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ABSTRACT 

	Aims: Okra is damaged in fields. Misuse of synthetic pesticides harm non-target organisms. Botanical extracts as alternatives were tested to evaluate effects of aqueous leaves extracts on flower-visiting insects. 
Study design: Ecological survey was conducted in 11 trials (four plots each). 
Place and Duration of Study: Investigations were carried out in Bockle from June 15 to October 10, 2022. 
Methodology: Aqueous extracts were sprayed and flowers inspected two days a week. 
Results: A total of 4,406 specimens belonged to six orders, 11 families and 14 species. Lilioceris lilii (42.2%) and Apis mellifera adansonii (12.0%) highly occurred. Extracts affected exclusively Li. lilii. Species richness was low (d=0.012 in the pooled Azadirachta indica extract to d=0.044 in 15% Eucalyptus camaldulensis plots; pooled assemblages: d=0.003). Species diversity was slightly median in pooled assemblages (H’=2.064, H’max=2.639), low in experiments (H’=1.908; H’max=6.644 in untreated to H’=2.255, H’max=5.781 in 15% Senna occidentalis); highly even (J=0.723 in untreated plots to J=0.855 in 15% Se. occidentalis; J=0.782 in the pooled assemblages), four co-dominants in untreated plots, 5% and 10% Az. indica and Se. occidentalis respectively to eight species in the pooled assemblages. Assemblages fitted Zipf’s model with a high decay coefficient and fractal dimension (γ=0.986, 1/γ=1.014 in 15% Eu. camaldulensis to γ=1.362, 1/γ=0.734 in 10% Eu. camaldulensis; pooled assemblages: γ=1.203 and 1/γ=0.831). Assemblage from 15% Az. indica plots fitted Zipf-Mandelbrot with a high decay coefficient (γ=2.152), high niche diversification (β=2.578) and low fractal dimension (1/γ=0.465). Six dominant pollinators and flying insects strongly tolerated each other, repelled eight pests and shredders that in turn were weakly correlated each other. 
Conclusion: Promoting pollinators and flying insects, breaking solidarity among pests and shredders, and using pollinators and butterflies as indicators (their decrease indicate imminent pests invasion) would optimize the health of Okra plants. However further studies are needed to validate reliability.
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1. INTRODUCTION
[bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK151][bookmark: OLE_LINK152]Abelmoschus esculentus (L.) Moench, 1794, commonly known as Okra, is an annual tropical flowering plant species belonging to the Malvales order and Malvaceae family, initially classified in the genus Hibiscus L., 1753. The genus Abelmoschus Medik., 1787 is best known through okra, and it includes several plants of economic or ornamental importance. Okra is widely cultivated in the world for fruits consumed as a vegetable (Legba et al., 2018; Swamy, 2023). Okra plant was long considered of Africa or India origin, but nowadays there is a strong consensus towards Abyssinian region of Ethiopia in Africa (Swamy, 2023). The mature okra plant presents a varying degrees of branching, diverse size, shape, color of the edible fruits, height from 1 m in dwarf cultivars to >2.6 m in tall cultivars (Ahmed et al., 2023). Flowers are ephemeral, hermaphroditic, solitary, and large. Okra plant takes about 45 to 60 days to bear ready-to-harvest fruits. Okra leaves and fruits are very important in the human diet (source of protein, carbohydrates, lipids, fiber, vitamins such as B1, B2, B3, B5, B6, C, minerals such as potassium, magnesium, iodine, sodium, calcium, iron, manganese, phosphorus, zinc, source of dietary fiber, and enzymes) and are used to prepare a sticky sauce while seeds are used to make refined edible oil (Legba et al., 2018). Leaves and fruits are also used in medicine (curing ulcers, relief from hemorrhoids, plasma replacement or blood volume expander and also useful in genito-urinary disorders, spermatorrhoea, chronic dysentery) as well as in crafts, and industry for the pharmacological properties (anti-inflammatory, diuretic, and antiseptic, hypolipidemic, antioxidant, hypoglycemic, very important in different industrial and medicinal purposes), to treat constipation, urinary incontinence, colds, diabetes, and to regulate blood cholesterol levels, and infusion of leaves is known to facilitate childbirth, as well as another uses such as important source of material for paper pulp, making of cords or bags (Legba et al., 2018). Global okra production is dominated by Asia and Africa, the world's peak annual production being over 11 million tons, with India accounting for approximately 70% (FAOSTAT, 2025; AtlasBig.com, 2026), followed by Nigeria (leader in Africa, 1,917,406.63 tons), Mali (669,688.0 tons), Sudan (major producer in East Africa: 322,403.39 tons), Pakistan as the leading Asian producer (263,448.0 tons). Ivory Coast (important producers in West Africa, 193,193.65 tons), and Cameroon occupies the 9th position (84,030.35 tons) (AtlasBig.com, 2026). Despite the nutritional and therapeutic value of okra, production is far from meeting the growing demand in Cameroon. Low productivity is linked to several limiting abiotic and biotic factors, less understood. Available reports on other vegetable crops point out the negative effect of the climate change, pest management, and limited access to certified seeds and okra production is subject to numerous hazards that seriously limit its cultivation, the most reported causes being effects of plant diseases and insect pests (Legba et al., 2018; Mohammadou et al., 2023). In order to control insect pests, farmers resort to available synthetic insecticides, which are consequently very harmful to living organisms (Adamou et al., 2022). Therefore, it would be important to develop strategies to control insect pests while protecting the environment and beneficial insects. Leaves extracts of several plants have been successfully used against pest insects and were recommended as alternative to replace synthetic insecticides (Mohammadou et al., 2023). In Cameroon, despite the abundant reports concerning flower-visiting insects recorded on several market garden plants, data are lacking concerning effects of potential insecticidal plants on insects associated with okra plants. The objective of the present study is to characterize the composition, structure, and functioning of the flower-visiting insects community, and determine the impact of botanical extracts on insects for optimal pest control.

2. material and methods 
2.1. Study Site
The field investigations were carried out from June 15 to October 10, 2022, during the rainy season in a 56x19 m rectangular area (1,064 m²) located in Bockle situated in the North region (Fig. 1A, 1B), exactly in Benoue subdivision (Fig. 1C), the 3rd District of Garoua (North Cameroon) (9°17′29.88″N, 13°24'35.07"E, and 169 m a.s.l.) (Fig. 1D) (Gormo et al., 2021; Mena & Yangne Houmbosso, 2025), at 43.8 m from the National Road N1 and 395 m from the bank of the Benoue River (Fig. 1E). Plots were selected following the owner's agreement. Bokle locality is situated in the high Guinean wooded tropical savannah and correspond to the sudano-Sahelian agro-ecological zone, with a semi-arid and a unimodal rainfall (Yaouban & Bitondo, 2022). The prevailing climate is a type “BSh” according to Köppen and Geiger’s classification and the amount of rainfall remains low during the entire year (Yaouban & Bitondo, 2022; Climate-Data.org, 2025) with two unequal seasons: a long very hot dry season (October/November to April/May of the following year), followed by a short rainy season (May/June to September of the same year). 

2.2. Experimental Design 
2.2.1. Plots and Chemicals
Okra plots were delimited following the procedure described by Mohammadou et al. (2023). Three categories of plots were created: (1) four untreated plots, (2) four treated plots using the synthetic chemical TEMA© insecticide (mixture of emamectin benzoate 60 g.kg-1 and Teflubenzuron 75 g.kg-1, usually used in cotton and maize crops protection against caterpillars and sap-sucking insects, and (3) 36 plots treated using aqueous leave extract of three plant species: Azadirachta indica A. Juss., 1830 (Meliaceae) (12 plots), Eucalyptus camaldulensis Dehnh., 1832 (Myrtaceae), and Senna occidentalis (L.) Link, 1753 (Fabaceae) (5%, 10% and 30% extract of each plant, four plots each). At least three-meter space separated plots from neighboring fallows and subsistence farming plots. Giving up 44 open-field plots of 4x3.5 m each, spaced 1 m apart, delimited according to the randomized complete block procedure with four replications and subjected to the same climate. The synthetic insecticide mixture acts through ingestion and trans-laminar absorption, with high resistance to leaching, with a dual action, as it penetrates the leaves to eliminate pests, offering residual protection. It is recommended at the rate of 200 g.ha-1 to protect Gossipium hirsutum L., 1763 (Malvaceae) at its developmental stages against insect pests (Adamou et al., 2022; Savana, 2026). 
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Fig. 1. Location of the study site in Bokle locality. 
A: North Region in Cameroon (adapted from Gormo et al., 2021); B: location of Garoua in the North Region of Cameroon; C: location of the Benoue Subdivision in the North Region of Cameroon (adapted from Mena & Yangne Houmbosso, 2025); D: Bokle locality in Garoua (adapted from Mena & Yangne Houmbosso, 2025); E: Study site in Bockle locality (from Google Earth Pro version 7.3.6.10201).

