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Pollination and Foraging Activity of Amegilla sp. (Hymenoptera : Apidae) on the Flowers of Gossypium hirsutum (Malvales : Malvaceae) under the Influence of Biopesticides in Bocklé (Nord, Cameroon)
ABSTRACT 

	Background: Because of the problems in agroecosystems following anarchic use of synthetic insecticides, studies propose as alternative, the use of botanical biopesticides against pests. 
Aims: The present study was conducted to evaluate (1) potential of leaf extract of Azadirachta indica (Sapindales : Meliaceae), Cassia occidentalis (Fabales : Fabaceae), Eucalyptus camaldulensis (Myrtales : Myrtaceae) and Hyptis suaveolens (Lamiales : Lamiaceae) against insects and (2) impact of Amegilla sp. (Hymenoptera: Apidae) on Gossypium hirsutum (Mavales: Malvaceae) seed yield in North Cameroon. 
Place and Duration of Study: Field study was set up in 2021-2022 in North-Cameroon, during the rainy season and the dry season. Fourty four plots of 3.5 × 4 m each were distributed according to a randomized complete block design comprising four untreated, four treated using Téma, and 36 plots treated using 5%, 10% and 15% aqueous leaf extracts separately sprayed on cotton plants. 
Methodology: Four groups of flowers were randomly selected: (1) free, (2) protected from insects, (3) free exclusively to Amegilla sp. and (4) protected against insects. 
Results: A total of 370 captured flower insects belonged to three orders (Coleoptera, Hymenoptera and Lepidoptera), four families and ten species. Amegilla sp. was the major pollinator with 52.63% in rainy season and 25.12% in dry season. The highest abundance (49-60 individuals/1000 flowers) was recorded with C. occidentalis and H. suaveolens. Lower abundances (34-46 individuals/1000 flowers) were recorded with A. indica and E. camaldulensis. Fruiting rates were 93-98% for free flowers and 90-95% for flowers visited exclusively by Amegilla sp. 
Conclusion: Amegilla sp. was the major pollinator. Botanical extracts, especially C. occidentalis and H. suaveolens, improved fruit set without negative impact on pollinators.
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1. INTRODUCTION

Cotton (Gossypium hirsutum L.), the most widely cultivated species in the genus Gossypium, is a strategic industrial crop for many tropical and subtropical countries, including Cameroon [29]. Cotton cultivation plays a significant role in the quest for food self-sufficiency [15] plays a significant role in the quest for food self-sufficiency, particularly in developing countries where cotton remains a pillar of rural economies [15]. The FAO estimates that nearly 100 million rural African families, including more than 6 million African rural households, depend directly on cotton production [1]. Cotton, the world’s leading fiber crop, experienced a 3% drop in production, reaching 25.8 million tonnes in 2018 [34]. More recent analyses from the USDA in 2024 reaffirm global production trends and highlight shifting patterns in major cotton-producing countries [39]. Although more than half of this production is intended for the textile industry, it also generates various by-products, such as vegetable oil, which has a protein content ranging from 20% to 30% [1]. Recent global assessments confirm these trends, with updated figures reported in the World Cotton Production Report 2023/24 [16]
Beyond its economic value, the cotton plant is also an entomophilous species, whose sexual reproduction and boll production partly depend on the activity of pollinating insects [13]. Among the floral insects observed on G. hirsutum flowers, solitary bees of the genus Amegilla (Apidae: Apinae) stand out due to their rapid foraging behavior, floral fidelity, and ability to effectively transfer pollen [52]. This key role of Amegilla species in cotton pollination has also been demonstrated in Northern Cameroon by Adamou and collaborators, who showed that Amegilla sp. significantly contributes to fruit set and pollination success [3]. These native bees thus play a significant role in the cross-pollination of cotton, which can positively influence fruit set, boll formation, and the quality of produced fibers [17, 43]. Despite their ecological importance, Amegilla sp., like other pollinators, are subjected to various environmental pressures, notably those induced by intensive agricultural practices [31].

In Northem Cameroon, cotton production remains a major agricultural activity supported by national programs [29]. In the cotton farming systems of Northern Cameroon, as in many other countries [25], pest control has historically relied on the massive use of synthetic pesticides [40]. While effective against pests, these substances often exhibit high toxicity toward non-target insects, particularly pollinators, affecting their behavior, longevity, and reproduction [2, 45]. In response to the harmful effects of excessive and improper use of synthetic chemicals, research has shifted toward the development of alternative pest control methods, including the selection of genetically resistant plant varieties [39]. Current focus is increasingly promoted as sustainable alternatives to synthetic chemicals, have demonstrated effective pest control with reduced ecological impact [33] and have limited action on beneficial insects (predators and pollinators) [7, 24, 2, 31], although empirical evidence remains limited, particularly in African contexts.

Both globally and nationally, the efficacy of many plant-based natural additives in pest control has been demonstrated [2, 45]. This is the case for Cassia occidentalis, Eucalyptus camaldulensis, and Hyptis suaveolens. The insecticidal efficacy of Hyptis suaveolens and Eucalyptus camaldulensis has been proven on aphids and thrips of cowpea by Bambara & Tiemtoré [6]. A similar experiment by Cheikh and collaborators [10] demonstrated the efficacy of Cassia occidentalis against Caryedon serratus, a stored peanut pest. Further evidence from laboratory screenings also highlights the potential of botanical materials for pest control [39]. Despite all these studies, few have assessed the real effects of biopesticide plants on pollinator foraging behavior, their ecological importance in entomophilous crops like cotton, and their often-neglected role in agricultural technical pathways.

The central question of this study is therefore: Do the biopesticides used in cotton cultivation affect the foraging and pollination activities of Amegilla sp.1 on the flowers of Gossypium hirsutum? In other words, do these products influence floral visit frequency, foraging duration, and consequently, the fruiting of visited flowers?

