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Efficacy of wood vinegars on insect control, agronomic performance and yield of open-field tomatoes in Côte d'Ivoire

Abstract
[bookmark: _Hlk213317871]Background: In Côte d’Ivoire, tomato production suffers significant yield losses due to insect infestations, which are typically controlled using synthetic pesticides that pose risks to human health and the environment. Wood vinegar, a natural liquid obtained from biomass pyrolysis, contains bioactive compounds with insecticidal and biostimulant properties. This study evaluated the efficacy of locally produced wood vinegars as sustainable alternatives for tomato protection.
Methods: The experiment was conducted during the 2024 rainy season in Yamoussoukro, Côte d’Ivoire, on a 250 m² field with slightly acidic soil (pH 6.5), low in nitrogen (0.04%) and rich in phosphorus (37 ppm). Two wood vinegars (WCV1 and WCV2) were applied by spraying at three dilution rates (1:100, 1:200, and 1:300) and compared to a synthetic insecticide (K-optimal 35 EC) and an untreated control. Insect attack rates, agronomic parameters, product efficacy duration, tomato moisture content, and yield were monitored at 18, 32, and 46 days after transplanting.
Results: Treatments with wood vinegars significantly reduced insect attacks, with WCV2 (1:100) showing the lowest attack rates (0–16.7%). These treatments also enhanced plant growth parameters, including collar diameter reaching 13.56 ± 1.39 mm with WCV2 (1:200), vegetative growth of 19.83 ± 2.02 cm with WCV2 (1:300), and the largest leaf area of 1453.79 ± 190.09 cm² with WCV2 (1:300). In terms of yield, WCV2 (1:100) produced 19.54 ± 3.65 t/ha, while fruit shelf life increased from 7 to 21–25 days and moisture content decreased from 72% to 55–61%. The activity duration of wood vinegar treatments ranged between 14.33 ± 1.15 and 16.00 ± 0.00 days.
Conclusion: Wood vinegars demonstrate strong potential as eco-friendly tools for integrated pest management, improving yield and post-harvest quality while promoting sustainable and environmentally responsible agriculture.
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Introduction
The tomato (Solanum lycopersicum L.) is one of the most important vegetable crops in Côte d'Ivoire for both local consumption and the subsistence economy. Due to its high vitamin, mineral, and antioxidant content, it is an essential food in the diets of urban and rural populations (FAO, 2021). However, cultivating tomatoes in open fields presents many challenges, including insect pest attacks, which can result in significant yield losses, sometimes exceeding 80 % (Adhikari et al., 2017 ; Osei et al., 2025).
The main insect pests include Helicoverpa armigera, Tuta absoluta, Bemisia tabaci, and various beetles. These pests attack the leaves, fruits, and stems of tomato plants, thereby compromising their growth and quality (Aynalem, 2018 ; Poudel et Kafle, 2021). To fight these pests, farmers widely use synthetic insecticides, often applying them excessively or inappropriately. This practice leads to notable environmental and health issues, including soil contamination, decreased insect diversity, and toxic residue accumulation in edible crops. (Aktar et al., 2009 ; Meda et al., 2022).
In response to these concerns, interest in natural and ecological alternatives has grown, particularly in the context of sustainable agriculture. One such alternative is wood vinegar, which is a liquid byproduct resulting from the condensation of smokes and vapors from wood carbonization (Ouattara et al., 2023). Wood vinegars consist of up to 90 % water and a complex mixture of organic compounds, including aldehydes, alcohols, esters, furan and pyran derivatives, heterocyclic compounds, hydrocarbons, ketones, nitrogen compounds, organic acids, and phenolic compounds. The main compounds are organic and phenolic acids (Aguirre et al., 2020 ; De Souza Araújo et al., 2018 ; Gama et al., 2024 ; Ouattara et al., 2023, 2024). This composition confers insect-repellent and fungistatic properties to wood vinegar (Baimark et Niamsa, 2009 ; Mmojieje et Hornung, 2015 ; Ouattara et al., 2023).
