilizer and cattle manure (CM) on maize agronomic nitrogen use efficiency (AEN).

	Treatment
	AEN (kg/kg N)
	Mean-separation

 

 	CBSFF 	46 ± 17.03 	a


 	FBSFF 	9.4 ± 4.43 	a


 	CM 	33.3 ± 14.21 	a


 	 	ns 	




 




4 Discussion

In Madagascar, boosting the agricultural productivity of maize, a crop essential to food security, is crucial for enhancing the livelihoods and food security of smallholder farmers. In our study, we show that fertilizing maize with mature and stable BSFF increases plant growth and yield. These results highlight the potential of BSFF as a sustainable and locally available nutrient source for maize production, contributing to more environmentally friendly farming practices.


4.1 Effects of fertilizer types on maize germination

Our results showed that among the four treatments tested, maize germination proportion was highest with CM and CBSFF, which was significantly higher than the FBSFF treatment (Figure 1). The low germination observed in FBSFF treatment can be attributed to its lack of maturity and biological instability, due to the rapid processing time of organic waste by BSF larvae, which often results in the presence of phytotoxic compounds that inhibit seed germination (Setti et al., 2019). Compost maturity is a critical indicator of fertilizer quality, characterized by the absence of substances that can inhibit seed germination, hinder plant development, or negatively affect soil health (Bernal et al., 2009).

One key phytotoxic compound in fresh BSFF is ammonium-nitrogen (NH₄+–N), which is often present in high concentrations (e.g., Green and Popa, 2012; Liu et al., 2020). In our study, FBSFF contained 4,700 mg/kg of NH₄+–N (Table 2), well above the 400 mg/kg limit recommended by Bernai et al. (1998) for high-quality compost. This aligns with previous findings showing that fresh BSFF with high NH₄+–N concentrations can significantly reduce germination (Bohm et al., 2023; Ramírez et al., 2008). After composting FBSFF for 5 weeks, the NH₄+–N concentration dropped by 63%, which corresponded with a significant increase in germination (Figure 1). These results support earlier studies indicating that composting, as a follow-up step in BSF-based bioconversion can lower NH₄+–N concentrations and mitigate the associated phytotoxicity of the frass (Lopes et al., 2019; Song et al., 2021; Lopes et al., 2022).



4.2 Effects of fertilizer types on maize height growth

Despite the inhibition of maize germination observed with FBSFF treatment, plants that did germinate did not show any significant difference in height growth compared to CBSFF and CM (Figure 2). The final height of plants treated with FBSFF was only 6 and 13% shorter than those treated with CM and CBSFF, respectively. These results suggest that maize germination is the growth phase most sensitive to fresh frass toxicity, while subsequent plant growth remained unaffected. This effect may be attributed to the reactivation of biological activity in fresh frass upon its interaction with soil moisture after application (Hénault-Ethier et al., 2024). The relatively high carbon content in the soil (Table 1; Riquier, 1972) might have helped activate a spontaneous process of biodegradation by composting and stabilizing the organic matter in the frass, resulting in an improved fertilizing efficiency. However, maize treated with CBSFF exhibited the highest growth in terms of plant height compared to the other treatments, which is consistent with a growing body of research emphasizing the importance of composting in enhancing the growth-promoting effect of BSFF. For instance, Song et al. (2021) reported improved biomass production in Brassica rapa when BSFF was composted for 5 weeks, compared to stunted growth under fresh frass application. Similarly, Anyega et al. (2021) found that composted BSFF, whether applied alone or in combination with other fertilizers, significantly improved plant growth across various crops, including tomato, kale, and French beans. Wang et al. (2025) found that composted BSFF derived from pig manure promoted maize seedling growth more effectively than fresh frass, whereas no significant growth differences were observed between composted and fresh frass derived from chicken manure. These improvements can be attributed to the reduction of the C/N ratio during the composting process (from 15.31 in FBSFF to 10.61 in CBSFF, Table 2), indicating a higher degree of organic matter decomposition and nutrient mineralization (Chen et al., 2014). Lower C/N ratios in organic fertilizers are generally associated with improved nitrogen availability, as microbial immobilization is reduced and more nitrogen remains accessible for plant uptake (Raj and Antil, 2011; Chen et al., 2014). Additionally, Beesigamukama et al. (2021b) also showed that soils amended with BSFF have high mineralization, indicating a rapid availability of mineral nitrogen to support plant growth. These findings highlight the role of composting in stabilizing BSFF and increasing its effectiveness as an organic nutrient source in crop production systems.



4.3 Effects of fertilizer types on maize grain yield and nitrogen use efficiency

In terms of maize grain yield, plants treated with CBSFF produced the highest average yield per plant, comparable to those obtained with FBSFF and CM (Figure 3A). Although CBSFF plots showed a 38% higher average total grain yield compared to CM, this difference was not statistically significant in Dunn’s tests following the Kruskal–Wallis analysis, due to the limited number of field replicates (n = 3). Among the three organic fertilizer treatments, CBSFF demonstrated the highest yield, significantly outperforming FBSFF and outperforming CM in all metrics, though not at a statistically significant level. This suggests that composting BSFF not only improves nutrient availability but also delivers more consistent yield benefits than fresh frass or cattle manure. FBSFF can support maize productivity, particularly during the post-germination phase, by enhancing nutrient availability and soil fertility as it matures and stabilizes in the soil (Hénault-Ethier et al., 2024). Consistent with our findings, Tanga et al. (2022) reported in a greenhouse study that composted BSFF led to maize grain yield increases of up to 212% compared to other organic fertilizer sources. In line with this, Beesigamukama et al. (2020b) found that maize treated with composted BSFF produced grain yields up to 27% higher than those receiving equivalent amounts of commercial organic fertilizers. Notably, even at one-third of the recommended nitrogen input for optimum maize production, CBSFF achieved 57% of the yield obtained under the full recommended dose (FOFIFA).