This study falls within this framework. Its main objective is to analyze the influence of certain biopesticide plants (Azadirachta indica, Cassia occidentalis, Eucalyptus camaldulensis, and Hyptis suaveolens) on the foraging and pollination activities of Amegilla sp. on the flowers of G. hirsutum in the agroecological zone of Bocklé in Garoua. More specifically, the aims are to (i) characterize the floral activity of Amegilla sp. on cotton flowers, (ii) evaluate the impact of biopesticides on visitation frequency and foraging activity of this bee, and (iii) estimate the indirect effect of these products on cotton fruiting through reproductive success indicators. The results will contribute to the reflection on the compatibility between biocontrol and the maintenance of ecosystem services, in support of sustainable agroecological strategies in the Region.
2. material and methods
2.1. Study site 

The study was conducted from June to November 2021 during the rainy season and from November to April 2022 during the dry season in Bocklé (9°17′29.81″N, 13°25′4.39″E, and 169 m a.s.l.) in the Northern Region (Garoua - Cameroon) (Figure 2). The site is located in a Sudano-Sahelian agroecological zone covering approximately 65,576 km² with over 1,227,000 inhabitants [35], characterized by two seasons: a short five-month rainy season (May to September) and a long seven-month dry season (October to April). The average annual rainfall is 1000 mm [35]. Temperatures remain high with an annual average ranging from 25.5°C to 32.5°C and humidity ranging from 42% to 83%. Rainfall ranges from 750 to 1250 mm, and annual sunshine duration ranges from 1291 to 2082 hours [30].

Bocklé is located in the 3rd district of Garoua, characterized by a vast plain with many marshy or flooded areas [35]. Soils are ferruginous on basement rock and sandstone [35], with very deep sandy-textured and high-potential lands, including alluvial soils along the Benue River in flat areas. The hydrographic network consists mainly of the Benue River and a few seasonal rivers (mayos) that often flood during the rainy season [35].

The characteristic vegetation includes wooded savannah and gallery forests along rivers. Floristic species include Hyparrhenia rufa along rivers, Borassus aethiopium, Boswellia dalzielii, Commiphora africana, Lannea microcarpa, Bombax costatum, Prosopis africana, Vitellaria paradoxa, and plantations of Azadirachta indica and Eucalyptus camaldulensis. Various grasses such as Andropogon gayanus, Cymbopogon giganteus, and Loudetia spp. are also common. Borassus aethiopium dominates in marshy or flooded areas [35].
2.2. Biological Material

The plant material consisted of Gossypium hirsutum (L.), 1763 (Malvales: Malvaceae) plants from “QR1 302” seeds obtained from the SODECOTON station (Garoua, Northern Cameroon) and sown in experimental plots in Bocklé. Aqueous leaf extracts of A. indica, C. occidentalis, E. camaldulensis, and H. suaveolens were tested as botanical insecticides. Leaves were collected in Bocklé. The animal material consisted of all insect species naturally present in the study environment.

2.3. Experimental Design and Procedure

The study was carried out on an area of 1064 m² using a completely randomized block design (3.5×4 m² each, four treatments repeated four times). Four plots received no treatment. Four others were treated with the synthetic insecticide TEMA (Emamectin Benzoate and Teflubenzuron mixture). Forty plots were treated with 5%, 10%, and 15% aqueous leaf extracts as per [2, 31].

2.4. Botanical Extract Formulation

Aqueous extracts were prepared following Sreekanth 2013 [42], in which 1 kg of plant leaves was diluted in 1 L of distilled water, then homogenized before application. The synthetic insecticide was prepared according to its label instructions and applied using a manual sprayer four times from 5 p.m., at seven-day intervals, starting from cotton flowering onset [4].
2.5. Studied Parameters

2.5.1. Determination of the Reproductive System of Gossypium hirsutum
From the appearance of the first floral buds (September 2021 and February 2022), 480 floral buds were tagged (Figure 1) and divided into two treatment groups:

· Group 1: 240 tagged flowers left for open pollination without insect exclusion.

· Group 2: 240 flowers protected from insects using 1 mm² mesh gauze bags [46].

At harvest, fruit numbers were recorded and fruiting index (Ifr) was calculated as: Ifr = Fa / Fb, where Fb = number of formed fruits, and Fa = number of viable initial flowers [48]. For each season, the difference in Ifr between treatments was used to calculate outcrossing rate (TC) and selfing rate (TA):

TC = {[(IfrX - IfrY) / IfrX] * 100},

where IfrX = fruiting index in open pollination, and IfrY = fruiting index in protected treatment;

TA = 100 - TC [11].
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Figure 1.a : Stem of Gossypium hirsutum

bearing a labeled flower left for open pollination
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Figure 1.b : Stem of Gossypium hirsutum bearing a flower bud labeled and protected from insects using a gauze bag.


2.5.2. Foraging Activity of Amegilla sp. on Gossypium hirsutum Flowers under Different Bioinsecticide Treatments

Flower products collected (pollen, nectar, or both) were recorded. An individual inserting its head or proboscis into the flower was a nectar forager; scraping anthers indicated pollen collection [22]. The floral products taken were systematically noted while timing the duration of each visit per flower, using a distinctive mark alongside the corresponding duration for the different treatments [46].

Forager abundances (maximum numbers of Amegilla foragers simultaneously active) per flower and per 1,000 flowers were recorded on the same dates as visit frequency, across six daily time slots: 7–8 am, 9–10 am, 11–12 am, 1–2 pm, 3–4 pm, and 5–6 pm. At least five measurements were taken per time slot whenever bee activity allowed, and for each insecticide treatment. Abundances per flower were obtained by direct counts [47]. 

For abundance per 1,000 flowers, Amegilla individuals were counted on a known number of open flowers; abundance per 1,000 flowers (A1000) was then calculated as: A1000 = [(Ax / Fx) × 1,000], where Fx and Ax are, respectively, the number of open flowers and the number of foragers actually counted on Fx at time x [46].

Visit durations per flower for pollen collection and for nectar collection were recorded separately with a stopwatch during the same daily time slots used for abundance measurements and under the different insecticide treatments [46]. Bee behavior during pollen or nectar collection was noted through careful observations of workers at the flowers [46].

Foraging speed defined as the number of flowers visited by a bee in one minute [21] was recorded. As soon as a worker alighted on a flower, the stopwatch (previously reset) was started and the number of flowers visited was counted as the insect moved from one flower to another on the same plant species. The stopwatch was stopped as soon as the bee was lost from sight or left the focal plant species for another plant, under the respective insecticide treatments. Foraging speed (Vb) was calculated using: Vb = [(Fi / di) × 60], where di is the stopwatch time (in seconds) and Fi is the number of flowers corresponding to di [46].