[bookmark: _Hlk206947977][bookmark: _Hlk206948080]Several studies have demonstrated the repellent or toxic effects of wood vinegars on certain agricultural insects. For instance, Mmojieje and Hornung (2015) assessed the efficacy of pyroligneous acid derived from mixed woody biomass against the green peach aphid (Myzus persicae), achieving over 90 % mortality of these pests. Prianto et al. (2022) and Othman et al. (2023) have shown that wood vinegar can effectively repel and kill certain insects such as rice weevils. At a relatively low dose (77.62 ppm), it already causes the death of half of the insects, and at higher concentrations, it can eliminate up to 97% of them. Purnama et al. (2024) studied the use of wood vinegar derived from roasted coconut shells as a botanical pesticide to manage Spodoptera frugiperda infestations, testing five concentrations (0 %, 3 %, 5 %, 8 %, and 10 %). The results highlighted that wood vinegar concentration significantly impacted larval mortality; 10 % concentration was the most effective, achieving an 80 % mortality rate.
Although in vitro applications of wood vinegars as insecticides have been carried out, little data is currently available. In particular, there is a lack of data on the effects of natural conditions on insects affecting tomatoes. In other words, the effect of pyroligneous acid insect repellent properties on tomato productivity in real conditions, such as in a tropical field in Côte d'Ivoire, remains to be explored.
Therefore, this study aims to evaluate the effect of wood vinegar as a natural insect repellent on the agronomic parameters and yield of tomatoes grown in open fields in Côte d'Ivoire. This study is part of an approach to promote the use of natural resources and reduce the use of chemical pesticides while contributing to food security and the sustainability of vegetable production in Côte d'Ivoire.
Materials and methods
Description of site
The experiment was conducted on the northern site of the experimental farm of the Félix Houphouët-Boigny National Polytechnic Institute (INP-HB) in Yamoussoukro in Côte d’Ivoire. The work was carried out on a 500 m² plot of land located on the edge of the lake, which was carefully cleared by hand. This site is geographically located at coordinates 6°53'17.43" North latitude and -5°13'17.50" West longitude. The experiment lasted from mid-April to mid-July 2024, during the rainy season. During this period, climatic conditions revealed average temperatures ranging from 32 °C in the morning to 22.5 °C in the evening, with relative humidity of 60 %.
Natural extracts used
The study used two wood vinegars produced in Côte d’Ivoire with a Casamance kiln at the N’gokro charcoal training site (Alepé, Mé region) at 3°38'24" west longitude and 5°21'17" north latitude. Wood logs were stacked and carbonized for 7–12 days at 380–500 °C. The resulting pyroligneous liquid was stored for over a year, yielding three phases after decantation: an oily layer, a middle layer of wood vinegar, and tar at the bottom. The process of collecting these wood vinegars is shown in Figure 1. The wood vinegars were purified through repeated centrifugation and filtration to obtain clear, stable solutions following standard methods (Ouattara et al., 2024). Additional technical details on the wood species, carbonization process, and wood moisture are provided in Table 1. The Table 2, extracted from our recently published study, summarizes the compounds identified in the two wood cocktail vinegars (WCV1 and WCV2) using gas chromatography–mass spectrometry (GC-MS) analysis (Ouattara et al., 2024). This chemical characterization provides essential information for comparing the insecticidal and biostimulant properties of both vinegars evaluated in this study.
Plant material
The experiment used the COBRA F1 26 tomato variety, known for its high yield, early and extended production, and adaptability to diverse soils and climates. It shows strong resistance to major diseases (Fusarium and Verticillium wilts, and Mosaic virus) and good tolerance to drought and heat (Technisem, 2021). It is uniform, bright red fruits have excellent post-harvest durability, suitable for both fresh consumption and processing (Technisem, 2021). COBRA F1 26 is a cost-effective variety that produces high yields with few inputs.
