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Effects of Black Soldier Fly (Hermetia illucens L.) Frass on Soil Nematode Community Structure and Plant Performance Under Field Conditions

Abstract
[bookmark: _GoBack]Plant parasitic Nematodes (PPNs) pose a substantial threat to cucumber production in developing countries where chemical nematicides are very expensive, and adds to its environmental problems. This study evaluated the impact of black soldier fly frass (BSFF), on soil nematodes population dynamics in a cucumber farm. Two cucumber varieties (Nandini 732-F1 and Market More) were grown on BSFF amended soil and unamended soil (control) for 60 days.  Soil samples and cucumber roots were collected from the rhizospheres at the two soil types s at 14 days intervals for 60 days for nematode extraction with modified Baermann’s technique. Result revealed that BSFF amended soil exhibited higher nematode diversity and abundance compared to the control. However, roots samples from the control showed higher root infections from parasitic nematodes than those from BSFF amended soil. Endophytic nematode abundance in the cucumber roots was lower in BSFF-amended soil compared to the unamended soil. In spite of the high soil nematode density and diversity recorded, this scenario supports the idea that BSFF-soil amendments do not eliminate nematodes multiplication however, shifts community dynamics toward ecological balance. The study reveals a buildup of higher soil nematodes diversity induced by BSFF, and a reduction in plant parasitic population.  The study highlights the eco-friendly impact of BSFF in soil nutrient amendment and sustainable approach to manage plant parasitic nematode in cucumber farms.  
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INTRODUCTION
Conventional management strategies, particularly chemical nematicides, are increasingly limited due to environmental toxicity and health concerns, highlighting the need for sustainable alternatives. Leveraging intrinsic plant defense responses provides a promising strategy for nematode management while promoting eco-friendly agricultural practices (Tomar et al., 2025).  Plant Parasitic Nematodes (PPNs) pose a substantial threat to optimal vegetable production worldwide (Kassi et al., 2018). Numerous studies have identified PPNs as major threats to vegetables and other crops in Nigeria (Coyne et al., 2003; Perry et al., 2009; Crow, 2012). Nematodes have become more well-known in applied ecology over the last few years as a result of the identification of some species that are excellent candidates for use in lab selection trials. Most nematode studies, including taxonomy, have been directed toward plant-parasitic species and the harm they inflict on crop production. In plant parasitic nematodess, most flourishing nematodes are sedentary nematodes. Plant parasitic nematodes can eat all parts of the plant. Numerous species have evolved to impact numerous hosts and employ diverse tactics to encourage environmental persistence and interhost transmission. Plant parasitic nematodes act as ecto-parasites as well as endo-parasites upon interacting with the plant part (Chapagain et al., 2025). Damage caused by these nematodes remains one of the primary obstacles to sustainable crop production, particularly in developing countries (Makumbi-Kidza et al., 2000). Infestation by PPNs leads to root galls, devitalized root tips, and stunted root growth (Imafidor & Nzeako, 2008). These nematodes also cause yellowing of leaves, leaf distortion, bud death, reduced foliage size, and root rot. High nematode abundance in the soil can result in the death of young plants and often goes undetected due to the difficulty in diagnosing infections (Sasser, 2007). Nematode infections contribute to an estimated annual yield loss of about 12.3% globally and a monetary loss of over US$118 billion (Sasser & Freckman, 1987).  Understanding   the   interplay between   soil   chemistry   and   nematode communities  is  critical  for  ecological  research and agricultural management because they can serve  as  markers  of  soil  health  and  fertility. Furthermore, because nematodes occupy a wide range  of  ecological  niches,  from  herbivores  to predators,  their  responses  to  soil  chemical changes  might  shed  light  on  the  resilience  and viability  of  soil  ecosystems  under  a  variety  of environmental situations (Jeevan et al., 2024; Chatterjee & Das, 2025).
Soil erosion, nematode invasion, high mineral fertilizer prices, imbalanced nutrient application, insufficient crop rotation, and poor soil fertility are all factors that contribute to the dramatic drop in output of staple crops like cucumbers, corn, and others (Mburu et al., 2020; Mugo et al., 2020). Cucumber (Cucumis sativus), an economically important member of the cucurbit family, ranks as the fourth most important vegetable worldwide due to its nutritional, medicinal, and economic value (Olawale et al., 2021). It is widely cultivated in Nigeria, especially in Benue, Kaduna, Kano, Katsina, and Plateau States, with smaller but significant production recorded in Akwa Ibom, Rivers, Ebonyi, and Enugu States (Bernard & Japhet, 2020). Cucumber is an annual crop, maturing within 45–55 days, making it suitable for year-round cultivation. Its high demand in local and international markets underscores its importance in promoting food security, alleviating malnutrition, and enhancing economic empowerment. Despite this potential, cucumber production is severely threatened by nematode infestations and soil nutrient depletion, both of which drastically reduce yields and profitability (Sikora et al., 2018).
Traditional methods for controlling plant parasitic nematodes, such as chemical nematicides, are often unsustainable due to their high cost, environmental toxicity, and harmful effects on non-target organisms, including beneficial soil microbiota (Gbarakoro & Abajue, 2023; Mbatyoti et al., 2020). As such, there is a growing interest in sustainable and eco-friendly approaches to plant parasitic nematode management and soil fertility restoration. Among these alternatives is the use of black soldier fly frass (BSFF), a by-product of the farming of Hermetia illucens (Black Soldier Fly). 