2.5.3. Evaluation of the Impact of Floral Insects Including Amegilla sp. 1 on G. hirsutum Yields under Bioinsecticide Treatments

For each observation period, in parallel with the establishment of treatment groups 1 and 2, 600 flower buds were labeled and two treatment groups were formed:

Group 3: 400 flowers labeled at the bud stage and protected from insects, then uncovered when they bloomed. Visited once by Amegila and protected again. As soon as each flower bloomed, the gauze was carefully removed during the insects' peak activity period of the day, and the flower was left to pollinate freely and observed for one to ten minutes to note any visits by Amegila. After this operation, the flower was protected again and was no longer handled [47].

Group 4: 200 flowers were labeled at the bud stage and protected, then uncovered and protected again without being visited by insects or any other organisms. As soon as each flower bloomed, the gauze was carefully removed, and the flower was left to pollinate freely and observed for one to ten minutes, preventing visits by insects or any other organisms. After this manipulation, the flower was protected again and was no longer handled [53]. 

When the fruit was ripe, it was harvested and counted in treatments 5 and 6 (dry season) and 7 and 8 (rainy season). The assessment of the impact of flower-visiting insects, including Amegila, was based on the impact of anthophilous insects on pollination, the impact of anthophilous pollination on fruiting, and a comparison of fruit yields (fruiting rate) and seed yields (average number of seeds per fruit and percentage of normal seeds) between the groups.

For each study period, the fruit set rate due to the influence of pollinating insects (Pi) was evaluated using the following formula: Pi = {[(FA – FD) / FA + FB – FD] * 100}, where FA, FB, and FD are the fruit set rates in treatments A (open-pollinated flowers), B (flowers protected from insects), and D (flowers protected, then uncovered, then protected again without visits from insects or any other organisms) [12]. B (insect-protected flowers) and D (protected flowers, then uncovered and protected again without visits from insects or any other organisms) [12].

For treatment x, the fruit set rate (Fx) is: Fx = [(number of fruits formed / number of flowers labeled at the bud stage) * 100] [46]. The percentage of seeds per fruit and the percentage of normal seeds due to pollinating insects were calculated using the same formula as for the fruit set rate [12].

2.5.4. Estimating the Pollination Efficiency of Amegilla sp.1 on G. hirsutum Flowers under Bioinsecticide Treatments

The contributions of Amegilla sp. 1 to the fruiting rate, the percentage of the average number of seeds per fruit, and the percentage of normal seeds were calculated using data from treatments 4 and 5 in the rainy and dry seasons. For each observation period. The fruiting rate attributable to Amegila sp. 1 (Pt) was calculated using the following formula: Pt = {[(FC – FD) / FC] * 100} where FC and FD are the fruiting rates in treatments C (flowers tagged and protected, then uncovered, visited once by Amegila sp. and protected again) and D (flowers protected, then uncovered and protected again without visits from insects or any other organisms) respectively [46].

2.6. Insect Specimen Identification

Insects were identified to species level using a magnifier, identification keys, and illustrated catalogs [5, 9, 26, 50, 20, 38] at the Applied Zoology Laboratory, Department of Biological Sciences, Faculty of Science, University of Ngaoundéré, where voucher specimens were deposited. Recent taxonomic reports were also consulted.

2.7. Statistical Data Analysis

Data were entered into Excel and subjected to one-way ANOVA, followed by Tukey’s test (p < 0.05). Statistical analyses were performed using SPSS software (version 2.0).

3. results AND DISCUSSION
3.1. Reproductive Mode of Gossypium hirsutum
The fruiting indices were 0.99, 0.87, 0.85, and 0.75 during the rainy and dry seasons respectively. Thus, in the rainy season, TC = 12.12% and TA = 87.88%, while in the dry season, TC = 10% and TA = 90%. For both periods combined, TC = 11.06% and TA = 88.94%. Consequently, G. hirsutum exhibits a mixed reproduction mode (allogamy–autogamy), with predominance of autogamy. This result is consistent with those obtained by Adamou and collaborator [2] in Bocklé, Basga and collaborators [8] in Djamboutou, and Dounia & Tchuenguem (2013) in Maroua [14], who demonstrated the predominance of autogamy (86.35%, 72.47%, and 69.70% respectively) over allogamy (16.66%, 27.53% and 30.29% respectively) in this plant species.

3.2. Role of Amegilla sp.1 in the Flower-Visiting Insect Fauna of Gossypium hirsutum
A total of 370 specimens of flower-visiting insects were recorded as active on cotton flowers (Table 1), including 171 specimens (46.21%) during the rainy season and 199 specimens (53.79%) during the dry season. These flower-visiting insects (collectors of nectar or pollen) belonged to 3 orders (Coleoptera, Hymenoptera, and Lepidoptera), 4 families (Apidae, Cetoniidae, Nymphalidae, and Pieridae), and 10 species (Table 1). Among all the species recorded, Amegilla sp.1 ranked first with 90 visits (52.63%) in the rainy season and second in the dry season with 50 visits (25.12%) (Table 1). The difference between these two percentages is highly significant (χ² = 162.56; df = 1; p < 0.001). The high frequency of visits of Amegilla sp.1 on the flowers of this Malvaceae could be explained by the strong attractiveness of cotton floral products to this bee. In Australia [49, 32] and in Cameroon [14, 28, 8, 2], honeybees (Apis mellifera) are the most frequent visitors of G. hirsutum flowers.

Table 1: Insects recorded on the flowers of Gossypium hirsutum in 2021 at Bocklé (rainy season) and 2022 (dry season). Number and percentage of visits of different insects.
	Order 
	Family
	Genus. Species. floral products
	Rainy season 
	Dry season
	Total

	
	
	
	n1
	P1 (%)
	n2
	P2 (%)
	nt
	Pt (%)

	Hymenoptera
	Apidae
	 Amegilla sp. 1 (Ne. Po)
	90
	52.63
	50
	25.12
	140
	37.83

	
	
	 Amegilla sp. 2 (Ne. Po)
	 -
	-
	8
	4.02
	8
	2.16

	
	
	             Apis mellifera (Ne. Po)
	30
	17.54
	75
	37.68
	105
	28.37

	
	
	 Xylocopa olivacea (Ne. Po)
	20
	11.69
	10
	5.02
	30
	8.10

	
	
	Xylocopa sp. 1 (Ne. Po)
	-
	-
	11
	5.52
	11
	2.97

	Lepidoptera 


	Nymphalidae
	             Acraea acerata (Ne)
	10
	5.84
	10
	5.02
	20
	5.40

	
	
	             Helicoverpa armegira (Ne)
	5
	2.92
	-
	-
	5
	1.35

	
	
	             Disparopsis watersi (Ne)
	-
	-
	13
	6.53
	13
	3.51

	
	Pieridae
	             Eurema sp. (Ne)
	7
	4.09
	8
	4.02
	15
	4.05

	Coleoptera
	Cetoniidae
	             Pachnoda cordata (Po)
	9
	5.26
	14
	7.03
	23
	6.21

	Total (03 order : 04 family)
	111
10 species
	171
	100
	199
	100
	370
	100


n1: number of visits on 240 flowers; n2: number of visits on 240 flowers; p: percentage of visits; p1 = (n1 / 171) * 100; p2 = (n2 / 199) * 100; pT = (nT / 370) * 100; sp.: unidentified species; ne: nectar collection; po: pollen collection.