The TEMA insecticide is approved in Cameroon (MINADER, 2021) and is commonly used by farmers in Northern Cameroon. Azadirachta indica (neem) is a tropical evergreen tree native to India, nowadays cultivated across tropical and subtropical regions for its insecticidal and medicinal properties (Wahjono et al., 2024). Eucalyptus camaldulensis is an Australian native species widely planted for its timber, adaptability, the production of essential oil (eucalyptol) and the medicinal use and leaves extract has been proven effective as a botanical insecticide against several insect pests (Baeshen & Baz, 2023). Senna occidentalis is an erect, sparsely branched plant, often hairless under shrub, with a characteristic foetid odor, widely distributed as a pan-tropical weed, naturalized in Africa and organs are used in traditional medicine due to its valuable chemicals (Ahmad Sameera, 2025).
2.2.2. Okra sowing 
Improved seeds of the okra Kirikou F1 cultivar were obtained in the city of Garoua from the plant protection shop SEMAGRI Sarl (a private seed company specialized in the development, production, and marketing of vegetable seeds adapted to tropical climates). Okra Kirikou F1 variety is a very early hybrid particularly (an early-flowering, dwarf variety, 50 to 60 days after sowing before falling to make way for the pods) prized in West and Central Africa for its productivity and resistance (Blalogoe et al., 2025). The adult plant produces a large number of leaves and flowers resemble those of the hibiscus (large, spiraled, and cream-colored with a dark center). Ephemeral flowers typically open very early in the morning (often at sunrise around 5 a.m), remain open for only a single day before withering. Fruits (pods) are dark green, smooth, and tender, retaining a good texture, changing color from bright green when immature to brown at maturity, with a smooth to slightly rough surface and the elongated shape (Iweka & Uguru, 2019). The cultivation area was cleared, plowed, and fenced to prevent potential damaging by stray livestock, then divided into four blocks (11x4 plots, 1 m wide path separation between plots). After the first rains, seeds were sown in six rows per plot and 11 bunches per row (36.36 cm intra-row spacing, 50 cm inter-row spacing). Three seeds were placed in each bunch and weeding was carried out with bare hands and a hoe every two weeks. First flowers appeared two weeks after sawing.

2.2.3. Aqueous leaves extract of the botanical origin insecticides 
Fresh leaves of Az. indica, Eu. camaldulensis and Se. occidentalis were harvested early in the morning at Lainde (suburb of Garoua) and taken in labeled bags to the laboratory where they were cleaned, pounded, and pastes were stored in labeled sealed plastic containers, placed in the refrigerator until the day of the aqueous extraction. For each extract, 50, 100, and 150 g were taken using a DIAMAND electronic balance (0.01 g accuracy) and added each to a one litter distilled water to obtain 5%, 10%, and 15% concentrations. After 24 hours stirring and maceration, mixtures were filtered using a 0.2 mm mesh sieve and stored in labeled containers placed in the refrigerator for the field application.

2.2.4. Field Application of the Chemicals. 
Four untreated plots (negative control) were considered. Chemical applications were done between 4 and 6 p.m.: four plots for TEMA© synthetic insecticide (positive control), and four plots for respectively the three concentrations 5%, 10% and 15% of aqueous leaves extract obtained from Az. indica, Eu. camaldulensis and Se. occidentalis. Spraying began two weeks after sowing using four hand-operated sprayers (one for each chemical type) and was repeated every two weeks until the fruits harvest. 

2.2.5. Data Collection. 
As flowers appeared two weeks i.e., 14th day after sowing, 32 randomly selected labeled plants per plot were checked two days a week, repeated every two weeks. On each selected plant, flowers were daily inspected from 7 a.m. to 3 p.m. in four time slots (one-hour intervals between slots) and insects were collected using brushes for small size non-flying specimens, soft forceps for large size non-flying ones, a vacuum cleaner or a sweep net for flying insects or after neutralization using an aerosol insecticide spray as described by Mohammadou et al.. (2023). Collected insects were identified in-situ when possible or preserved in labeled vials containing 70% ethanol for the identification in the Laboratory. Butterflies adults were preserved in folded A4-sized devices (papillotes) while caterpillars and other insect larvae were collected and reared in laboratory until emergence of adults.

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]2.2.6. Species Identification. 
Plants were identified in-situ when possible or photographed and a sample of leaves, bark, flowers and fruits (when available) allowed identification in the laboratory by botanist colleagues. Collected insects were identified to the species level in the Laboratory of Applied Zoology (Department of Biological Sciences, Faculty of Science, University of Ngaoundere) where voucher specimens were deposited. Identification was done using a magnifying glass, available keys, checklists and illustrated catalogues and recent reports were consulted for recent developments in the taxonomy of the identified insects (Berti & Rapilly, 1976; Couilloud, 1989; Chiffaud & Mestre, 1990; Doguet, 1994; Eardley, 1994; Pogue, 2002; LeSage & Elliott, 2003; Robertson, 2004; Bellmann & Luquet, 2009; Eardley & Urban, 2010; Poutouli et al., 2011; Eardley, 2012; Hubble, 2012; Ssymank & Mengual, 2014; EFSA Panel on Plant Health et al., 2017, Aslan & Ghahari, 2019; Aberlenc, 2020; Matojo, 2020; Sáfián & Siklósi, 2026).

2.2.7. Data Analysis 
Data were presented in terms of absolute or relative abundances, or mean ± standard error (se). Comparison of two percentages was done using the Fisher’s exact test. Simultaneous comparison of several percentages was done using the asymptotic Fisher-Freeman-Halton test. Pairwise comparisons were set up when relevant and the exact p-values were calculated using the StaXact-3 software version 3.1 and adjusted using the Bonferroni procedure from RStudio software version 2025.09.1+401. Shapiro-Wilk normality test and the Levene’s equality of variances test were performed and simultaneous comparison of several means was done using ANOVA test followed by the Student-Newman-Keuls post-hoc test when normality and equal variance conditions were met. Otherwise, the Kruskal-Wallis test followed by Dunn’s post-hoc tests was performed and p-values were adjusted using the Bonferroni procedure. The structure of the assemblages was characterized using alpha diversity indexes from PAST (Paleontological Statistics) software version 3:04: Margalef’s index Mg=(S-1)/ln(n), richness ratio d=S/n with 0≤d≤1, abundance-base non-parametric estimator Chao-1, maximum Shannon H'max=ln(S), Shannon-Weaver H', Simpson index D, Pielou’s evenness J=H’/H'max with 0≤J≤1, and Berger-Parker’s index IBP=nmax/n with 0≤IBP≤1. Hill’s diversity numbers were determined (N1=eH’ estimated the number of simply abundant species; N2=1/D estimated the number of co-dominants). Adjustment quality of the species abundance distributions (SADs) to a theoretical model was tested using the Pearson correlation between logarithms of abundances and ranks of species in decreasing order of abundance (r<-0.95 for poor quality; r≈-0.95 for approximate quality; r≈-0.98 for satisfactory quality; and r≥-0.99 for excellent quality). Five theoretical models were tested using package “Vegan” from RStudio software version 2025.09.1+401: (1) Broken-Stick (BS) niche partitioning, (2) log-linear (LL) nomocenosis with the environmental constant m (0≤m≤1 as the rate of decrease in abundance by rank; m≈1 for favorable and balanced environment; m≈0 for the harsh environment, selective, polluted with a few "pioneer" species), (3) lognormal (LN) nomocenosis with the environmental constant m’ with 0≤m’≤1 representing the rate of decrease in abundance of species by rank (m’≈1 for very diverse assemblage in highly heterogeneous environment or highly disturbed, polluted environment in which only a few opportunistic species manage to proliferate; m’≈0 for extremely homogeneous assemblage) (van Klink et al., 2024), (4) Zipf (Z) model with a γ(gamma) parameter representing the decay coefficient or the average probability of occurrence of a species (Koplenig, 2015) (γ>1 for low evenness or community dominated by one or very few species, γ<1 for high evenness, γ≈1 for the pure Zipf's law, γ>1.5 for very unbalanced community), (5) Zipf-Mandelbrot (ZM) model, which is a generalized Z model in which β(beta) parameter (degree of the niche diversification) is added (β=0 for the pure Zipf's law, β>0 for a more balanced distribution of resources among several dominant species, β>2 to 3 for a community where the dominant species have abundances very close to each other) (Spatharis & Tsirtsis, 2013). The fractal dimension 1/γ (measure of the complexity of the system) was determined (1/γ<0.5 for stressed systems, 0.5<1/γ<1 for healthy systems, 1/γ≈0 for extremely poor system, 1/γ≈ 0.5 for ecosystems in transition with limited resilience, 1/γ≈1 for mature and complex ecosystems with critical self-organization). The best model was selected using Akaike Information Criteria (AIC) procedure and the model was provided. Between species covariance was tested using Schluter’s variance ratio from RStudio software (VR=1 for independent variation, VR<1 for negative covariance, VR>1 for positive covariance). Between species Kendall correlations were tested from PAST software (τ<0 for repellency, τ>0 for tolerance).