Notably, control plots, despite maintaining approximately half the final number of plants treated with CBSFF and CM (64 plants, Figures 3A,B), and forming cobs, failed to produce any grain, highlighting the infertility of our soil (Table 1; Riquier, 1972). Studies have shown that under nutrient deficiencies, especially nitrogen shortage, developing kernels frequently abort, which reduces kernel set (Monneveux et al., 2005). The increased maize grain yields and growth observed across all fertilizer treatments relative to the control (Figures 3A,B) are consistent with findings from previous studies (Beesigamukama et al., 2020b; Tanga et al., 2022). These findings highlight low soil fertility as a major constraint to crop production across many regions of sub-Saharan Africa (Gachimbi et al., 2005; Muchena et al., 2005), underscoring that external nutrient inputs are extremely important.

In terms of agronomic nitrogen use efficiency, our results align with previous findings showing that maize grown with CBSFF performs better in nitrogen utilization compared to other organic fertilizers (Beesigamukama et al., 2020b; Tanga et al., 2022) due to the high N mineralization and nutrient release rates (Yéton et al., 2019). Beesigamukama et al. (2020b) reported an AEN of 43.2 kg/kg N at their lowest BSFF application rate, which closely aligns with our results of 45.9 kg/kg N for CBSFF, suggesting an adequate nitrogen supply to support maize growth.



4.4 Recommendations to smallholder farmers

The results of this study indicate that BSFF, even when applied at a dose below the regional recommendations, can significantly enhance maize production in the southeastern farming systems of Madagascar. The timing of BSFF application should depend on its form, with fresh BSFF best applied after germination, while composting it beforehand improves its maturity for better growth and yield. Notably, composted BSFF (CBSFF) produced the highest total grain yield (1.98 t/ha), 38% higher than cattle manure and substantially higher than fresh BSFF, while the unfertilized control produced no harvestable maize. These outcomes highlight the superior agronomic performance of composted BSFF and support its use as the preferred organic fertilizer for maize in this region. The improvements observed in overall maize performance with composted BSFF underscore its value in addressing nutrient deficiencies commonly limiting crop productivity in sub-Saharan Africa and similar agroecological zones.

Based on our results, we recommend that smallholder farmers in southeastern Madagascar incorporate BSFF into their maize production systems as a sustainable and effective organic fertilizer. For maximum yield, composting the frass for before application is strongly advised, as this enhances seed germination, plant growth, and grain yield by reducing phytotoxicity and improving nutrient availability. Traditional organic fertilizers such as cattle manure (CM) can also be recommended, as they produced growth and yield comparable to composted BSFF (CBSFF) in our study. In situations where composting is not feasible and no other organic input is available, fresh BSFF (FBSFF) may be applied after germination to avoid inhibition, but it should be used with caution given its association with reduced early growth and significantly lower yield.

However, several questions remain to refine these recommendations such as: How does BSFF perform across different soil types and cropping systems in Madagascar? Can co-composting BSFF with crop residues or animal manure further enhance its quality and agronomic performance? Future trials should also evaluate how different doses of regional chemical fertilizer recommendations (e.g., full, half, and one-third—with different dolomite rates) compare to composted BSFF (CBSFF), fresh BSFF (FBSFF), and cattle manure (CM) in terms of maize growth, yield, and profitability. Incorporating cost–benefit and marginal rate of return analyses will be essential for identifying economically viable and agronomically effective nutrient management strategies for smallholder farmers. These will help tailor BSFF management practices for wider adoption among smallholder farmers and improve the resilience and productivity of maize farming systems in the region.




5 Conclusion

As this study was conducted over a single season at one site, the findings should be considered preliminary. Further trials across multiple seasons and agroecological zones are necessary to validate these results and assess their broader applicability. Our results, combined with previous research highlight the strong potential of black soldier fly frass—especially when composted, as a sustainable and effective organic fertilizer for maize production in the southeastern Madagascar. Our findings show that composted BSFF notably improves maize growth, grain yield, and nitrogen use efficiency, making it a valuable resource for smallholder farmers seeking locally available nutrient sources. Given these benefits, integrating BSFF into local farming practices offers a sustainable strategy to improve soil health and crop productivity while promoting circular bioeconomy approaches that valorize organic waste. Additionally, our findings highlight the potential of BSFF in improving food security and livelihoods among vulnerable communities in Madagascar. Further research across diverse agricultural environments, including dose–response trials with BSFF, assessing long-term soil impacts, and evaluating farmer adoption barriers are recommended to fully maximize the agronomic and environmental benefits of BSFF. Future research should compare BSFF treatments with full, half, and one-third doses of regionally recommended chemical fertilizers, and incorporate detailed cost–benefit and marginal rate of return analyses to identify agronomically effective and economically viable nutrient management strategies for smallholder farming systems.
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