Black soldier fly frass is rich in organic matter and contains essential nutrients such as nitrogen (N), phosphorus (P), and potassium (K), alongside chitin, microbial biomass, growth hormones, and antimicrobial compounds (Saadoun et al., 2020). The chitin content in BSFF stimulates systemic resistance in plants, suppresses plant parasitic nematodes, and enhances beneficial microbial activities in the soil (Quilliam et al., 2020; Wantulla et al., 2023). Mass rearing of BSF generates large quantities of frass that are effectively harnessed as organic fertilizer and biopesticide (Sheppard et al., 2018). Studies have demonstrated that BSFF not only improves soil health and crop yield but also offers a safe and sustainable alternative to synthetic inputs in agriculture (Singh et al., 2019; Cullere et al., 2019; Abajue and Gbarakoro, 2023). Its ability to enhance cucumber performance by improving soil fertility and reducing nematode infestation positions it as a vital tool for sustainable agriculture in Nigeria and other developing regions. This study evaluated the influence of BSFF on soil to ascertain nematode diversity in cucumber farm in Choba, Nigeria.
Materials and Methods
The study was carried out at the premises of the Animal house, Department of Animal and Environmental Biology (AEB), University of Port Harcourt, Rivers State, Nigeria (latitude 4°53′N and longitude 6°55′E). The premise enjoys typical tropical conditions with a bimodal rainfall pattern, and a soil type that is predominantly sandy loam, suitable for vegetable cultivation (Ogbonna and Okechukwu, 2021). 
The frass (undigested culinary/poultry feed/BSF exuviae and excreta) was obtained from the BSF insectarium at the Animal house, Department of AEB. 
Selected Physicochemical Analysis 
Electrical conductivity, moisture content, pH, sulphate, nitrate, phosphate, organic matter, and nitrate were analyzed on the BSFF and soil samples at the Environmental Biology Laboratory, Department of AEB according to Nzeako and Nzeako (2008).
Experimental setup 
Soil samples were collected from a mapped out in an undisturbed plot (size needed) before BSFF amendment and cultivation to establish baseline data for nematode fauna and physicochemical status of the soils and BSFF according to Nzeako (2017). After this, the vegetation in the mapped-out plots were cleared and left bare for a few 2 weeks to reduce the soil nematode community composition. The BSFF was applied to the soil topically after ridges were constructed. The ridges were allowed to stand for 7 days before cucumber seeds were planted. 
Planting
Two varieties of cucumber seeds (Market more and Nandini 732-F1) were obtained from the Department of Crop and Soil Science, University of Port Harcourt, Nigeria. These were planted, 7 days after soil amendment with BSFF.  In the mapped out, four ridges were constructed, two (2) for BSFF amendment and two (2) for the control without BSFF amendment. Each of the ridges received 36 seeds, planted in 12 shallow holes, in replicates of 3 per hole, totaling 144 seedlings (72 per variety). 
Nematode Extraction
Soil and root samples were collected from rhizosphere of cucumber plants at 14, 28, 42, and 56 days after amendment (DAE) to assess soil and plant parasitic nematodes population dynamics. The modified Baermann funnel method was used to extract nematodes from soil samples according to Southey (1986), Coyne et al. (2007) and Nzeako et al. (2021).  Root samples were macerated and treated with 10 ml of 4% hypochlorite solution for nematode release, and the aliquot; passed through a series of mesh of various apertures according to Ahmed et al. (2020). Nematodes were collected using the Back-wash technique (Nzeako and Imafidor, 2008), while nematode identification was according to Southey (1986).
Growth parameters and yield determination of the cucumber varieties
Growth parameters such as plant height, leaf count and average fruit weight were measured to assess the performance of cucumber plants under the treatments of BSFF and with BSFF (control) (Alam, Rahman, & Hossain, 2014). Plant height was measured in centimeters (cm) at 14 days interval throughout the experimental period, commencing 14 days after planting until harvest. Measurements were taken from the soil surface to the tip of the highest leaf using a measuring tape (Yadav & Dhaka, 2017) to monitor growth trends and treatment effects on plant vigour.
Yield assessment was carried out by counting the number of leaves per plant across the 2 treatments. Leaf counts were done bi-weekly, beginning from the second week after planting (2 WAP) up to the eighth week (8 WAP). This method provided an indication of the vegetative growth and overall plant vigor, as leaf production is directly associated with photosynthetic capacity and biomass accumulation in cucumber plants (Singh, Kumar, & Kumar, 2019).
Determination of nematode maturity index
The maturity index of soil nematode population in the cucumber rhizosphere was calculated to evaluate the ecological response of soil nematodes to BSFF and control treatments. The maturity index (MI) was determined using the formula by Bongers (1990), that is based on the colonizer–persister (c–p) scale. Add the formular or the scale…
Data Analysis
Descriptive statistics such as means, standard deviations, charts, and graphs were used to summarize the data. One-way analysis of variance (ANOVA) was performed to compare treatment effects at a significance level of 0.05. Analysis was conducted using SPSS version 27 and Microsoft Excel 2013.
RESULTS
The selected physicochemical assessment (table 1) shows that the pH levels of BSFF (6.55 ± 0.52) and soil (6.45 ± 0.34) were statistically similar (p = 0.770). Sulphate concentration was significantly higher in the soil (7.09 ± 0.69 mg/kg) than that of the BSF frass (2.68 ± 0.49 mg/kg). Nitrate and phosphate levels did not differ significantly between substrates (p = 0.495 and p = 0.540) for pre-amended and BSFF respectively. However, both substrates provided substantial amounts of nitrogen and phosphorus; essential macronutrients for plant growth. Soil samples exhibited a significantly higher organic matter content (5.89 ± 1.19 mg/kg) than BSFF frass (3.06 ± 0.50 mg/kg). A marked difference was observed in electrical conductivity (EC) values, with the soil recording 690.75 ± 9.74 µS/cm compared to 29.25 ± 0.96 µS/cm in the BSFF (p = 0.000). The elevated EC in the soil reflects a higher concentration of soluble salts, which may affect nutrient uptake and root health. Moisture content was significantly greater in soil (18.42 ± 0.53%) than in the BSFF (11.91 ± 0.93%), with a p-value of 0.000. This suggests that soil had a higher water-holding capacity, which could influence plant hydration and microbial dynamics better.