3.3. Foraging Activity of Amegilla sp.1 on the Flowers of Gossypium hirsutum
3.3.1. Floral Resources Collected

During both flowering periods of cotton, Amegilla sp.1 strongly collected pollen and weakly collected nectar from G. hirsutum flowers. Out of 991 visits recorded for Amegilla sp.1 in the rainy season, 438 (44,19 %) visits were devoted to pollen collection and 553 (55,80 %) to nectar collection. In the dry season, out of 1157 visits recorded, 477 (41,22 %) visits were devoted to pollen collection and 680 (58,77 %) to nectar collection. Our results don’t corroborate the observations of Adamou and collaborators [2], who reported that Amegilla sp. 1 collected mainly pollen and only weakly nectar. Similarly, Dounia & Tchuenguem [14] in Maroua and Mazi and collaborators [28] in Dang observed a high rate of pollen collection (68.73% and 64.13% respectively) and a low rate of nectar harvesting (21.42% and 25.37% respectively) by Apis mellifera on this plant species.

	              [image: image3.jpg]


                   



	            [image: image4.jpg]





Figure 2: Amegilla sp.1 collecting nectar (A) and pollen (B) on the flowers of Gossypium hirsutum during the rainy season (2021) and dry season (2022) at Bocklé.

3.3.2. Abundance of Foragers

The average number of Amegilla sp.1 workers per flower was 1 in both the dry and rainy seasons across all treatments. The mean abundance of foragers per 1000 flowers in both seasons is summarized in Table 2. Results show that the four plant extracts tested had differentiated effects on floral visitation by Amegilla sp.1.

In the absence of treatment (control), mean abundance ranged between 20.5 individuals/1000 flowers in the rainy season and 26–27 individuals/1000 flowers in the dry season. This value reflects the natural density of foragers under undisturbed conditions. By contrast, the application of botanical insecticides significantly altered this abundance.

Treatments with Eucalyptus camaldulensis and Azadirachta indica resulted in a notable decrease in forager presence on flowers. In the case of eucalyptus, the repellent effect seemed to increase with dose, suggesting a particular sensitivity of Amegilla sp.1 to volatile or secondary compounds of this species. Similarly, A. indica extract led to very low abundance compared to other treatments, confirming the recognized insecticidal properties of azadirachtin, which interferes not only with pest insects but can also disrupt pollinators. These results corroborate several studies reporting that neem extracts may affect bee foraging behavior and survival [19].

Conversely, treatments with Cassia occidentalis and Hyptis suaveolens were associated with more stable abundances, ranging between 49 and 58 individuals/1000 flowers. This indicates a more moderate impact on foragers, which could be explained by lower toxicity or reduced volatility of active compounds. These two species therefore appear to have a biopesticide profile more compatible with pollinator conservation.

Furthermore, the low abundance of foragers in plots treated with the synthetic insecticide Téma could be attributed to the harmful effects of synthetic insecticides on flower-visiting insects [41].

Table 2: Abundance of Amegilla sp.1 per 1000 flowers of Gossypium hirsutum in 2021 at Bocklé (rainy season) and 2022 (dry season).
	Treatments 
	Rainy season 
	Dry season 
	T