Experimental Setup and treatments
The experiment was conducted on a 250 m² plot to evaluate the efficacy of wood vinegars as biopesticides in tomato cultivation. Soil quality plays a crucial role in crop yield, as it directly affects nutrient availability, water retention, biological activity, and soil structure. Before sowing, twelve soil samples were randomly collected across the field, homogenized, air-dried for fifteen days, and sieved to 2 mm for physicochemical analyses. The analyses included soil pH (measured according to ISO 10390, 2021) (Gado, 2018 ; Ibrahim et al., 2019), exchangeable bases (Ca²⁺, Mg²⁺, K⁺, Na⁺) determined by ammonium acetate extraction (Senou et al., 2014), cation exchange capacity (CEC) evaluated after ethanol washing and acid–base titration (Gado, 2018 ; Ibrahim et al., 2019), organic carbon and matter contents determined by the Walkley and Black method (Saber et al., 2014), total nitrogen measured using the Kjeldahl method (AFNOR, 1994), and total phosphorus quantified by spectrophotometry at 880 nm after acid digestion (Anderson et Ingram, 1994).
Tomato seedlings were first raised in a 4 m² nursery bed established near a water source and close to the experimental site. About 10 g of tomato seeds (COBRA F1 26 variety) were sown in well-prepared soil treated with 20 g of granular nematicide (Capsidor 3GR, CALLIVOIRE, Yamoussoukro, Côte d’Ivoire) and a 15 mL/L insecticide solution (K-optimal 35EC, CALLIVOIRE) to prevent nematode and soil pest attacks. The seeds were lightly covered with fine soil and straw mulch to protect them from direct sunlight. After three days, the straw was removed to form a light shade structure. The nursery was watered twice daily with approximately 20 L of water for 21 days, until vigorous seedlings with at least four true leaves were obtained for transplanting (Figure 2). 
Prior to transplanting, the field was plowed, leveled, and cleared of debris and weeds. One week before transplanting, we incorporated basal organic manure, in the form of well-decomposed poultry manure (5 t/ha), to improve soil fertility and structure. A chemical fertilizer composed of NPK 15-15-15 (200 kg/ha) was applied at transplanting to promote root development, followed by urea (46% N) at 100 kg/ha during flowering to support vegetative and fruit growth. Fertilizer applications were done by localized placement at the base of each plant and lightly covered with soil to minimize losses.
After 21 days in the nursery, the seedlings were transplanted into 24 elementary plots arranged in a randomized complete block design (Figure 3). Each elementary plot was 2.5 m × 1.6 m (about 4 m²) and had 12 plants. There was 0.5 m of space between plots and 40 cm of space between plants in rows. The layout consisted of three rows of four plants per plot, totaling 288 tomato plants across the experimental field.
Regular weeding and hoeing were carried out every two weeks to control competing vegetation and improve soil aeration. Irrigation was performed manually every morning or evening, depending on rainfall, to maintain adequate soil moisture throughout the growing period.
The experiment included eight treatments: a synthetic insecticide (PR: K-optimal 35EC, 50 mL per 15 L of water), two types of wood vinegar (WCV1 and WCV2) applied at three dilutions (1:100, 1:200, and 1:300), and an untreated control (UC). Treatments were applied three times at 14-day intervals once insect infestations appeared. Each treatment was replicated three times.
Observations and measurements were performed at three key growth stages, respectively 18, 32, and 46 days after transplanting (DAT), corresponding respectively to seedling establishment, flowering, and fruit maturation. Data collection was conducted early in the morning to minimize handling stress and contamination risks. To reduce border effects, only central plants in each subplot were used for assessment. Figures 4A–4D summarize the experimental layout and treatments applied.