3. results and discussion
3.1. Composition of the Flower-Visiting Insect Assemblage 
A total of 4,406 insect specimens belonged to six orders, 11 families, and 14 diurnal species. The most recorded order was Coleoptera Linnaeus, 1758 (49.6%) followed by Hymenoptera Linnaeus, 1758 (16.3%), then Orthoptera Latreille, 1793 (14.1%), Hemiptera Linnaeus, 1758 (11.1%), Lepidoptera Linnaeus, 1758 (7.0%) and the least represented order was Diptera Linnaeus, 1758 (1.9%) (Table 1). The most collected family was Chrysomelidae Latreille, 1802 (Coleoptera) (2,186 specimens), followed by Apidae Latreille, 1802 (Hymenoptera) (632), Pyrrhocoridae Amyot & Serville, 1843 (Hemiptera) (487), Acrididae Macleay, 1821 (Orthoptera) (229), Pyrgomorphidae Brunner von Wattenwyl, 1874 (Orthoptera) (199), Tettigoniidae Krauss, 1902 (Orthoptera) (194), Noctuidae Latreille, 1809 (Lepidoptera) (120), Pieridae Swainson, 1820 (Lepidoptera) (105), Megachilidae Latreille, 1802 (Hymenoptera) (88), and the least represented families were Hesperiidae Latreille, 1809 (Lepidoptera) and Syrphidae Latreille, 1802 (Diptera) (83 each). The most collected species was Lilioceris lilii Scopoli, 1763 (Chrysomelidae) (42.2% of the total collection), followed by Apis mellifera adansonii Latreille, 1804 (Apidae) (12.0%), Podagrica fuscicornis Linnaeus, 1767 (Chrysomelidae) (7.4%), Dysdercus nigrofasciatus Stål, 1855 (Pyrrhocoridae) (6.1%), Anacridium aegytium Linnaeus, 1764 (Acrididae) (5.2%), Dysdercus voelkeri Schmidt, 1932 (Pyrrhocoridae) (4.9%), Zonocerus variegatus Linné, 1758 (Pyrgomorphidae) (4.5%), Ruspolia differens Serville, 1838 (Tettigoniidae) (4.4%), Spodoptera frugiperda J. E. Smith, 1797 (Noctuidae) (2.7%), Mylothris chloris (Fabricius, 1775) (Pieridae) (2.4%), Amegilla calens Le Peletier. 1841 (Apidae) (2.3%), Megachile (Chalicodoma) cincta Fabricius, 1781 (Megachilidae) (2.0%), and least collected species were Spialia ploetzi Aurivillius, 1891 (Hesperiidae) and Paragus borbonicus Macquart, 1842 (Syrphidae) (1.9% each) (Table 1). Three exotics (21.4%) were Li. lilii and Po. fuscicornis (Chrysomelidae) from the Palearctic region, widespread in Eurasia (from Europe to Asia), and Sp. frugiperda (Lepidoptera: Noctuidae) known as invasive pest from the tropical and subtropical Americas (Table 1). Eleven other species (78.6%) were natives to tropical Africa (Table 1). Exotics (2,793 i.e. 63.4%) mostly occurred than natives (1.613 i.e. 36.6%) (Fisher’s exact test: p<.001) (Table 1). Seven species were pests: An. aegytium, Li. lilii and Po. fuscicornis the former Chrysomelidae being invasive, Dy. nigrofasciatus and Dy. voelkeri, Zo. variegatus, and Sp. frugiperda (Table 1). Two species were of unknown pest status: Si. ploetzi and My. chloris (Table 1). Ruspolia differens is not recognized as a crop pest, but rather as an edible insect (Table 1) and Pa. borbonicus is an eggs predator able to be used as auxiliary against pests (Table 1). Other useful species (pollinators) were Am. calens, Ap. mellifera adansonii, and Me. (Chalicodoma) cincta (Table 1). Pests (3,221 specimens, 73.1%) were highly represented than useful insects (803 specimens, 18.2%) (Fisher’s test: p<.001) and than species of unknown pest status (188 specimens, 4.3%; Fisher’s test: p<.001) (Table 1). Useful species were highly abundant than species of unknown pest status (Fisher’s test: p<.001) (Table 1). Between control plots, synthetic insecticide reduced abundances of six species except in eight species Am. calens, Dy. voelkeri, Me. (Chalicodoma) cincta, My. chloris, Pa. borbonicus, Ru. differens, Si. ploetzi, and Sp. frugiperda (Table 2). Between extracts comparison showed a variation exclusively in Li. lilii and the overall data (Table 2). As for Dunn’s post-hoc tests, Li. lilii highly occurred in untreated plots than in synthetic insecticide treated ones (p<0.001; Bonferoni corrected significant level α’=.001), than A5 (5% extract of Az. indica), A10 (10% Az. indica), A15 (15% Az. indica), E5 (5% Eu. camaldulensis), E10 (10% Eu. camaldulensis), E15 (15% Eu. camaldulensis), S5 (5% Se. occidentalis), S10 (10% Se. occidentalis), and S15 (15% Se. occidentalis) (p<.001; α’=.001 respectively). The synthetic insecticide was more effective than A5 and E10 (p<.001; α’=.001 respectively) while other differences were not significant (A10%: p=.003 for α’=.002; A15%: p=.897 for α’=.025; E5%: p=.009 for α’=.002; E15%: p=.090 for α’=.002; S5%: p=.015 for α’=.002: S10%: p=.176 for α’=.003; S15%: p=.601 for α’=.007). Between the botanical extracts, A15, E15 and S15 were each effective than A5 (p<.001 for α’=.001 respectively). Other comparisons to A5 were not significant (A10: p=0.315 for α’=.005; E5: p=.166 for α’=.003; E10: p=.716 for α’=.010; S5: p=.120 for α’=.003: S10: p=.008 for α’=.002). Extracts A15 and S15 were effective than A10 (p=.001 for α’=.002; p<.001 for α’=.001 respectively). Other comparisons to A10 were not significant (E5: p=.742 for α’=.013; E10: p=.557 for α’=.006; S5: p=.621 for α’=.008: S10: p=.113 for α’=.003). Botanical extract A15 was effective than E10 (p<.001; α’=.001) while other comparisons to A15 were not significant (E5: p=.005 for α’=.002; E15: p=.134 for α’=.003; S5: p=.008 for α’=.002: S10: p=.122 for α’=.003; S15: p=.743 for α’=.017). Botanical extracts E15 and S15 were each effective than E5 (E15: p<.001 for α’=.001; S15: p=.001 for α’=.002) while other comparisons to E5 were not significant (E10: p=.332 for α’=.006; S5: p=.912 for α’=.050); S10: p=.230 for α’=.004). Extracts E15 and S15 were each effective than E10 (p<.001 and α’=.001 respectively) and difference was not significant compared to S5 and S10 (p=.256 for α’=.004; p=.026 for α’=.002 respectively). Extract 15% Eu. camaldulensis (E15) was effective than S5 (p<.001 for α’=.001) and was not different compared to S10 and S15 (p=.002 for α’=.002; p=.269 for α’=.004 respectively). Variation was not significant in S5 vs. S10 or S15 (p=.302 for α’=.005; p=.002 for α’=.002) and even between S10 and S15 (p=.053 for α’=.002) Lilioceris lilii showed the following ranking: Untreated plots (8.0%) > A5 (4.5%) > E10 (4.3%) > A10 (4.0%) > E5 (3.9%) > S5 (3.8%) > S10 (3.4%) > TEMA (2.8%) = A15 (2.8%) > S15 (2.6%) > E15 (2.2%).
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Table 1. Composition of the flower-visiting insects assemblage on Abelmoschus esculentus (L.) Moench, 1794
	Ordre Order / Famille
	Species
	Origin and status
	n (%)

	Coleoptera Linnaeus, 1758 (2,186 specimens, 49.6%)

	Chrysomelidae Latreille, 1802
	Lilioceris lilii Scopoli, 1763 
	Exotic (Pest), Invasive, Palearctic (Eurasia), Phytophagous
	1,861 (42.2)

	
	Podagrica fuscicornis L., 1767 
	Exotic (Pest), Palearctic, Phytophagous
	325 (7.4)

	Diptera Linnaeus, 1758 (83 specimens, 1.9%)

	Syrphidae Latreille, 1802
	Paragus borbonicus Macquart, 1842
	Native (larvae are predators and adults are pollinators), TAf
	83 (1.9)

	Hemiptera Linnaeus, 1758 (487 specimens, 11.1%)

	Pyrrhocoridae Amyot & Serville, 1843
	Dysdercus nigrofasciatus Stål, 1855
	Native (Pest), Phytophagous, TAf
	270 (6.1)

	
	Dysdercus voelkeri Schmidt, 1932
	Native (Pest), Phytophagous, TAf
	217 (4.9)

	Hymenoptera Linnaeus, 1758 (720 specimens, 16.3%)

	Apidae Latreille, 1802
	Amegilla calens Le Peletier. 1841
	Native (Pollinators), TAf
	102 (2.3)

	
	Apis mellifera adansonii Latreille, 1804
	Native (Pollinators), TAf
	530 (12.0)

	Megachilidae Latreille, 1802
	Megachile (Chalicodoma) cincta Fabricius, 1781
	Native (Pollinators) Cosmopolitan, TAf
	88 (2.0)

	Orthoptera Latreille, 1793 (622 specimens, 14.1%)

	Pyrgomorphidae Brunner von Wattenwyl, 1874
	Zonocerus variegatus L., 1758
	Native (Pest), Invasive, Phytophagous, TAf
	199 (4.5)

	Tettigoniidae Krauss, 1902
	Ruspolia differens Serville, 1838
	Native (controversial, edible), Phytophagous, TAf
	194 (4.4)

	Acrididae Macleay, 1821
	Anacridium aegytium L., 1764)
	Native (Pest) TAf, Phytophagous
	229 (5.2)

	Lepidoptera Linnaeus, 1758 (308 specimens, 7.0%)

	Hesperiidae Latreille, 1809
	Spialia ploetzi Aurivillius, 1891
	Native (Un.), Phytophagous larvae and nectarivorous adults, TAf
	83 (1.9)

	Pieridae Swainson, 1820
	Mylothris chloris Fabricius, 1775
	Native (Un.), Phytophagous larvae and nectarivorous adults, TAf
	105 (2.4)

	Noctuidae Latreille, 1809
	Spodoptera frugiperda J. E. Smith, 1797
	Exotic (Pest), Invasive, TAm, STAm
	120 (2,7)

	Total: 6 orders / 11 families
	14 species
	3 exotics, 11 natives, 7 pests, 3 useful pollinators
	4,406 (100.0)


EA: Eurasia; TAf: tropical Africa; TAm: tropical Americas; STAm: subtropical regions of the Americas, ranging from the United States to Argentina; Un: unknown pest status.