	
	n
	m ±es
	n
	m ±es
	

	E. camaldulensis

	Tem
	388
	20.50 ± 2.90 b
	362
	26.37 ± 2.88ab
	6.69*** 

	
	 5
	247
	47.34 ± 8.46 ab
	205
	48.12 ± 8.37 ab
	5.05 ns

	
	 10
	247
	55.82 ± 8.53 a
	225
	56.28 ± 9.82 a
	5.14 ns

	
	 15
	356
	54.00 ± 2.75 a
	324
	54.33 ± 3.22 a
	6.72 ns

	
	Tema
	191
	16.10 ± 5.50 b
	116
	17.38 ± 7.65 b
	5.42 ns

	
	F(4.14)
	1.87 **
	F(4.12)
	3.61 ***
	

	C. occidentalis

	Tem
	388
	20.50 ± 2.90  bc
	362
	26.37 ± 2.88 bc
	6.69*** 

	
	 5
	332
	50.41 ± 8.66 bc
	214
	50.93 ± 7.28 ab
	0.11 ns

	
	 10
	246
	59.49 ± 3.49 a
	215
	60.89 ± 4.03 a
	0.82 ns

	
	 15
	332
	57.95 ± 2.93 ab
	229
	58.80 ± 0.27 ab
	0.96 ns

	
	Tema
	191
	16.10 ± 5.50 c
	116
	17.38 ± 7.65 c
	5.42 ns

	
	F(4.12)
	1.94 **
	F(4.11)
	3.33 ***
	

	A. indica
	Tem
	388
	20.50 ± 2.90 b
	362
	26.37 ± 2.88 b
	6.69*** 

	
	 5
	218
	34.34 ± 8.46 a
	177
	45.12 ± 8.37 a
	0.52 ***

	
	 10
	228
	35.82 ± 8.53 a
	185
	46.28 ± 9.82 a
	0.31 ***

	
	 15
	441
	34.00 ± 2.75 a
	316
	44.33 ± 3.22 a
	0.92 ***

	
	Tema
	191
	16.10 ± 5.50 c
	116
	17.38 ± 7.65 c
	5.42 ns

	
	F(4.13)
	1.93**
	F(4.12)
	3.61 ***
	

	H. suaveolens


	Tem
	388
	20.50 ± 2.90  bc
	362
	26.37 ± 2.88 bc
	6.69*** 

	
	 5
	332
	49.41 ± 8.66 ab
	214
	49.93 ± 7.28 ab
	0.11 ns

	
	 10
	240
	57.49 ± 3.49 a
	215
	57.89 ± 4.03 a
	0.82 ns

	
	 15
	332
	57.95 ± 2.93 a
	229
	57.80 ± 0.27 ab
	0.96 ns

	
	Tema
	191
	16.10 ± 5.50 c
	116
	17.38 ± 7.65 c
	5.42 ns

	
	F(4.11)
	3.61 **
	F(4.12)
	3.33 ***
	


Tem: control; Tema: synthetic insecticide; Az: Azadirachta indica (5%, 10% and 15%); Ca: Cassia occidentalis (5%, 10% and 15%); Ec: Eucalyptus camaldulensis (5%, 10% and 15%); Hs: Hyptis suaveolens (5%, 10% and 15%). Each value represents the mean ± SEM. Means in the same column followed by the same lowercase letters are not statistically different according to Tukey’s test at the 5% threshold. ns: non-significant difference (P > 0.05); **: highly significant difference ( P < 0.01); ***: very highly significant difference ( P < 0.001).
3.3.3. Duration of Visits per Flower

Table 3 presents the mean duration of a visit by Amegilla sp.1 on the flowers of Gossypium hirsutum in 2021 at Bocklé (rainy season) and 2022 (dry season). The results obtained show that the duration of nectar and pollen collection by Amegilla sp.1 varied significantly according to the season, the type of treatment, and the dose applied.

It was observed that the duration of nectar and pollen harvesting differed considerably between the rainy and dry seasons and according to the bio-insecticide treatments. The mean durations for nectar collection were generally higher in the dry season (≈ 49 – 130 s) compared with the rainy season (≈ 44 – 127 s). This suggests that environmental conditions in the dry season (flowering, resource availability, favorable microclimatic conditions) prolong the nectar foraging duration of Amegilla sp.1 Similarly, bees extended their pollen collection time in the dry season (≈ 27 – 63 s) compared with the rainy season (≈ 23 – 51 s). This trend confirms that seasonality strongly influences foraging behavior, probably linked to nectar concentration, floral structure, and pollen availability [19].

With regard to treatments, it appears that all tested bio-insecticides (Azadirachta indica, Cassia occidentalis, Eucalyptus camaldulensis and Hyptis suaveolens) significantly increased collection time compared with the control. The effect was particularly marked with C. occidentalis and E. camaldulensis, followed by A. indica and H. suaveolens. This prolongation of foraging time probably reflects the attractiveness of these plant extracts to Amegilla sp.1 and enhances their efficiency in collecting resources (nectar and pollen).

Table 3: Mean duration of a visit by Amegilla sp.1 on the flowers of Gossypium hirsutum in 2021 at Bocklé (rainy season) and 2022 (dry season). 
	Treatments
	Nectar
	t
	Pollen
	t

	
	Rainy season 
	Dry season 
	
	Rainy season 
	Dry season 
	

	
	n
	m ±es
	n
	m ±es
	
	n
	m ±es
	n
	m ±es
	

	Ec
	Tem
	35
	44.19 ± 0.27 c
	46
	49.26 ± 0.25 c
	5.48***
	20
	23.88 ± 0.15 bc
	28
	27.40 ± 0.22 bc
	9.37***

	
	 5
	39
	90.87 ± 0.23 b
	49
	95.08 ± 0.25b
	3.12**
	30
	28.63 ± 0.13 b 
	32
	30.74 ± 2.13 b
	4.36***

	
	 10
	41
	97.02 ± 0.34 a
	50
	100.92 ± 1.25 a
	4.97***
	32
	33.71 ± 0.19 a
	35
	35.76 ± 0.21 a
	6.37***

	
	 15
	40
	97.91 ± 0.18 a
	49
	97.95 ± 0.22 a
	0.25ns
	32
	31.81 ± 0.13 a
	33
	32.65 ± 0.11 a
	0.53ns

	
	Tema
	20
	35.57 ± 0.17 c
	26
	35.92 ± 0.17 c
	1.44ns
	13
	13.17 ± 0.14 c
	17
	13.78 ± 0.12 c
	1.44ns

	
	F(4.71)
	36.78***
	F(4.90)
	30.38***
	
	F(4.67)
	10.69***
	F(4.85)
	44.33***
	

	Co
	Tem
	35
	44.19 ± 0.27 c
	46
	49.26 ± 0.25 c
	5.48***
	20
	23.88 ± 0.15 bc
	28
	27.40 ± 0.22 bc
	9.37***

	
	 5
	45
	116.87 ± 0.43 b
	52
	117.08 ± 0.25b
	7.62ns
	37
	43.73 ± 0.13 b 
	40
	44.74 ± 0.13 b
	0.04ns

	
	 10
	48
	127.02 ± 0.54 a
	59
	130.92 ± 0.25 a
	4.33***
	40
	53.71 ± 0.19 a
	43
	55.76 ± 0.21 a
	7.03***

	
	 15
	46
	125.91 ± 0.20 b
	53
	127.95 ± 0.22 a
	3.59***
	38
	51.81 ± 0.13 a
	39
	53.65 ± 0.11 a
	0.85ns

	
	Tema
	20
	35.57 ± 0.17 c
	26
	35.92 ± 0.17 c
	1.44ns
	13
	13.17 ± 0.14 c
	17
	13.78 ± 0.12 c
	1.44ns

	
	F(4.61)
	39.25***
	F(4.79)
	35.28***
	
	F(4.56)
	43.61***
	F(4.75)
	60.82***
	

	Ai
	Tem
	35
	44.19 ± 0.27 c
	46
	49.26 ± 0.25 c
	5.48***
	20
	23.88 ± 0.15 bc
	28
	27.40 ± 0.22 bc
	9.37***

	
	 5
	37
	70.89 ± 3.23 b
	46
	75.67 ± 2.25b
	0.44ns
	29
	27.63 ± 0.13 ab 
	33
	28 ± 2.13 ab
	0.19ns

	
	 10
	37
	77.02 ± 0.34 a
	47
	80.52 ± 1.25 a
	3.87***
	31
	30.91 ± 0.65 a
	35
	35.76 ± 0.21 a
	7.86***

	
	 15
	36
	77.91 ± 0.18 a
	45
	77.95 ± 0.22 a
	2.18*
	28
	31.81 ± 0.13 a
	30
	32.65 ± 0.11 a
	0.39ns