Table 1. Physicochemical Parameters of the Pre-amended soil and BSFF
	Parameters
	BSF Frass
	Soil

	pH
	6.29 ± 0.51
	6.51 ± 0.09

	Sulphate (mg/kg)
	2.68 ± 0.49 
	7.09 ± 0.69 

	Nitrate (mg/kg)
	11.41±0.84
	11.94±1.21

	Phosphate (mg/kg)
	0.73±0.16
	0.73±0.04

	Organic matter (mg/kg)
	3.40±0.40 
	6.82±0.43

	Electrical-conductivity (µS/cm)
	29.25±0.96
	690.75±9.74 

	Moisture content (%)
	12.19± 0.96
	18.47±0.55



The distribution of nematodes in the soil before treatment and frass amended soil (table 2) shows 98 and 192 nematodes abundance respectively.  The species richness; 7 and 13 genera respectively, represent a functional characteristic of six herbivorous types (plant parasitic nematodes- PPNs) and one free-living nematode (bacterivore). The abundance and speciation of the PPNs in the control soil include:  Meloidogyne sp, 42(42.86%), Rotylenchus sp., 12 (12.24%), Pratylenchus sp., 11(11.2%), Hemicyclophora sp., 6(6.12%), Achysiella sp., 2(2.04%), and Xiphenema sp., 3(3.06%), while the free living was Tylenchus sp., 22(22.45%). 
Soil nematode diversity and species richness was relatively higher in BSFF soil than that of the control with 182 nematodes comprising 13 genera of which 12 were plant parasitic (Meloidogyne sp., 49(26.92%), Pratylenchus sp.,26(14.29%), Hoplolaimus sp.,  25(13.74%), Paratylenchus sp. 20(10.99%), Rotylenchus sp., 13(7.14%), Tylenchulus sp., 13(7.14%), Hemicyclophora sp., 7(3.85%), Tylenchorynchus sp.,  6(3.30), Helicotylenchus sp.,  4(2.20%), Rodopholus sp.,  4(2.20%), Trichodorus sp.,  4(2.20%), Xiphenema sp.,  12(6.60%), and 1 free-living (Tylenchus sp.,  9(4.95%)). 
Population parameters varied within the two soil treatments thus, nematode Dominance (D) was 0.2668 and 0.1406 for the unamended-soil and BSSF-amended-soil respectively. Simpson index (1-D) was 0.7332 and 0.8594, respectively, Shannon index (H) was 1.558 and 2.211 respectively while the Evenness H was 0.6787 and 0.7022 respectively.