Table 2. Absolute abundances and alpha diversity of flower-visiting insects assemblages.
	
	Control plots
	Azadirachta indica 
	Eucalyptus camaldulensis 
	Senna occidentalis 
	5% vs. 10% vs. 15%

	Insect species
	I
	II
	p-value
	A5
	A10
	A15
	Total
	E5
	E10
	E15
	Total
	S5
	S10
	S15
	Total
	FFHT p-value

	Amegilla calens 
	9
	5
	.42 ns
	14
	10
	11
	35
	6
	7
	11
	24
	9
	10
	10
	29
	df=8; p=.812 ns

	Anacridium aegytium
	59
	22
	<.001 *
	17
	10
	14
	41
	18
	16
	18
	52
	15
	30
	10
	55
	df=8; p=.052 ns

	Apis mellifera adansonii
	51
	25
	.004 *
	46
	32
	58
	136
	47
	42
	60
	149
	59
	58
	52
	169
	df=8; p=.055 ns

	Dysdercus nigrofasciatus 
	45
	20
	.003 *
	36
	20
	26
	82
	17
	21
	20
	58
	31
	18
	16
	65
	df=8; p=.055 ns

	Dysdercus voelkeri 
	35
	32
	.81 ns
	18
	24
	9
	51
	20
	14
	16
	50
	18
	12
	19
	49
	df=8; p=.268 ns

	Lilioceris lilii
	351
	125
	<.001 *
	197
	177
	122
	496
	170
	189
	99
	458
	167
	148
	116
	431
	df=8; p<.001 *

	Megachile cincta 
	6
	6
	1.00 ns
	10
	13
	9
	32
	8
	7
	11
	26
	4
	8
	6
	18
	df=8; p=.550 ns

	Mylothris chloris 
	9
	5
	.42 ns
	12
	10
	13
	35
	9
	9
	10
	28
	9
	10
	9
	28
	df=8; p=.989 ns

	Paragus borbonicus 
	7
	4
	.55 ns
	8
	8
	10
	26
	6
	6
	9
	21
	6
	8
	11
	25
	df=8; p=.919 ns

	Podagrica fuscicornis
	98
	30
	<.001 *
	31
	27
	22
	80
	25
	15
	15
	55
	25
	19
	18
	62
	df=8; p=.191 ns

	Ruspolia differens 
	22
	20
	.88 ns
	14
	18
	15
	47
	20
	12
	23
	55
	17
	18
	15
	50
	df=8; p=.654 ns

	Spialia ploetzi 
	9
	8
	1.00 ns
	9
	4
	8
	21
	7
	7
	9
	23
	5
	9
	8
	22
	df=8; p=.876 ns

	Spodoptera frugiperda
	19
	11
	.12 ns
	9
	11
	6
	26
	9
	15
	8
	32
	14
	10
	8
	32
	df=8; p=.596 ns

	Zonocerus variegatus
	48
	17
	<.001 *
	12
	18
	9
	39
	14
	18
	15
	47
	19
	12
	17
	48
	df=8; p=.601 ns

	Sample size n
	n 
	768
	330
	<.001 *
	433
	382
	332
	1,147
	376
	378
	324
	1,078
	398
	370
	315
	1,083
	df=8; p<.001 *

	Richness
	S
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	

	
	Mg
	1.957
	2.242
	2.141
	2.187
	2.239
	1.845
	2.172
	2.198
	2.260
	1.860
	2.192
	2.190
	2.249
	1.862
	

	
	d
	0.018
	0.042
	0.032
	0.037
	0.042
	0.012
	0.035
	0.038
	0.044
	0.013
	0.037
	0.037
	0.043
	0.013
	

	
	Chao-1 
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14
	

	Diversity
	H’
	1.908
	2.137
	1.994
	2.000
	2.126
	2.051
	2.017
	2.079
	2.152
	2.090
	1.986
	1.894
	2.255
	2.056
	

	
	H’max
	6.644
	5.799
	6.071
	5.945
	5.805
	7.045
	5.986
	5.914
	5.753
	6.987
	5.930
	5.935
	5.781
	6.983
	

	
	D
	0.247
	0.184
	0.239
	0.242
	0.187
	0.221
	0.218
	0.204
	0.183
	0.202
	0.238
	0.277
	0.152
	0.218
	

	Dominance 
	IBP
	0.457
	0.379
	0.455
	0.463
	0.368
	0.432
	0.420
	0.400
	0.368
	0.398
	0.452
	0.500
	0.306
	0.425
	

	Evenness
	J
	0.723
	0.810
	0.756
	0.758
	0.806
	0.777
	0.764
	0.788
	0.815
	0.792
	0.753
	0.718
	0.855
	0.779
	

	Hill’s numbers
	N1
	6.742
	8.477
	7.343
	7.386
	8.385
	7.774
	7.517
	7.994
	8.600
	8.088
	7.287
	6.647
	9.540
	7.813
	

	
	N2
	4.050
	5.435
	4.184
	4.125
	5.362
	4.523
	4.579
	4.895
	5.459
	4.955
	4.196
	3.611
	6.592
	4.596
	


Chao-1: estimator of the “true” species richness; d=S/n: richness ratio (0≤d≤1); D: Simpson; FFHT: Fisher-Freeman-Halton test; H’: Shannon index 0≤H’≤H’max; H’max=ln(S): maximum Shannon; J=H’/H’max: Pielou’s evenness (0≤J≤1); N1=eH’: Hill first order diversity  number; N2=1/D: Hill second order number; Mg=(S-1)/ln(n): Margalef index; S: observed species richness; I: untreated plots; II: synthetic pesticide; IBP= nmax/n: Berger-Parker index (0≤ IBP≤1); ns: not significant (p>α=0.05); *: significant (p< α=0.05).