	
	Tema
	20
	35.57 ± 0.17 c
	26
	35.92 ± 0.17 c
	1.44ns
	13
	13.17 ± 0.14 c
	17
	13.78 ± 0.12 c
	1.44ns

	
	F(4.66)
	49.64***
	F(4.13)
	57.71***
	
	F(4.61)
	53.59***
	F(4.64)
	51.02***
	

	Hs
	Tem
	35
	44.19 ± 0.27 c
	46
	49.26 ± 0.25 c
	5.48***
	20
	23.88 ± 0.15 bc
	28
	27.40 ± 0.22 bc
	9.37***

	
	 5
	41
	106.17 ± 0.23 b
	51
	107.08 ± 0.25b
	3.12**
	36
	33.73 ± 0.13 b 
	37
	34.74 ± 0.13 b
	0.04ns

	
	 10
	45
	117.42 ± 0.34 a
	55
	120.92 ± 0.25 a
	4.97***
	37
	43.71 ± 0.19 a
	39
	45.76 ± 0.21 a
	8.03***

	
	 15
	43
	115.71 ± 0.18 a
	52
	117.95 ± 0.22 a
	0.25ns
	35
	41.81 ± 0.13 a
	36
	43.65 ± 0.11 a
	1.85ns

	
	Tema
	20
	35.57 ± 0.17 c
	26
	35.92 ± 0.17 c
	1.44ns
	13
	13.17 ± 0.14 c
	17
	13.78 ± 0.12 c
	1.44ns

	
	
	56.70***
	
	57.77***
	
	F(4.56)
	43.61***
	F(4.75)
	60.82***
	


Tem: control; Tema: synthetic insecticide; Az: Azadirachta indica (5%, 10%, 15%); Ca: Cassia occidentalis (5%, 10%, 15%); Ec: Eucalyptus camaldulensis (5%, 10%, 15%); Hs: Hyptis suaveolens (5%, 10%, 15%). Each value represents the mean ± SEM. Means in the same column followed by the same lowercase letters are not statistically different according to Tukey’s test at the 5% threshold. ns: non-significant difference (P > 0.05); **: highly significant difference ( P < 0.01); ***: very highly significant difference ( P < 0.001).

3.3.4. Foraging Speed

Table 4 presents the foraging speed of Amegila sp.1 under different bio-insecticide treatments (E. camaldulensis, C. occidentalis, A. indica, and H. suaveolens), compared with a control, during the rainy and dry seasons. Overall, the results show that the foraging speed of Amegila sp.1 varied according to the nature of the treatment, the dose applied, and the season.

For E. camaldulensis, foraging speed was significantly reduced compared with the control, with values ranging between 9.16 ± 0.75 and 10.95 ± 0.43 flowers/min in the rainy season versus 7.38 ± 0.33 for the control. This trend was also observed in the dry season, with slightly higher values (10.49–11.60 flowers/min).

For C. occidentalis, the effect was even more pronounced, reaching up to 17.05 ± 0.39 flowers/min (rainy season) and 17.08 ± 0.45 flowers/min (dry season), which indicates a strong stimulatory effect on foraging.

Neem (A. indica) induced more moderate speeds (8.46–9.95 flowers/min in the rainy season and 9.01–9.20 in the dry season), very close to the control. This suggests a neutral or weakly inhibitory effect. H. suaveolens also showed strong stimulation (13.65–15.05 flowers/min), indicating that certain metabolites of this plant may not have repellent effects but could instead favor foraging activity.

These results suggest that the use of bio-insecticides does not necessarily have a negative effect on pollinators such as Amegilla sp.1. Some extracts such as C. occidentalis and H. suaveolens even appear to increase foraging speed, possibly due to attractive secondary compounds or reduced competition with other insects. On the other hand, E. camaldulensis and especially A. indica showed more neutral or slightly inhibitory effects, probably because of the repellent or toxic properties of known substances in neem (azadirachtin).

The observed seasonal variation shows that the interaction between bio-insecticides and pollinator activity also depends on ecological context (floral resources, climate, nectar availability). The use of some bio-insecticides (particularly C. occidentalis and H. suaveolens) could not only control pests but also favor pollinator activity, thereby improving crop productivity. Others, such as A. indica, should be used with caution during flowering periods, because even if the effects are weak, they could reduce pollination efficiency at a larger scale.

Table 4: Foraging speed of Amegilla sp.1 on the flowers of Gossypium hirsutum in 2021 at Bocklé (rainy season) and 2022 (dry season).
	Treatments 
	Rainy season 
	Dry season 
	t