Table 2. Nematode Abundance and Diversity in Unamended-Soil and BSFF-Amended Soil before Planting
	Nematode species
	Unamended-soil (%)
	BSFF-amended-soil (%)
	Total (%)

	Meloidogyne sp.
	42(42.85)
	49(25.52)
	91(31.37)

	Pratylenchus sp.
	11(11.22)
	26 (13.54)
	37(12.75)

	Tylenchus sp.
	22(22.45)
	9(4.68)
	31(10.68

	Rotylenchus sp.
	12(12.24)
	13(6.77)
	25(8.62)

	Helicotylenchus sp.
	0(0.00)
	4(2.08)
	4(1.37)

	Hemicyclophora sp.
	6(6.12)
	7(3.64)
	13(4.48)

	Rodopholus sp.
	0(0.00)
	4(2.08)
	4(1.37)

	Trichodorus sp.
	0(0.00)
	4(2.08)
	4(1.37)

	Tylenchorynchus sp.
	0(0.00)
	6(3.12)
	6(2.06)

	Tylenchulus sp.
	0(0.00)
	13(6.77)
	13(4.48)

	Xiphenema sp.
	3(3.06)
	12(6.25)
	15(5.17)

	Hoplolaimus sp.
	0(0.00)
	25(13.02)
	25(8.62)

	Paratylenchus sp.
	0(0.00)
	20(10.41)
	20(6.89)

	Achysiella sp.
	2(2.04)
	0(0.00)
	2(0.68)

	Grand total (%)
	98 (99.98%)
	192 (99.96%)
	290(99.91%)

	Dominance D 
	0.2668
	0.1406
	

	Simpson 1-D
	0.7332
	0.8594
	

	Shannon H
	1.558
	2.211
	

	Evenness e^H/S
	0.6784
	0.7019
	



The abundance, richness and diversity of rhizosphere nematodes collected from the  2cucumber variety are shown in table 3. For the soil planted the Market More variety and amended BSFF, 323 nematodes in 25 genera were extracted. Among these genera, 22 were plant parasitic nematodes (Meloidogyne sp., 111(34.37%), Pratylenchus sp., 46(14.24%), Rotylenchus sp., 30(9.29%), Trichodorus sp., 23(7.1%), Paratylenchus sp., 22(6.8%), Hemicyclophora sp., 9(2.79%), Tylodorus sp., 6(1.86%), Helicotylenchus sp., 6(1.86%), Hoplotylus sp., 4(1.24%), Ditylenchus sp., 3(0.9%), Tylenchorynchus sp., 3(0.9%), Tetylenchus sp., 2(0.60%), Longidorus sp., 1(0.30%), Paratrichodorus sp., 1(0.30%), Hirschmaniella sp., 1(0.30%), Dolichodorus sp., 1(0.30%), Belonolaimus sp., 1(0.30%), Scutellonema sp.,, 1(0.305), Rodopholus sp., 2(0.60%),Gracilacus sp., 1(0.30%), Acontylus sp., 1(0.30%), Tylenchulus  sp., 1(0.30%)), while 3 were free-living (Tylenchus sp., 35(10.84%), Chambriella sp., 8(2.48%), and Hexatylus sp.,4(1.24%)).
 In the soil planted the Nandini732-F1 cucumber variety and amended with BSF Frass, it harboured 418 nematodes in 24 genera. Of the 24 genera of nematodes , 21 were plant parasitic (Meloidogyne sp., 162(38.76%), Pratylenchus sp., 97(23.21%), Rotylenchus sp., 30(7.18%), Paratylenchus sp., 20(4.78%), Trichodorus sp., 14(3.35%), Hemicyclophora sp., 14 (3.35%), Tylenchorynchus sp., 13(3.11%), Helicotylenchus sp., 11(2.63%), Telotylenchus sp., 7(1.67%), Rodopholus sp., 4(0.96%), Tylodorus sp.,3(0.72%), Hoplolaimus sp., 3(0.72%), Tetylenchus sp., 3(0.72%), Tylenchulus sp., 3(0.72%), Ditylenchus sp., 1(0.24%), Xiphenema sp.,1(0.24%), Aphelencoides sp., 1(0.24%), Hoplotylus sp., 1(0.24%), Dolichodorus sp.,1(0.24%),  and Scutellonema sp., 1(0.24%)), while 3 were free-living (Tylenchus sp., 21(5.02%), Chambriella sp., 4(0.96%), and Paratrophorus sp., 1(0.24%)). .
The Market more cucumber variety in the control plot harboured 236 nematodes in 15 genera. Of the 15 genera, 14 were plant parasitic (Meloidogyne sp., 118(50%), Pratylenchus sp.,20(8.47%), Rotylenchus sp., 16(6.78%), Paratylenchus sp., 13(5.51%), Helicotylenchus sp., 12(5.08%), Tylodorus sp., 11(4.66%) Tylenchorynchus sp., 9(3.81%), Tetylenchus sp., 7(2.97%),  Trichodorus sp., 5(2.12%) Hoplolaimus sp., 4(1.69%), Ditylenchus sp.,4(1.69%), Brachydorus sp., 3(1.27%), Hemicyclophora sp., 2(0.85%), Aphelencoides sp., 1(0.42%)), while 1 was free-living (Tylenchus sp.,11(4.66%)). . 
For the Nandini 732-F1 cucumber variety in the control plot, 364 nematodes were collected comprising 22 genera of which 21 were plant parasitic, and 1 free-living (Tylenchus sp.). There was great variability in the distribution of the plant parasitic nematodes with  Meloidogyne sp., 89(24.45%), having the highest abundance followed by Pratylenchus sp.,  59 (16.21%), Rotylenchus sp., 30(8.24%), Paratylenchus sp., 31(8.51%), Trichodorus sp., 26(7.14%), Hemicyclophora sp.,18(4.95%), Tylenchorynchus sp.,13(3.57%), Tylodorus sp., 13(3.57%), Hirschmaniella sp., 7(1.92%), Hoplolaimus sp., 7(1.92%), Ditylenchus sp., 6(1.65%), Helicotylenchus sp., 4(1.1%), Telotylenchus sp., 3(0.82%), Rodopholus sp., 3(0.82%), Longidorus sp., 3(0.82%), Xiphenema sp., 2(0.55%), Aphelencoides sp., 2(0.55%), Tylenchulus sp., 2(0.55%), Brachydorus sp., 1(0.27%), Scutellonema sp., 1(0.27%), Hoplotylus sp., 1(0.27%), and Tylenchus sp., 43(11.81%).
Table 3. Soil Nematode Abundance in Untreated-Soil and BSF Frass-Soil and after Planting
	[bookmark: _Hlk208208551]Nematode
	Frass Market More (%)
	Frass Nandini 732-F1(%)
	Control Market More (%)
	Control Nandini 732-F1(%)
	Total (%)