Two-way ANOVA (type III without interaction) was performed using “insect” (14 species) as factor I, and “treatment” (11 types) as factor II. Significant effects were noted (intercept: sum of square=126,057, df=1, F=349.486, p<.001; factor 1: sum of square=251,839, df=13, F=53.708, p<.001; factor II: sum of square=11,523, df=10, F=3.195, p=.001; residuals: sum of squares=46,890, df=130). Homogeneity of variance test failed for factor I (Levene’s test: df=13, F=5.169, p<.001), unlike factor II (df=10, F=0.533, p=.865). Residues were not distributed normally (Shapiro-Wilk’s test: W=0.494, p<.001 for factor I, and W=0.547, p<.001 for factor II). Overall variation was noted in factor I (Kruskal-Wallis test: chi-squared=124.15, df=13, p<.001) unlike factor II (chi-squared=3.639, df=10, p=.962). Dunn’s tests showed Am. calens lowly represented than An. aegytium (p=.019), Ap. mellifera adansonii (p<.001), Dy. nigrofasciatus (p=.001), Dy. voelkeri (p=.012), Li. lilii (p<.001), Po. fuscicornis (p=.001), Ru. differens (p=.014), and Zo. variegatus (p=.042). Anacridium aegytium in turn was lowly recorded than Ap. mellifera adansonii (p=.043), Li. lilii (p=.006) and My. chloris (p=.026), highly occured than Me. (Chalicodoma) cincta (p=.003), Pa. borbonicus (p=.002) and Si. ploetzi (p=.002). Apis mellifera adansonii in turn was highly represented than Me. cincta (p<.001), My. chloris (p<.001), Pa. borbonicus (p<.001), Si. ploetzi (p<.001), Sp. frugiperda (p<.001), and Zo. variegatus (p=.019). Dysdercus nigrofasciatus in turn was highly recorded than Me. (Chalicodoma) cincta (p<.001), My. chloris (p=.002), Pa. borbonicus (p<.001), Si. ploetzi (p<.001), and Sp. frugiperda (p=.005). Dysdercus voelkeri in turn was different compared to Li. lilii (p=.010), Me. cincta (p=.002), My. chloris (p=.017), Pa. borbonicus (p=.001), Si. ploetzi (p=.001), and Sp. frugiperda (p=.043).Lilioceris lilii in turn showed a difference compared to Me. cincta (p<.001), My. chloris (p<.001), Pa. borbonicus (p<.001), Ru. differens (p=.008), Si. ploetzi (p<.001), Sp. frugiperda (p<.001), and Zo. variegatus (p=.002). Megachile cincta in turn was different compared to Po. fuscicornis (p<.001), Ru. differens (p=.002), and Zo. variegatus (p=.008). Mylothris chloris in turn was different compared to Po. fuscicornis (p=.002), and Ru. differens (p=.019). Paragus borbonicus in turn was different compared to Po. fuscicornis (p<0.001), Ru. differens (p=.001), and Zo. variegatus (p=.004). Podagrica fuscicornis and Ru. differens in turn were each different compared to Si. ploetzi (p<.001 and p=0.001 respectively), and Sp. frugiperda (p=.004, p=.048 respectively). Spialia ploetzi was different compared to Zo. variegatus (p=.004). The present study is a first in the Bokle locality which highlight the biodiversity and the assemblage functioning in flower-visiting insects on okra plant. Insects are worldwide known to predominate in terrestrial environments (Stork, 2018). Throughout the literature, Stork, (2018) reported that the most species-rich orders are Coleoptera (36.7%), Lepidoptera (17.7%), Diptera (14.7%) and Hymenoptera (11.1%), while low species-rich orders are Hemiptera and Orthoptera (9.9% each), and several species are likely to be extinct before they can be named. In other regions of the world, fairly similar results have been reported but with a slight modification in number of families and species per order or family. In the literature, beetles constitute the largest and most diverse order of plant-associated insects, with exceptional ability to adapt to various ecological niches and complex interactions with flora (Bibi et al., 2025). They are known to largely dominate insect-plant associations, representing nearly two-thirds of the phytophagous species on certain invasive plants (Bibi et al., 2025). Their success is based on various diet adaptations, including the consumption plant tissues (phytophagous or herbivorous diet behavior as the case in Chrysomelidae and Curculionidae), some of them known as frugivorous specifically attack fruits and seeds, wood-boring insects such as bark beetles or longhorn beetles feed on wood, contributing to the decomposition of organic matter and they present a historical role as pollinators (feeding on pollen or nectar, playing a key role in the sexual reproduction of plants) (Bibi et al., 2025). the observed composition of the flower−visiting insects is typical of the flower-pollinating insect fauna of soybeans or okra, in which a small number of species (approximately 13 to 15) was distributed across major orders Hymenoptera, Diptera, Coleoptera, etc. (Aberlenc, 2020). The structure in okra perfectly illustrated the discrepancy between the overall biological complexity and its representation in the applied scientific literature. Aberlenc (2020) listed thousands of families on okra crops, demonstrating that effective pollination activity was often concentrated on a small core of approximately 14 dominant species. The flower-visiting insects assemblage showed a fairly high representation of natives, which was an excellent indicator of the ecological health of the study area. The dominance by natives indicated that the ecosystem maintained its biological integrity and was resistant to biological invasions. Unlike exotic species, natives have valuable co-evolutionary interactions with local pollinators and predators, and a high representation of natives was an indicator of the robustness of the local ecosystem, since okra flowers, with their purple center and accessible nectar, attract a wide variety of insects, primarily Hymenoptera (wild bees, local bumblebees), which are extremely efficient pollinators, directly increasing fruit yield and seed quality. The majority of insect species were harmful (73.1% of the total collection compared to 18.2% beneficial species and 4.3% species of unknown ecological status, which is a classic challenge for okra, as the plant co-evolved with these insects, as it is the case with the small shiny beetle flea beetle (Podagrica spp.) extremely common, which does not only perforate the leaves but also attack the flower petals, disrupting fruit development (Dohouonan et al., 2025). Another example is the red cotton bugs (Dysdercus spp.), which, although natives, are serious pests that pierces the flowers and young capsules to feed on the sap, often causing flower abortion or fruit deformities. The native status of the recorded insect pests means they also have local natural predators (parasitoid wasps, birds, spiders), but if their numbers become too high on the flowers, they will directly threaten the yield. The predominance of Coleoptera in the present inventory is therefore not surprising and corroborates many inventories reports of phytophagous insects (such as those carried out on invasive plants), in which they often represent, along with Lepidoptera, nearly two-thirds of the species recorded, while many are considered crop pests, others like ground beetles are predators of other phytophagous insects, acting as valuable biological garden pest control agents (Bibi et al., 2025). The order Hymenoptera (bees, wasps, ants) is distinguished by its high level of representation in terms of both biodiversity and ecological impact since they constitute one of the largest and most diverse insect orders in the world (estimated as over 150,000 described species, but actual estimates suggest there could be over a million), potentially making it the richest order, ahead of beetles (Dorey et al., 2026). In some regions, such as Ngaoundere in Cameroon, Hymenoptera can represent up to 94.86% of the flower-visiting insects (their representation in our study was quite low) and their presence is often correlated with flowering cycles, with a strong representation of bee families during spring peaks. Their representativeness does not stop at the number of individuals, but it extends to vital functions for ecosystems such as pollination (their action increasing seed yield in some vegetable crops), biological regulation (many are parasitoids like Ichneumons which play a crucial role in limiting populations of insect pests, thus serving as agents of natural biological control), and as soil engineers (ants, through their biomass and social activity, transform soil structure and disperse seeds). Orthoptera (grasshoppers, crickets, and katydids) are frequently known overlooked flower visitors that contribute to pollination by consuming pollen or gently foraging without damaging plant structures. While many are opportunistic pests, some of them specialist actively prefer flowers over leaves for their diet and do not damage flowers. Although less numerous than bees or butterflies, orthopterans are crucial members of pollinator communities, especially at night or in isolated environments (islands) where typical pollinators are scarce and their role is often underestimated because many of them are nocturnal or live in the forest canopy, making their interactions difficult to observe (Rácz et al., 2024). Their low representation is therefore not surprising, as daily observations were conducted exclusively for diurnal species. On okra flowers, Hemiptera generally represent one of the most dominant insect groups, both in terms of their specific diversity and the number of individuals, particularly during the reproductive phase. They are primarily represented by piercing-sucking pests that target the reproductive organs (flower buds and young pods) to feed on sap (Wari et al., 2021). Hemiptera are frequently cited as the most abundant order on the crop and in some recent studies (Abang et al., 2014; Dohouonan et al., 2025), their occurrence rate reaches approximately 32.9% during the reproductive phase (compared to 21.8% during the vegetative phase), placing them among the most frequent groups. Aphids (Aphididae), such as Aphis gossypii, are among the most common, often colonizing the base of the flowers and the peduncles (Abang et al., 2014). Their feeding causes the abortion of flowers or the deformation of young fruits. Leafhoppers and Cicadellidae such as species of the genus Dysdercus, have become major pests. By sucking sap, they inject toxins that cause burns on floral tissues and adjacent leaves. Diptera and Lepidoptera were rarely represented in our collection. The rarity of Diptera and Lepidoptera is therefore a relative situation and within these two groups of insects, rarity is often linked to very specific needs (unique host plants and microclimates). The fact that captures were made exclusively during the day could also explain the scarcity of representatives of these two orders. It is well known that low species diversity weakens ecosystem resilience, making environments more vulnerable to pests, diseases, and climate variability and this reduction compromises essential services such as pollination, nutrient cycling, and water purification, directly threatening food security and human health (Su et al., 2024). The unexpected toxic effect of the synthetic insecticide resulted in a drastic reduction in both harmful and beneficial insect populations. The unexpected effect of the synthetic insecticide was indeed observed during our research in six species: An. aegytium (the native phytophagous pest), Ap. mellifera adansonii (useful native pollinator), Dy. nigrofasciatus (native piercing-sucking pest), Li. lilii (phytophagous exotic pest), Po. fuscicornis (exotic phytophagous pest) and Zo. variegatus (native phytophagous pest) whereas for other species, the effect of the synthetic pesticide was insignificant, indicating either product ineffectiveness, insect resistance, or the dosage used was not toxic enough or sufficient to cause considerable mortality. Farmers in northern Cameroon frequently complain of not achieving the expected results with several approved pesticides, certainly due to misuse, including incorrect dosages, improper application techniques, and ignoring safety instructions, low literacy rates, lack of technical training, and the use of ineffective, counterfeit, or expired chemicals that contribute to poor pest control (Pahimi et al., 2025). Moreover, active synthetic ingredients Emamectin benzoate and Teflubenzuron, despite being approved in Cameroon (MINADER, 2021), requires strict precautions during use due to its high toxicity, in order to prevent poisoning of both the farmer and the consumer (Pan et al., 2024). Yet, these products commonly handled without protection in Northern Cameroon by inexperienced, careless, and poorly educated young people (Sopkoutie et al., 2025), have a lasting impact on the health of humans, livestock, and even the environment. The botanical extracts significantly reduced the abundance of only the most abundant phytophagous pest Li. lilii, unlike other insects. Pairwise comparisons showed in several cases that the 15% concentration of each botanical extract was more effective than 5% and 10% (15% Eu. camaldulensis extract being the most effective), thus demonstrating a difference in the effectiveness of the concentrations, and confirming its medicinal properties and insecticidal potentials reported by Barboucha et al. (2024). Given that the insects originated naturally from the immediate environment (old fallow land and other neighboring crops), it is likely that the repellent effect of these extracts outweighs the insecticidal effect. Moreover these botanical extracts have proven effective against insect larvae, but our results suggested they are less effective against adults. For illustration, Az. indica extract contains a major active compound, azadirachtin and volatile compounds such as 1,8-cineole (eucalyptol), which acts as a powerful growth regulator on insect larvae (Siti Nurulhidayah et al., 2024). Senna occidentalis extract exhibits significant larvicide and insecticide properties against various types of insect larvae, making it a promising natural alternative to chemical pesticides. The botanical extracts appeared to exhibit high specificity, acting as a targeted insecticide against Li. lilii and their ineffectiveness against 13 other species suggested a mode of action that does not target generalist pests, thus limiting the impact on surrounding biodiversity but restricting their use to the single species. This contrasting result indicated that Li. lilii possesses a specific physiological vulnerability that other 13 species do not, suggesting that either the chemical application method was flawed, or the extracts exhibited biochemical specificity (targeting a receptor specific to Li. lilii) or the applied concentrations were too low for the more resistant species. Lilioceris lilii has smooth elytra, and its cuticle may be more permeable to certain lipophilic compounds present in botanical extracts. Many terrestrial beetles possess a thicker exocuticle or a denser epicuticular wax layer acting as a physical barrier against contact insecticides. Moreover, the lily beetle drops to the ground on its back as soon as it feels threatened and if it falls into an area where the product has been sprayed, its exposure may paradoxically be increased. Unlike the adults of other species, Li. lilii larvae cover themselves with their own excrement for protection. It is known that resistant insects often develop an over expression of enzymes that detoxify molecules before they reach the nervous system (Wang et al., 2025) and then Li. lilii may lack these mechanisms when faced with the tested leaves extracts.