	
	n
	m ± es
	n
	m ± es
	

	E. camaldulensis

	Tem
	230
	7.38 ± 0.33 ab
	221
	8.77 ± 0.60 ab
	3.56 ns

	
	 5
	122
	9.16 ± 0.75 ab
	150
	10.49 ± 0.22 a
	1.85ns

	
	 10
	214
	10.95 ± 0.43 a
	201
	11.01 ± 0.44 a
	2.32**

	
	 15
	108
	10.06 ± 0.39 a
	120
	11.80 ± 1.47 a
	2.40**

	
	Tema
	76
	5.50 ± 0.44 ab
	116
	5.65 ± 0.34 ab
	0.28ns

	
	F(4.83)
	14.45*
	F(4.80)
	17.17***
	

	C. occidentalis

	Tem
	230
	7.38 ± 0.33 ab
	221
	8.77 ± 0.60 ab
	3.56 ns

	
	 5
	124
	16.65 ± 0.42  a
	140
	14.49 ± 0.33 ab
	2.18*

	
	 10
	187
	17.05 ± 0.39 a
	156
	17.08 ± 0.45 a
	0.05ns

	
	 15
	103
	16.11 ± 0.43 a
	102
	16.47 ± 0.41 a
	0.58ns

	
	Tema
	76
	5.50 ± 0.44 b
	116
	5.65 ± 0.34 b
	0.28ns

	
	F(4.70)
	12.81*
	F(4.73)
	14.03***
	

	A. indica
	Tem
	230
	7.38 ± 0.33 ab
	221
	8.77 ± 0.60 ab
	3.56 ns

	
	 5
	134
	8.46 ± 0.55 ab
	145
	9.49 ± 0.32 a
	1.52ns

	
	 10
	166
	9.95 ± 0.43 a
	160
	9.01 ± 0.44 a
	0.09 ns

	
	 15
	105
	9.06 ± 0.49 a
	111
	9.20 ± 0.47 a
	0.02 ns

	
	Tema
	76
	5.50 ± 0.44 ab
	116
	5.65 ± 0.34 ab
	0.28ns

	
	F(4.73)
	12.49*
	F(4.74)
	14.45***
	

	H. suaveolens


	Tem
	230
	7.38 ± 0.33 b
	221
	8.77 ± 0.60 b
	3.56 ns

	
	 5
	135
	13.65 ± 0.40  ab
	147
	13.49 ± 0.33 ab
	0.07ns

	
	 10
	160
	15.05 ± 0.40 a
	165
	15.08 ± 0.45 a
	0.50ns

	
	 15
	100
	14.10 ± 0.43 a
	110
	14.47 ± 0.41 a
	0.26ns

	
	Tema
	76
	5.50 ± 0.44 b
	116
	5.65 ± 0.34 b
	0.28ns

	
	F(4.73)
	14.13***
	F(4.80)
	15.17***
	


Tem: control; Tema: synthetic insecticide; Az: Azadirachta indica (5%, 10%, 15%); Ca: Cassia occidentalis (5%, 10%, 15%); Ec: Eucalyptus camaldulensis (5%, 10%, 15%); Hs: Hyptis suaveolens (5%, 10%, 15%). Each value represents the mean ± SEM. Means in the same column followed by the same lowercase letters are not statistically different according to Tukey’s test at the 5% threshold. ns: non-significant difference (P > 0.05); *: significant difference ( P < 0.05); **: highly significant difference ( P < 0.01); ***: very highly significant difference ( P < 0.001).

3.4. Influence of fauna

During foraging activity, Amegilla sp. 1, as well as other pollinating insects, were disturbed by other insects competing for nectar and/or pollen. Visit interruptions occurred following collisions between visitors or when approaching a flower already occupied by another visitor. Thus, out of 991 visits recorded in the rainy season, 86 (8.67%) were disturbed by Amegilla sp. 1 and 66 (6.65%) by A. mellifera. In the dry season, out of 1157 visits recorded, 76 (6.56%) were disturbed by Xylocopa olivacea, 80 (7.60%) by A. mellifera, and 90 (7.77%) by Amegilla sp. 1. These disturbances resulted in reduced duration of some visits, forcing the insect to visit a greater number of flowers during a foraging trip in order to obtain its optimal load of nectar and/or pollen. Similar observations were made by Dounia & Tchuenguem [14], Mazi and collaborators [28], and Basga and collaborators [8] with A. mellifera, and by Adamou and collaborators [2] with Amegilla sp. 1 on flowers of this plant.

3.5. Influence of surrounding flora

During the flowering period of G. hirsutum, other plants located near the experimental field were visited by individuals of Amegilla sp. 1 for nectar or pollen. In the rainy season, out of 991 visits recorded, we observed 25 (2.52%) movements of Amegilla sp. 1 from Ab. esculentus flowers to those of G. hirsutum, 15 (1.51%) movements from G. hirsutum to Ab. esculentus, and 17 (1.71%) to V. unguiculata. In the dry season, out of 1157 visits recorded, we noted 29 (2.50%) movements from G. hirsutum to Citrus limon and 45 (3.88%) movements from Citrus limon to G. hirsutum. Thus, individuals of Amegilla sp. 1 generally remained faithful to G. hirsutum flowers during foraging trips. This phenomenon, known as floral constancy has long been documented in bees [27].

3.6. Impact of Amegilla sp.1 on the Pollination of Gossypium hirsutum
While collecting nectar or pollen from cotton flowers, foragers were always in contact with the anthers and carried pollen. During their foraging trips, they could cause cross-pollination since they regularly moved from the flowers of one plant to those of another plant of the same species. Pollen from one flower could thus be deposited on the stigma of another flower of the same plant, thereby increasing pollination opportunities. Mazi and collaborators [28] also reported in Ngaoundéré that Apis mellifera workers played an effective role in pollinating Gossypium hirsutum. Table 5 summarizes the data concerning fruiting rates in the different treatments of G. hirsutum during the two experimental seasons in 2021 and 2022.

The analysis of cotton fruiting rates (Table 5), according to seasons, pollination-related parameters (FL, FP, FPD, FPS), and biopesticide treatments, revealed the following: In the rainy season (2021), fruiting rates were generally very high (92–98%), particularly for open-pollinated flowers (FL) and flowers protected but then exposed exclusively to visits by Amegila sp.1 (FPD), both associated with strong pollination activity. Flowers protected from insects (FP) and flowers protected but opened without insect visits (FPS) displayed lower rates (85–88%), confirming the significant contribution of pollinators. In the dry season (2022), the overall trend was maintained but with more marked variability. Fruiting rates dropped for FP (≈ 80–85%) and FPS (≈ 85–87%), while FL and FPD remained above 93%.

The differences observed between FL/FPD (high pollination activity) and FP/FPS (low or none) confirm that insect pollinators provide a significant added value (7–15% depending on the season) to cotton fruiting. This result corroborates the work of Tchuenguem and collaborators [47] and Pires [37], who demonstrated that bees (Amegilla sp., Apis mellifera, Xylocopa sp.) improve fruit set and reduce flower abortion. The effect was especially marked in the dry season, suggesting that entomophilous pollination compensates for climatic constraints (water stress, reduced pollen viability).

With regard to biopesticide treatments, C. occidentalis extracts (5%, 10%, 15%) presented the best performance (>95% fruiting), followed by H. suaveolens. Basic treatments (Tem, Tema) gave acceptable but slightly lower results (≈ 90–93%). Overall, biopesticides did not reduce pollinator effectiveness and instead seemed to promote high fruiting rates by limiting pest pressure (Heliothis, aphids, thrips). These findings confirm the observations of Liao and collaborators in 2021 [23] and Péré and collaborators in 2022 [36] on the effectiveness of natural biopesticides in integrated pest management.

The combination of pollinators and biopesticides emerged as the most effective strategy, highlighting the complementarity between the ecosystem service of pollination and natural crop protection. Unlike conventional chemical pesticides, which disrupt pollinator fauna [19], the biopesticides tested here appear compatible with the conservation of beneficial insects.

Table 5: Fruiting rates according to different treatments of Gossypium hirsutum in 2021 at Bocklé (rainy season) and 2022 (dry season).