	Species
	
	
	
	
	

	Meloidogyne sp.
	111(34.37)
	162(38.76)
	118(50)
	89(24.45)
	480(35.79)

	Pratylenchus sp.
	46(14.24)
	97(23.21)
	20(8.47)
	59(16.21)
	222(16.55)

	Ditylenchus sp.
	3(0.90)
	1(0.24)
	4(1.69)
	6(1.65)
	14(1.04)

	Tylenchus sp.
	35(10.84)
	21(5.02)
	11(4.66)
	43(11.81)
	110(8.20)

	Trichodorus sp.
	23(7.10)
	14(3.35)
	5(2.12)
	26(7.14)
	68(5.07)

	Xiphenema sp.
	-
	1(0.24)
	-
	2(0.55)
	3(0.22)

	Longidorus sp.
	1(0.30)
	-
	-
	3(0.82)
	4(0.30)

	Tylodorus sp.
	6(1.86)
	3(0.72)
	11(4.66)
	13(3.57)
	33(2.46)

	Hoplolaimus sp.
	-
	3(0.72)
	4(1.69)
	7(1.92)
	14(1.04)

	Paratylenchus sp.
	22(6.80)
	20(4.78)
	13(5.51)
	31(8.51)
	86(6.41)

	Paratrichodorus sp.
	1(0.30)
	-
	-
	-
	1(0.07)

	Rotylenchus sp.
	30(9.29)
	30(7.18)
	16(6.78)
	30(8.24)
	106(7.90)

	Helicotylenchus sp.
	6(1.86)
	11(2.63)
	12(5.08)
	4(1.1)
	33(2.46)

	Hemicyclophora sp.
	9(2.79)
	14(3.35)
	2(0.85)
	18(4.95)
	43(3.20)

	Brachydorus sp.
	-
	-
	3(1.27)
	1(0.27)
	4(0.30)

	Aphelencoides sp.
	-
	1(0.24)
	1(0.42)
	2(0.55)
	4(0.30)

	Tetylenchus sp.
	2(0.60)
	3(0.72)
	7(2.97)
	-
	12(0.89)

	Tylenchorynchus sp.
	3(0.90)
	13(3.11)
	9(3.81)
	13(3.57)
	38(2.83)