3.2. Alpha Diversity and Community Structure of the Flower-Visiting Insects 
[bookmark: OLE_LINK157][bookmark: OLE_LINK158]In the pooled assemblage, a low species richness was noted (richness ratio d=0.003), the rarefaction curves reached the saturation level, and a standard sample of 321 specimens corresponded in all cases to 14±0 species (Fig. 2). Chao-1 statistic showed a maximal sampling effort (Chao-1=14 species, SE=100.0%). In the pooled assemblage, the species diversity was slightly below the median level (H’=2.064, H’max=2.639, Simpson D=0.214), and was highly even (J=0.782). The Berger-Parker’s index was below the median level (IBP=0.422) as well as in all treated plots suggesting a dominance by a few species, slightly lower than the median level and the situation was attested by a large number of co-dominants and a high number of rare species. In contrast, assemblage was highly even in all treatments (J≈1). Hill’s diversity numbers were high (N1=7.875 i.e. eight simply abundant species, 57.1% of the total species richness). It was the same in treated plots (7 to 10 simply abundant species), and N2=4.671 (i.e. 5 co-dominants, 37.1% of the total species richness) in the pooled assemblage and varied from 4 to 7 co-dominants in treated plots. Six rare species (42.9% of the total species) were recorded in the pooled assemblage. The slightly above-median level species diversity, characterizing a community with more even abundance than average, but not reaching maximum biodiversity levels, often featuring stable coexistence, where interspecies interactions support a functional ecosystem without competitive exclusion. A flower-visiting insect assemblage on okra in a tropical zone, when slightly above the median, is characterized by a transition from the dominance of a single species (often the honeybee) to a more balanced distribution among several specialized groups. Moderate to high biodiversity is generally characterize ecosystems that have moved beyond mere survival to achieve a certain level of complexity, without necessarily being a global "hotspot". 
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Fig. 2. Species rarefaction curves among the different treatment types.

3.3. Adjustment of the species abundance distributions to a Theoretical Models 
Based on the above presented Hill diversity numbers N1 and N2 and the rank-frequency diagrams (Fig. 3), it emerged that the eight simply abundant species recorded in the pooled assemblage were An. aegytium, Ap. mellifera adansonii, Dy. nigrofasciatus, Dy. voelkeri, Li. lilii, Po. fuscicornis, Ru. differens and Zo. variegatus (Fig. 3). The five co-dominants were An. aegytium, Dy. nigrofasciatus, Li. lilii, Ap. mellifgera adansonii and Po. fuscicornis (Fig. 3). The six rare species were Am. calens, Me. (Chalicodoma) cincta, My. chloris, Pa. borbonicus, Si. ploetzi and Sp. frugiperda (Fig. 3). The fit to a theoretical model was of poor quality in the pooled assemblage (Pearson correlation: r=-0.909) except in untreated plots and the synthetic insecticide plots. The overall pooled rank-frequency diagram of the species abundance distribution exhibited a concave shape in all cases (close to the Fisher’s model), reflecting an abundance of a few species and a fairly high number of rare species. The overall pooled SAD best fitted the Zipf’s theoretical model (BS model: deviance=1,035.07, AIC=1,134.76 and BIC=1,134.76; LL model: deviance=1,067.72, AIC=1,169.40 and BIC=1,170.04; LN model: deviance=484.06, AIC=587.74 and BIC=589.02; Z model (the best): deviance=158.54, AIC=262.22 and BIC=263.50; ZM model: deviance=158.54, AIC=264.22 and BIC=266.14). A high decay coefficient was recorded, confirming the low evenness and a high fractal dimension (0.5<1/γ<1) was recorded (healthy system in natural complexity). Zipf model best fitted SADs with in each case a high fractal dimension 0.5<1/γ<1. It was the case in untreated plots (BS: deviance=199.91, AIC=271.83 and BIC=271.83; LL: deviance=144.45, AIC=218.37 and BIC=219.01; LN: deviance=46.73, AIC=122.65 and BIC=123.93; Z: deviance=35.12, AIC=111.04 and BIC=112.32; ZM: deviance=35.12, AIC=113.04 and BIC=114.96) (Fig. 4A) as well as in plots treated using the synthetic insecticide (BS: deviance=46.73, AIC=110.39 and BIC=110.39; LL: deviance=55.08, AIC=120.74 and BIC=121.38; LN: deviance=23.96, AIC=91.62 and BIC=92.90; Z (best model): deviance=20.83, AIC=88.49 and BIC=89.77; ZM: deviance=20.83, AIC=90.49 and BIC=92.41) (Fig. 4B). It was the same in plots treated using botanical extracts (Fig. 4C, 4D and 4E), except in A15 plots which best fitted the ZM model (Table 3A). A high γ(gamma) and β(beta) parameters (>1 each) were recorded except the low γ(gamma) noted in E15 plots. Fractal dimensions were close to 1, except the median level in E15 plots (Table 3B). In Z model, γ>1 suggested a complex ecosystem offering a wide variety of niches, with no single species completely monopolizing resources. The Z model suggested the statistically presence of one or a few abundant species as it is the case in healthy systems in natural complexity (Koplenig, 2015). Nevertheless Zipf-Mandelbrot model fitted the species abundance distribution from plots treated using 15% extract of Az. indica, with a low fractal dimension. In our situation, Hill's diversity numbers suggested a biological complexity (co-dominance) and assemblages were highly even, comfortable situation for the ZM model (Spatharis & Tsirtsis, 2013) that the ZM model was supposed to capture in the pooled treated plots.
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Fig. 3. Rank-frequency diagram of the Species Abundance Distribution (SAD) in flower-visiting insects, showing species in decreasing order of abundance and the shape of the adjusted Zipf theoretical model.

The shift from the Z model to the ZM model demonstrated that neem extracts promoted a more even species distribution, reducing the structural complexity compared to natural controls. The ZM describes communities with no single dominant contrary to Z model and it is frequently reported in marine phytoplankton or benthic assemblages (Spatharis & Tsirtsis, 2013). Between the Z and ZM models, a difference in BIC >2 (our situation) is called the "grey area" or the statistical limit threshold (statistical uncertainty where the two models are "close" in terms of goodness of fit), meaning that the two models (Z and ZM) are considered to have almost equivalent support. Then addition of the complexity of the niche parameter in the ZM model does not sufficiently improve the fit to disqualify Zipf's simplicity. This confirmed that the assemblage was at the boundary, and although Hill’s indices showed a co-dominance structure, the hierarchy remaining linear and regular enough to be captured by Zipf power law. Statistics (AIC/BIC) favoring Z model suggested that the dominance structure was shared, but followed such a regular geometric decay that the ZM complexity parameter became superfluous, and the Z model was sufficient to describe 99% of the community structure. The difference ∆BIC>2 was sufficient evidence in favor of the Z model (confirming the co-dominance structure sufficiently linear to be described by a simple Z power law). On the other hand, the difference ∆BIC close to 10 was quite high) in A15 plots, thus confirming that the ZM model was statistically superior. Cases of A5 (5% Az. indica extract) and A10 (10% Az. indica extract) induced Z model of transitional systems (disturbed, pioneer, or homogeneous) with dominant generalist species (Koplenig, 2015). Then A15 plots presented ZM model of complex structured systems with specialized niches and strong environmental constraints (Spatharis & Tsirtsis, 2013). However, the cumulative data from all concentrations showed a Z model ("averaged" view where the local complexity of the assemblage is masked by the sheer volume of data) (Spatharis & Tsirtsis, 2013; Koplenig, 2015). The five abundant species Ap. mellifera adansonii, Dy. nigrofasciatus, Dy. voelkeri, Li. lilii, and Po. fuscicornis, existed in A5, A10 plots, and pooled distribution of Az. indica extracts, while in ZM model, Ru. differens replaced Dy. voelkeri. Appearance of Ru. differens as dominant suggested that the assemblage captured a different ecological event such as local population explosion, grass flowering, or more open herbaceous habitat, showing a structure in which access to resources was selective or constrained and the hierarchy became less natural or fluid than at other treatments, resulting in the deviation from Zipf's law. The cumulative distribution reverted to Zipf's law because Ap. mellifera adansonii, Dy. nigrofasciatus, Li. lilii, and Po. fuscicornis were ubiquitous and stable across all treatments, their numbers adding up so that Ru. differens became overshadowed by Dy. voelkeri. Given that field investigations were carried out in the same environment and time period, the appearance of Ru. differens instead of Dy. voelkeri in the ZM model suggested a local instability of competition and final Z model confirmed that, the structure of the insects assemblage remained globally stable and balanced. The overall structure of the community was therefore resilient.