	Parameters
	Treatments
	

	
	Tem
	Tema
	Ec1
	Ec2
	Ec3
	Az1
	Az2
	Az3
	Hs 1
	Hs 2
	Hs 3
	Co1
	Co2
	Co3
	F(13.22)

	Rainy season (2021)

	1 (FL)
	92.96 ± 3.03
	90.66 ± 8.01
	97.32 ± 2.79
	97.38 ± 5.80
	96.78 ± 6.06
	94.57 ± 6.33
	95.32 ± 2.79
	93.38 ± 5.80
	97.78 ± 6.06
	98.90 ± 5.24
	97.88 ± 3.45
	96.02 ± 5.69
	99.90 ± 5.24
	98.78 ± 10.92
	29.01ns

	2 (FP)
	85.84 ± 10.92
	81.11 ±11.46
	88.28 ± 7.10
	88.54 ± 9.36
	87.66 ± 10.92
	87.75 ± 8.01
	87.28 ± 7.10
	87.54 ± 9.36
	89.66 ± 10.92
	89.78 ± 6.06
	88.28 ± 10.74
	91.75 ± 6.06
	91.54 ± 5.48
	90.66 ± 8.01
	10.66 ns

	5 (FPD)
	90.40 ± 1.54
	88.31 ± 4.35
	90.73 ± 2.81
	90.49 ± 1.62
	89.14 ± 4.31
	92.96 ± 1.63
	94.73 ± 2.81
	90.49 ± 1.62
	91.14 ± 4.31
	94.82 ± 2.81
	91.39 ± 1.55
	94.73 ± 2.81
	96.40 ± 1.54
	91.22 ± 1.62
	21.75 ns

	6 (FPS)
	86.04 ± 4.23
	83.14 ± 4.84
	88.66 ± 6.66
	88.23 ± 8.66 
	88.90 ± 6.07
	87.41 ± 1.49
	88.66 ± 6.66
	89.23 ± 8.66 
	89.90 ± 6.07
	90.22 ± 1.80
	89.64 ± 3.24
	92.11 ± 1.90
	92.51 ± 1.05
	91.13 ± 1.21
	0.41 ns

	F(3.08)
	0.48 ns
	0.62 ns
	1.36 ns
	0.86 ns
	1.60 ns
	0.87 ns
	1.36 ns
	0.86 ns
	1.60 ns
	1.22 ns
	0.45 ns
	1.15 ns
	1.79 ns
	0.68 ns
	

	Dry season (2022)

	3 (FL)
	95.96 ± 6.33
	90.96 ± 8.11
	96.22 ± 2.77
	96.88 ± 5.85
	95.70 ± 6.06
	93.77 ± 6.35
	94.72 ± 2.70
	92.58 ± 5.80
	96.88 ± 6.60
	97.90 ± 5.24
	96.85 ± 3.45
	95.22 ± 5.60
	98.90 ± 5.24
	97.78 ± 10.92
	11.22 ns

	4 (FP)
	83.54 ± 10.92
	80.09 ±11.46
	85.28 ± 7.19
	85.54 ± 9.36
	84.76 ± 10.92
	85.75 ± 8.31
	84.28 ± 7.10
	84.59 ± 9.36
	86.66 ± 10.55
	86.98 ± 6.06
	85.24 ± 10.66
	89.95 ± 6.06
	89.84 ± 5.48
	87.06 ± 8.01
	20.87 ns

	7 (FPD)
	87.74 ± 6.67
	85.81 ± 8.66
	88.60 ± 7.19
	88.31 ± 6.51
	87.60 ± 6.14
	87.12 ± 8.00
	87.60 ± 7.19
	86.31 ± 6.51
	89.60 ± 6.14
	89.61 ± 1.81
	87.95 ± 10.98
	90.65 ± 4.63
	91.47 ± 2.85
	89.90 ± 11.08
	0.29 ns

	8 (FPS)
	84.29 ± 13.15
	82.94 ±16.36
	86.66 ± 12.83
	86.12 ± 16.06
	86.44 ± 2.22
	85.40 ± 11.49
	86.66 ± 12.83
	87.12 ± 16.06
	87.44 ± 2.22
	98.42 ± 15.86
	87.64 ± 13.24
	90.61 ± 15.95
	91.57 ± 10.05
	89.83 ± 11.21
	15.10 ns

	F(3.10)
	0.66 ns
	1.28 ns
	0.91 ns
	0.94 ns
	0.70 ns
	2.34 ns
	0.91 ns
	0.94 ns
	0.70 ns
	1.04 ns
	1.65 ns
	0.92 ns
	1.58 ns
	3.52 ns
	


FL: flowers left under free pollination; FP: permanently bagged flowers; FPD: flowers visited exclusively by Amegila sp.1; FPS: flowers protected and opened but without insect visits. Tem: control; Tema: synthetic insecticide; Az: Azadirachta indica (5%, 10%, 15%); Ca: Cassia occidentalis (5%, 10%, 15%); Ec: Eucalyptus camaldulensis (5%, 10%, 15%); Hs: Hyptis suaveolens (5%, 10%, 15%). Each value represents the mean ± SEM. Means in the same column followed by the same lowercase letters are not statistically different according to Tukey’s test at the 5% threshold. ns: non-significant difference (P > 0.05); *: significant difference ( P < 0.05); **: highly significant difference ( P < 0.01); ***: very highly significant difference ( P < 0.001).

CONCLUSION

This study confirms that Amegila sp.1 is a major pollinator of cotton in the Sudano-Sahelian zone, with a strong preference for pollen and a direct impact on fruiting. The tested biopesticides proved generally compatible with pollinator conservation, but with notable differences: Cassia occidentalis and Hyptis suaveolens enhanced abundance (≈ 50–60 individuals/1000 flowers), prolonged foraging duration (>110 s), and increased foraging speed (up to 17 flowers/min), whereas A. indica and E. camaldulensis significantly reduced visitation (≈ 34–46 individuals/1000 flowers).

Fruiting rates confirmed the complementarity between biopesticides and pollinators, exceeding 95% with C. occidentalis and 93% with H. suaveolens. By comparison, chemical insecticides caused a sharp decline in flower-visiting activity (≈ 16–17 individuals/1000 flowers and visit times ≈ 35 s).

In conclusion, the integration of biopesticides particularly C. occidentalis and H. suaveolens into cotton cultivation allows for effective pest management while maintaining entomophilous pollination and sustainably improving yields. This agroecological approach represents a strategic alternative to strengthen the sustainability and resilience of cotton production in Northern Cameroon.
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