	Chambriella sp.
	8(2.48)
	4(0.96)
	-
	-
	12(0.89)

	Hirschmaniella sp.
	1(0.30)
	2(0.48)
	-
	7(1.92)
	10(0.75)

	Hoplotylus sp.
	4(1.24)
	1(0.24)
	-
	1(0.27)
	6(0.45)

	Rodopholus sp.
	2(0.60)
	4(0.96)
	-
	3(0.82)
	9(0.67)

	Tylenchulus sp.
	1(0.30)
	3(0.72)
	-
	2(0.55)
	6(0.45)

	Telotylenchus sp.
	-
	7(1.67)
	-
	3(0.82)
	10(0.75)

	Dolichodorus sp.
	1(0.30)
	1(0.24)
	-
	-
	2(0.14)

	Belonolaimus sp.
	1(0.30)
	-
	-
	-
	1(0.07)

	Scutellonema sp.
	1(0.30)
	1(0.24)
	-
	1(0.27)
	3(0.22)

	Gracilacus sp.
	1(0.30)
	-
	-
	-
	1(0.07)

	Hexatylus sp.
	4(1.24)
	-
	-
	-
	4(0.30)

	Acontylus sp.
	1(0.30)
	-
	-
	-
	1(0.07)

	Paratrophorus sp.
	-
	1(0.24)
	-
	-
	1(0.07)

	Grand Total%
	323(24.1)
	418(31.2)

	236(17.6)
	364(27.1)
	1341

	Dominance D
	0.1712
	0.2187
	0.2754
	0.1256
	

	Simpson 1-D
	0.8288
	0.7813
	0.7246
	0.8744
	

	Shannon H
	2.236
	2.048
	1.903
	2.405
	

	Evenness e^H/S
	0.3744
	0.3231
	0.4471
	0.5034
	

	Maturity index (cp*relative abundance/100)
	1.19
	0.67
	0.32
	0.98
	

	PP Index (cp*relative abundance/100)
	9.51
	11.84
	6.63
	10.33
	



The distribution, population and diversity of nematodes collected from the roots of the two varieties of cucumber plants are shown in table 4a total of 111 nematodes comprising 18 genera across the plots and cucumber varieties. The roots of the Market more cucumber variety exposed to BSFF amendment recorded  a total of 10 nematodes, comprising 5 genera, out which 4; Meloidogyne sp. 3(30%), Pratylenchus sp. 4(40%), Ditylenchus sp., 1(10%), Tylodorus sp., 1(10%),were  plant parasitic, and 1; Tylenchus sp., 1(10%) free-living; .The Nandini 732-F1 cucumber variety exposed to BSFF  amendment  harboured  a total of 16 nematodes, comprising 7 genera, out of which 6; Pratylenchus sp., 6(37.5%), Trichodorus sp., 4(25%), Hemicyclophora sp., 2(12.5%), Xiphenema sp., 1(6.25%), Rotylenchus sp., 1(6.25%), Telotylenchus sp., 1(6.25%)were PPNs, and  1; Tylenchus sp. 1(6.25%).  being free-living.
In the control plot, showed variability in infectivity of the roots by plant parasitic nematodes with the roots of Market more cucumber variety harboring 22 PPNs comprising of 8 genera namely; Trichodorus sp., 9(40.9%), Meloidogyne sp.,3(13.6%), Rotylenchus sp., 3(13.6%), Helicotylenchus sp., 3(13.6%), Pratylenchus sp., 1(4.5%), Ditylenchus sp., 1(4.5%), Hirschmaniella sp., ,1(4.5%), and Telotylenchus sp., 1(4.5%). The roots of Nandini cucumber variety in the same control plot, harboured 33 nematodes comprising 14 genera; Trichodorus sp.,7(21.2%), Acontylus sp., 6(18.2%) Rotylenchus sp., 5(15.2%), Hemicyclophora sp., 3(9.1%), Meloidogyne sp., 2(6.1%), Pratylenchus sp., 2(6.1%), Hoplolaimus sp., 1(3.03%), Ditylenchus sp., 1(3.03%), Tylenchorynchus sp., 1 (3.03%), Hirschmaniella sp., 1(3.03%), Paratylenchus sp., 1(3.03%), Longidorus sp., 1(3.03%), Hoplotylus sp., 1(3.03%), and Tylenchus sp., 1(3.03%).
Table 4. Plant Parasitic Nematodes in Cucumber Roots of BSFF-Amended and Unamended Soils
	[bookmark: _Hlk208378920]Nematode
Species
	Frass Market More (%) 
	Frass Nandini 732f1 (%)
	Control Market More (%)
	Control Nandini 732f1 (%)
	Total (%)