3.4. Correlation between the Flower-visiting insects
The 14 species presented a Schlutter’s variance ratio greater than 1 (positive covariance) (VR=1.158, test statistic: W=815.371, p=.002). 

Table 3. Akaike Information Criteria (AIC) and Bayesian Information criteria (BIC) values for the adjustment of SADs to a theoretical models.
	
	Pooled extracts
	5% extract
	10% extract
	15% extract

	
	Deviance
	AIC
	BIC
	Deviance
	AIC
	BIC
	Deviance
	AIC
	BIC
	Deviance
	AIC
	BIC

	A. AIC, BIC values and the selected theoretical model

	Azadirachta indica

	Broken-Stick
	311.822
	392.813
	392.813
	132.149
	198.916
	198.916
	120.441
	185.587
	185.587
	49.423
	112.065
	112.065

	Log-linear (LL)
	322.581
	405.571
	406.210
	128.562
	197.329
	197.968
	129.361
	196.507
	197.146
	33.100
	97.742
	98.307

	Log-normal
	154.490
	239.481
	240.759
	61.410
	132.177
	133.456
	63.103
	132.248
	133.526
	28.686
	95.328
	96.458

	Zipf (Z)
	46.136
	131.126*
	132.404 *
	19.083
	89.850 *
	91.128 *
	32.855
	102.001 *
	103.279 *
	25.258
	91.900
	93.029

	Zipf-Mandelbrot
	46.136
	133.126
	135.044
	19.083
	91.850
	93.767
	32.855
	104.001
	105.918
	13.303
	81.945 *
	83.640 *

	Eucalyptus camaldulensis

	Broken-Stick
	295.567
	375.691
	375.691
	106.001
	170.489
	170.489
	152.710
	216.692
	216.692
	50.852
	116.221
	116.221

	Log-linear (LL)
	310.501
	392.625
	393.264
	102.797
	169.285
	169.924
	147.199
	213.182
	213.821
	48.670
	116.039
	116.678

	Log-normal (LN)
	154.890
	239.014
	240.292
	44.693
	113.182
	114.460
	70.705
	138.687
	139.965
	26.669
	96.038
	97.316

	Zipf (Z)
	57.832
	141.956*
	143.234*
	15.546
	84.035*
	85.313*
	28.702
	96.685 *
	97.963 *
	7.793
	77.162*
	78.441*

	Zipf-Mandelbrot
	57.832
	143.956
	145.873
	15.546
	86.035
	87.952
	28.702
	98.685
	100.602
	7.793
	79.162
	81.080

	Senna occidentalis

	Broken-Stick
	234.908
	315.244
	315.244
	79.743
	144.725
	144.725
	86.990
	152.312
	152.312
	62.401
	126.326
	126.326

	Log-linear (LL)
	248.293
	330.629
	331.268
	75.049
	142.031
	142.670
	84.882
	152.205
	152.844
	66.271
	132.196
	132.835

	Log-normal (LN)
	113.320
	197.656
	198.934
	24.081
	93.063
	94.341
	41.021
	110.344
	111.622
	32.717
	100.642
	101.920

	Zipf (Z)
	36.401
	120.737*
	122.015*
	8.212
	77.194*
	78.472*
	7.339
	76.662 *
	77.940 *
	9.898
	77.823*
	79.101*

	Zipf-Mandelbrot
	36.401
	122.737
	124.654
	8.212
	79.194
	81.111
	7.339
	78.662
	80.579
	9.898
	79.823
	81.740


B. Parameters of the selected theoretical model
	Plant 
	Extract
	n
	S
	model
	γ(gamma) 
	β(beta) 
	Fractal dimension 1/γ
	∆AIC (Z vs. ZM)
	∆BIC (Z vs. ZM)

	Azadirachta indica 
	5% 
	433
	14
	Zipf
	1.274
	-
	0.785
	2
	2.639

	
	10% 
	382
	14
	Zipf
	1.246
	-
	0.803
	2
	2.639

	
	15% 
	332
	14
	Zipf-Mandelbrot
	2.152
	2.578
	0.465
	9.955
	9.389

	
	Pooled
	1,147
	14
	Zipf
	1.215
	-
	0.823
	2
	2.640

	Eucalyptus camaldulensis
	5% 
	376
	14
	Zipf
	1.284
	-
	0.779
	2
	2.639

	
	10% 
	378
	14
	Zipf
	1.362
	-
	0.734
	2
	2.639

	
	15% 
	324
	14
	Zipf
	0.986
	-
	1.014
	2
	2.639

	
	Pooled
	1,078
	14
	Zipf
	1.202
	-
	0.832
	2
	2.639

	Senna occidentalis
	5% 
	398
	14
	Zipf
	1.262
	-
	0.792
	2
	2.639

	
	10% 
	370
	14
	Zipf
	1.196
	-
	0.836
	2
	2.639

	
	15% 
	315
	14
	Zipf
	1.107
	-
	0.903
	2
	2.639

	
	Pooled
	1,083
	14
	Zipf
	1.175
	-
	0.851
	2
	2.639

	Pooled plant species
	Pooled
	4,406
	14
	Zipf
	1.203
	-
	0.831
	2
	2.639


AIC: Akaike Information Criteria; BIC: Bayesian Information Criteria; *: selected theoretical model (lowest AIC or BIC); γ(gamma): decay coefficient or the average probability of occurrence of a species; β(beta): degree of the niche diversification or the complexity rate of the environment, measuring the rarity structure of species in the community; 1/γ: the fractal dimension or the distribution of individuals among species; n; sample size, S; observed species richness;  . Selected models are in bold.
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Fig. 4. Rank-frequency diagrams of the Species Abundance Distribution (SAD) in flower-visiting insects showing species in decreasing order of abundance and the shape of the adjusted Zipf theoretical model in untreated plots (A), plots treated using the synthetic insecticide mixture (B) and the aqueous leaves extracts of three plant species (C, D and E).