	Meloidogyne sp.
	3(30)
	0(0.00)
	3(13.6)
	2(6.1)
	8(9.87)

	Pratylenchus sp.
	4(40)
	6(37.5)
	1(4.5)
	2(6.1)
	13(16.04)

	Ditylenchus sp.
	1(10)
	0(0.00)
	1(4.5)
	1(3.03)
	3(3.70)

	Tylenchus sp.
	1(10)
	1(6.25)
	0(0.00)
	1(3.03)
	3(3.70)

	Trichodorus sp.
	0(0.00)
	4(25)
	9(40.9)
	7(21.2)
	20(24.69)

	Xiphenema sp.
	0(0.00)
	1(6.25)
	0(0.00)
	0(0.00)
	1(1.23)

	Longidorus sp.
	0(0.00)
	0(0.00)
	0(0.00)
	1(3.03)
	1(1.23)

	Tylodorus sp.
	1(10)
	0(0.00)
	0(0.00)
	0(0.00)
	1(1.23)

	Hoplolaimus sp.
	0(0.00)
	0(0.00)
	0(0.00)
	1(3.03)
	1(1.23)

	Paratylenchus sp.
	0(0.00)
	0(0.00)
	0(0.00)
	1(3.03)
	1(1.23)

	Rotylenchus sp.
	0(0.00)
	1(6.25)
	3(13.6)
	5(15.2)
	9(11.11)

	Helicotylenchus sp.
	0(0.00)
	0(0.00)
	3(13.6)
	0(0.00)
	3(3.70)

	Hemicyclophora sp.
	0(0.00)
	2(12.5)
	0(0.00)
	3(9.1)
	5(6.17)

	Tylenchorynchus sp.
	0(0.00)
	0(0.00)
	0(0.00)
	1(3.03)
	1(1.23)

	Hirschmaniella sp.
	0(0.00)
	0(0.00)
	1(4.5)
	1(3.03)
	2(2.46)

	Hoplotylus sp.
	0(0.00)
	0(0.00)
	0(0.00)
	1(3.03)
	1(1.23)

	Telotylenchus sp.
	0(0.00)
	1(6.25)
	1(4.5)
	0(0.00)
	2(2.46)

	Acontylus sp.
	0(0.00)
	0(0.00)
	0(0.00)
	6(18.2)
	6(7.40)

	Grand total
	10(12.34)
	16(19.75)
	22(27.16)
	33(40.74)
	81(99.91)

	Dominance D
	0.28
	0.2344
	0.2314
	0.2010
	

	Simpson 1-D
	0.72
	0.7656
	0.7686
	0.7990
	

	Shannon H
	1.418
	1.667
	1.743
	2.043
	

	Evenness e^H/S
	0.8262
	0.757
	0.7141
	0.7900
	

	PPI (Cp*relative abundance/100)
	0.42
	0.97
	1.38
	1.64
	



The growth parameters and yield per treatment for the cucumber variety showed that the BSFF Nandini plot recorded the highest plant height of 55.28 cm, the highest leaf count and fruit yield of 18.39, and 6 respectively. In the unamended-soil, the Nandini variety had the second highest height and leaf count, but with the least fruit yield (47.88 cm, 14.39, and 2) respectively. In the unamended-soil, the market more variety had a plant height of 22.29 cm, leaf count of 12.01 and fruit yield of 5. Alternatively, in the BSFF-amended-soil, the market more variety had a height of 38.03 cm, leaf count of 11.97 and fruit yield 4.
TABLE 5: Plant Growth/Yield Indices for the Cucumber varieties in the farm
	Treatments/Variety 
	Plant height (cm)
	Leaf count
	Fruit count

	BSFF/Market more
	38.03±8.67
	11.97±3.40
	4

	BSFF/Nandini
	55.28±11.67
	18.39±5.25
	6

	No BSFF/Market More
	25.29±5.42
	12.01±2.87
	5

	No BSFF/Nandini
	47.88±11.14
	14.39±2.69
	2



DISCUSSION
The findings in this study highlight that BSFF is rich in nutrients with nitrogen, phosporus, potassium, chitin, and microbial biomass hence, its ability to enhance growth and development in cucumber heightens its usefulness in crop productions. This agrees with Singh et al. (2019) and Cullere et al. (2019), who in their reports said that BSFF could improve soil fertility and crop productivity leading to reduction in reliance on chemical fertilizers. Similarly, Anedo et al. (2025) revealed that BSFF significantly suppressed potato cyst nematodes while improving tuber yield, thereby, reinforcing the suggestion that BSFF is a viable eco-friendly alternative to nematicides. Recent studies also, have demonstrated the efficacy of BSFF or chitin-fortified BSFF to have significantly improved soil fertility in terms of pH, macronutrients, exchangeable cations, and cation exchange capacity (Beesigamukama et al., 2021; Gebremikael et al., 2022; Menino et al., 2021; Boudabbous et al., 2023; Anedo et al., 2024). The results of the selected physicochemical assessment suggest that the soil contained more readily available sulphate ions, which may influence sulfur-dependent metabolic processes in plants. Both substrates provided substantial amounts of nitrogen and phosphorus; essential macronutrients for plant growth thus, indicated that the soil samples had superior nutrient retention and microbial activity than only BSFF due to its richer organic composition ecosystem functionality of inherent floral and faunal assemblage. 
 Also,  soil amendment with BSFF and the chitin-rich exuviae have been found to boost plant growth hormones and stimulate the activities of beneficial bacteria and fungi that are key in enhancing plant growth and immunity (Wantulla et al., 2023b; van de Zande et al., 2024). The BSFF in the study is suspected to have provided additional benefits by stimulating systemic resistance against plant parasitic nematodes,  and upregulated plant apical competence as infer by previous authors (Barragan-Fonseca et al., 2023; Li et al., 2023; Wantulla et al., 2023a). This could have contributed to the observed superior performance of the two cucumber plants exposed to BSFF-amended soil in the study. 
In this study, the BSFF-amendment soil improved the cucumber vigor, and soil nematode species richness, suggesting that BSFF-amended soil created a more biologically active soil environment than in the unamended soil. However, Quilliam et al. (2020) in his study emphasized that BSFF-chitin soil amendment mediated plant parasitic nematode suppression. This study opines that the outcome of any treatment with BSFF are greatly dependent on multiple factors such as; ambient agroclimatic conditions, endemic soil nematode population and, farmer’s skill and awareness. The ecological significance of BSFF soil-amendment was evident in enhanced population dynamism observed in enriched soils. There was relatively higher abundance, diversity and species richness in the BSFF-amended soil compared to the unamended soil but the cucumber varieties in the BSFF-amended soil were able to recover from their phytophagous effects. Maturity index of the nematodes in the BSFF-amended soil was higher indicating more disturbance and an enhanced successional process owning to the abundance of basal nematode species such as Tylenchus species. 
Endophytic nematode abundance in the cucumber roots was lower in BSFF-amended soil compared to the unamended soil. In spite of the high soil nematode density and diversity recorded, this scenario supports the idea that BSFF-soil amendments do not eliminate nematodes multiplication however, shifts community dynamics toward ecological balance. Anedo et al. (2025) similarly observed that BSFF reduced plant parasitic nematodes infectivity while, promoting free-living nematodes that enhance nutrient cycling. This study opines that BSFF amendment supports a stable and functional nematode community structure that favoured nutrient availability and nematode phytophagic inhibition (Bongers 1990; Nzeako et al., 2019; Nzeako et al., 2021). The findings corroborate with earlier reports of Singh et al. (2019) and Cullere et al. (2019), who highlighted BSFF’s capacity to improve soil fertility and crop yield. Interestingly, the reduction of plant parasitic nematodes in the cucumber roots of BSFF-amended plots in this study was consistent with the nematode-suppressive effects observed by Quilliam et al. (2020) and Anedo et al. (2025). These researchers attributed this to chitin-mediated induction of systemic resistance in plants. The differences observed between the Market More and Nandini 732-F1 cucumber varieties suggest that BSFF’s effectiveness may be host specific, indicating similar cultivar-specific responses as reported in maize by Mburu et al. (2020). Nandini 732-F1 cucumber variety showed higher plant height and leaf count under BSFF treatment compared to Market More cucumber variety which indicates host specific factors in relation to environmental pressures (2008) which influenced plant growth characteristics in the study. Similar observational differences were also noted by Mburu et al. (2020) in maize, where BSFF improved growth characteristics differently across cultivars. This scenario highlighted the need for crop-specific optimization of frass application rates and timing (Gbarakoro & Abajue, 2023) to achieve optimal growth performance in crops.
Conclusion
This study demonstrates that BSFF in soil amendment significantly influences soil nematode dynamics and enhances cucumber growth performance in the field. The BSFF-amended soil exhibited higher nematode diversity and abundance compared to unamended soil, nematode infestation within the cucumber roots was markedly reduced. This paradox underscores the BSFF amendment’s ecological role in the enhancement of meso-faunal diversity and stability, and plant parasitic nematode suppression. The use of BSFF in soil amendments for crops and vegetables represents a promising, eco-friendly alternative to synthetic chemicals in sustainable cultivation of crops. Its integration into small-holder farming systems could mitigate nematode-induced yield losses, restore soil fertility, and empower farmers economically.
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