Regarding the nature of interactions between species, overall the species tended to mutually attract themselves more often than would be expected by chance, due to either similar exploited niches or facilitation. Kendall's correlation values made it possible to recognize negatively correlated species (repulsion), and positively correlated species (attraction).
Mutual repellency was noted between Am. calens and An. aegytium (τ=-0.161, p<.001), Dy. nigrofasciatus (τ=-0.174, p<.001), Dy. voelkeri (τ=-0.172, p<.001), Li. lilii (τ=-0.235, p<.001), Po. fuscicornis (τ=-0.178, p<.001), Ru. differens (τ=-0.164, p<.001), Sp. frugiperda (τ=-0.146, p<.001), and Zo. variegatus (τ=-0.166, p<.001). Anacridium aegytium repelled Ap. mellifera adansonii (τ=-0.263, p<.001), Me. (Chalicodoma) cincta (τ=-0.148, p=.001), My. chloris (τ=-0.157, p<.001), Pa. borbonicus (τ=-0.142, p=.002), and Si. ploetzi (τ=-0.152, p<.001), adding to Am. calens, six repellency cases. Apis mellifera adansonii in turn repelled Dy. nigrofasciatus (τ=-0.283, p<.001), Dy. voelkeri (τ=-0.281, p<.001), Li. lilii (τ=-0.384, p<.001), Po. fuscicornis (τ=-0.290, p<.001), Ru. differens (τ=-0.267, p<.001), Sp. frugiperda (τ=-0.238, p<.001), and Zo. variegatus (τ=-0.271, p<.001), forming with An. aegytium, eight repellency cases. Dysdercus nigrofasciatus in turn repelled Me. (Chalicodoma) cincta (τ=-0.159, p<.001), Si. ploetzi (τ=-0.163, p<.001), My. chloris (τ=-0.169, p<.001), and Pa. borbonicus (τ=-0.153, p<.001), forming with Am. calens and Ap. mellifera adansonii, six repellency cases. Dysdercus voelkeri in turn repelled Me. (Chalicodoma) cincta (τ=-0.157, p<.001), My. chloris (τ=-0.167, p<.001), Pa. borbonicus (τ=-0.152, p<.001), and Si. ploetzi (τ=-0.162, p<.001), forming with Am. calens and Ap. mellifera adansonii, six repellency cases. Lilioceris lilii in turn repelled Me. (Chalicodoma) cincta (τ=-0.215, p<.001), My. chloris (τ=-0.229, p<.001), Pa. borbonicus (τ=-0.208, p<.001), and Si. ploetzi (τ=-0.221, p<.001), forming with Am. calens and Ap. mellifera adansonii, six repellency cases. Megachile (Chalicodoma) cincta in turn, repelled Po. fuscicornis (τ=-0.163, p<.001), Ru. differens (τ=-0.150, p<.001), Sp. frugiperda (τ=-0.133, p<.001), and Zo. variegatus (τ=-0.152, p<.001), forming with An. aegytium, Dy. nigrofasciatus, Dy. voelkeri and Li. lilii, eight repellency cases. Mylothris chloris in turn, repelled Po. fuscicornis (τ=-0.172, p<.001), Ru. differens (τ=-0.159, p<.001), Sp. frugiperda (τ=-0.142, p<.001), and Zo. variegatus (τ=-0.161, p<.001), forming with An. aegytium, Dy. nigrofasciatus, Dy. voelkeri and Li. lilii, eight repellency cases. Paragus borbonicus in turn, repelled Po. fuscicornis (τ=-0.157, p<.001), Ru. differens (τ=-0.144, p<.001), Sp. frugiperda (τ=-0.129, p<.001), and Zo. variegatus (τ=-0.146, p<.001), forming with An. aegytium, Dy. nigrofasciatus, Dy. voelkeri and Li. lilii, eight repellency cases. Podagrica fuscicornis in turn, repelled Si. ploetzi (τ=-0.167, p<.001), forming with Am. calens, Ap. mellifera adansonii, Me. (Chalicodoma) cincta, My. chloris, and Pa. borbonicus six repellency cases. Ruspolia differens in turn, repelled Si. ploetzi (τ=-0.154, p<.001), forming with Am. calens, Ap. mellifera adansonii, Me. (Chalicodoma) cincta, My. chloris, and Pa. borbonicus, six repellency cases. Spialia ploetzi in turn repelled Sp. frugiperda (τ=-0.137, p<.001) and Zo. variegatus (τ=-0.156, p<.001), forming with Am. calens, Ap. mellifera adansonii, Me. (Chalicodoma) cincta, My. chloris, and Pa. borbonicus, six repellency cases.
As for mutual tolerance Am. calens tolerated Ap. mellifera adansonii (τ=+0.526, p<.001), Me. (Chalicodoma) cincta (τ=+0.322, p<.001), My. chloris (τ=+0.532, p<.001), Pa. borbonicus (τ=+0.397, p<.001), and Si. ploetzi (τ=+0.362, p<.001). Anacridium aegytium tolerated Dy. nigrofasciatus (τ=+0.169, p<.001), Dy. voelkeri (τ=+0.161, p<.001), Li. lilii (τ=+0.166, p<.001), Po. fuscicornis (τ=+0.173, p<.001), Ru. differens (τ=+0.153, p<.001), Sp. frugiperda (τ=+0.174, p<.001), and Zo. variegatus (τ=+0.248, p<.001). Apis mellifera adansonii in turn tolerated Me. (Chalicodoma) cincta (τ=+0.435, p<.001), My. chloris (τ=+0.479, p<.001), Pa. borbonicus (τ=+0.398, p<.001), and Si. ploetzi (τ=+0.509, p<.001), adding to Am. calens, making five tolerance cases. Dysdercus nigrofasciatus in turn, tolerated Dy. voelkeri (τ=+0.113, p=.003), Li. lilii (τ=+0.304, p<.001), Po. fuscicornis (τ=+0.222, p<.001), Ru. differens (τ=+0.129, p=.003), and Sp. frugiperda (τ=+0.192, p<.001), adding to An. aegytium, a total of six tolerance cases. Dysdercus voelkeri in turn, tolerated Li. lilii (τ=+0.175, p<.001), Po. fuscicornis (τ=+0.102, p=.007), Ru. differens (τ=+0.179, p<.001), Sp. frugiperda (τ=+0.160, p<.001), and Zo. variegatus (τ=+0.211, p<.001), adding to An. aegytium and Dy. nigrofasciatus, six tolerance cases. Lilioceris lilii in turn, tolerated Po. fuscicornis (τ=+0.242, p<.001), Ru. differens (τ=+0.158, p<.001), Sp. frugiperda (τ=+0.219, p<.001), and Zo. variegatus (τ=+0.160, p<.001), forming with An. aegytium, Dy. nigrofasciatus and Dy. voelkeri, seven tolerance cases. Megachile (Chalicodoma) cincta in turn, tolerated My. chloris (τ=+0.350, p<.001), Pa. borbonicus (τ=+0.341, p<.001), and Si. ploetzi (τ=+0.292, p<.001), adding to Am. calens and Ap. mellifera adansonii, a total of five tolerance cases. Mylothris chloris in turn, tolerated Pa. borbonicus (τ=+0.351, p<.001), and Si. ploetzi (τ=+0.408, p<.001), forming with Am. calens, Ap. mellifera adansonii, and Me. (Chalicodoma) cincta, five tolerance cases. Paragus borbonicus in turn, tolerated Si. ploetzi (τ=+0.267, p<0.001), forming in addition to Am. calens, Ap. mellifera adansonii, Me. (Chalicodoma) cincta, and My. chloris, five tolerance cases. Podagrica fuscicornis in turn, tolerated Ru. differens (τ=+0.203, p<.001), Sp. frugiperda (τ=+0.195, p<.001) and Zo. variegatus (τ=+0.192, p<.001), in addition to An. aegytium, Dy. nigrofasciatus, Dy. voelkeri and Li. lilii, making seven tolerance cases. Ruspolia differens in turn, tolerated Sp. frugiperda (τ=+0.150, p=.001), making six tolerance cases. Spodoptera frugiperda in turn, tolerated Zo. variegatus (τ=+0.176, p<.001), making seven tolerance cases. 

4. Conclusion
[bookmark: OLE_LINK159][bookmark: OLE_LINK160]On Okra plants, the community of flower-visiting insects consisted of six orders, 11 families, 13 genera, and 14 species, dominated by Coleoptera order (49.6%), Chrysomelidae family (49.6%) and by the exotic phytophagopus pest species Li. lilii (Chrysomelidae) (42.2%). Low recorded taxa were order Diptera (1.9%), families Hesperiidae and Syrphidae (1.9% each), the native useful Pa. borbonicus (Syrphidae) and the native phytophagous pest Si. ploetzi (Hesperiidae) (1.9% each). Three exotic species and four natives were pests, five natives were useful, two natives were of unknown pest status of adults. Pests (73.1% of the total collection) highly occurred than useful insects (18.2%), and species of unknown status (4.3%). The synthetic insecticide reduced abundances of all insects and between the botanical extracts applications, the significant variation in the effectiveness was noted exclusively in Li. lilii, occurrence being low in 15% Eu. camaldulensis extract and high in 15% Az. indica extract. Overall, the community showed a low species richness and a slightly above the median species diversity. Species diversity and dominance were below the median level in treated plots. In contrast, assemblage was highly even and the overall pooled species abundance distribution fitted the Zipf’s model with a high average probability of occurrence of a species and a high fractal dimension known for healthy system in natural complexity. It was the same in plots treated using botanical extracts except those treated using 15% Eu. camaldulensis extract in which a low γ(gamma) parameter was recorded. Assemblage from plots treated using 15% Az. indica extract fitted the Zipf-Mandelbrot model with high γ(gamma) and β(beta) parameters. Insects fell in two groups: six dominant pollinators and flying insects represented by bees, butterflies and hoverflies (Am. calens, Ap. mellifera adansonii, Me. (Chalicodoma) cincta), My. chloris, Si. ploetzi, and Pa. borbonicus) strongly tolerated each other and repelled members of the second group formed by eight pests and shredders (grasshoppers, true bugs, and beetles). Members of the second group weakly tolerated each other but were repelled by members of the first group. Between the two groups, the highest repellency was noted between Ap. mellifera adansonii and Dy. nigrofasciatus while the lowest was between Pa. borbonicus and Sp. frugiperda. Promoting permanent occupation of plants by pollinators and flying insects, breaking solidarity among pests and shredders, and using pollinators as indicators (bees and butterflies decrease indicate imminent invasion by pests) would optimize the health of Okra plants. However further studies are needed to validate reliability.
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Definitions, Acronyms, Abbreviations
Ab. caillei: Abelmoschus caillei Stevels, 1988; Ab. esculentus: Abelmoschus esculentus (L.) Moench, 1794; Am. calens: Amegilla calens Le Peletier. 1841, An. aegytium: Anacridium aegytium L., 1764); Ap. mellifera adansonii: Apis mellifera adansonii Latreille, 1804; Az. indica: Azadirachta indica A. Juss., 1830; Dy. nigrofasciatus: Dysdercus nigrofasciatus Stål, 1855; Dy. voelkeri: Dysdercus voelkeri Schmidt, 1932; Eu. camaldulensis: Eucalyptus camaldulensis Dehnh., 1832; Go. hirsutum: Gossipium hirsutum L., 1763; Li. lilii: Lilioceris lilii Scopoli, 1763; Me. (Chalicodoma) cincta: Megachile (Chalicodoma) cincta Fabricius, 1781; My. chloris: Mylothris chloris Fabricius, 1775; Pa. borbonicus: Paragus borbonicus Macquart, 1842; Po. fuscicornis: Podagrica fuscicornis L., 1767; Ru. differens: Ruspolia differens Serville, 1838; Si. ploetzi: Spialia ploetzi Aurivillius, 1891; Sp. frugiperda: Spodoptera frugiperda J. E. Smith, 1797; Zo. variegatus: Zonocerus variegatus L., 1758
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