Observation recorder
Because tomatoes have a short growth cycle and are highly sensitive to handling, agronomic data were collected early in the morning to reduce contamination risks. Observations focused on central plants within each subplot to avoid edge effects, with measurements taken at 18, 32, and 46 days after transplanting corresponding to emergence, flowering, and ripening stages. Parameters such as insect attack rate (Eq. 1), stem height and development (Eq. 2), leaf area (Eq. 3), collar diameter, and duration of effectiveness were recorded on eight representative plants. At harvest, fruit yield per stem was calculated (Eq. 4), and three fruits per treatment were stored at room temperature (25 °C) and 60 % of relative humidity to assess shelf life. Fruit moisture content was determined by weight loss after drying at 105 °C for 24 hours (Eq. 5). All measurements were conducted on four replicates to ensure reliable and representative results.
                                                                          (1)
With, ATQ, insect attack rate per board
                                                                                                             (2)
With SD, stem development stage in cm, Hf, stem length at the end of the stage in cm, and Hd, stem length at the beginning of the stage in cm.
                                                                                                            (3)
Where LA is the leaf area in cm2, Ll is the leaf length in cm, and Wl is the leaf width in cm.
                                                                                           (4)
Where Yield is the yield in kilograms per hectare, Mf is the mass of fruit harvested from a plot in kilograms, and Sp is the surface area of a plot in square meters.
                                                                                                         (5)
Where M0 is the mass of the tomato before drying in the oven in g, and M1 is the mass of the tomato after drying in the oven in g.
 Statistical analysis
The data were analyzed using SPSS version 16.0. A one-way analysis of variance (ANOVA) was carried out on all results, followed by Duncan’s test to compare the means. Differences were considered significant at the 5% level.
Results and discussion
Soil characteristics
[bookmark: _Hlk206948238]Soil fertility depends on several key physicochemical parameters that determine its ability to support plant growth. Before planting, essential soil characteristics including pH, organic carbon, total nitrogen, organic matter, assimilable phosphorus, cation exchange capacity (CEC), and exchangeable bases (Ca²⁺, Mg²⁺, K⁺, Na⁺) were analyzed (Table 3). These parameters were interpreted according to Bunasols, (1990) (Tables 4 and Table 5). The soil showed a slightly acidic pH of 6.5, favorable for nutrient availability (N, P, K) and reduced metal toxicity (Al³⁺, Mn²⁺) (Brady, 1984 ; Bunasols, 1990), while also promoting microbial activity and organic matter decomposition (Sylvia, 2005). Organic matter and organic carbon contents were moderate (1.27 % and 0.74 %, respectively) (Bunasols, 1990), contributing to soil structure and water retention (Lehmann et Kleber, 2015). Total nitrogen was low (0.04 %) (Bunasols, 1990), resulting in a high C/N ratio (16.46), which reflects limited biological activity and slow organic matter decomposition (Paul, 2014 ; Cotrufo et al., 2019). Assimilable phosphorus reached 37 ppm, indicating high availability beneficial for root growth and flowering (Vance et al., 2003). However, both CEC (4.16 cmol/kg) and exchangeable bases (1.07 cmol/kg) were low, suggesting poor nutrient retention capacity (Tan, 2010) and base depletion that may limit fertility (Bose et al., 2011). To improve soil quality, organic amendments and nitrogen fertilization are recommended to enhance nutrient storage and productivity.
Effect of wood vinegar on insect attack rate of tomato
The data collected on tomato plants were used to calculate the percentage of insect damage (Table 6). The different doses of wood vinegar extracts significantly affected (P < 0.05) insect attack rates at 18, 32, and 46 days after transplanting (DAT). All treatments reduced pest attacks compared with the untreated control. Among them, WCV2 (1:100) was the most effective (0.00–16.67 ± 1.67 %), followed by WCV1 (1:100) (8.33 ± 7.21 – 25.00 ± 12.50 %), though both were less efficient than the synthetic reference K-optimal (0 – 4.17 ± 2.00 %). 
[bookmark: _Hlk195437797]The attack rate serves as a key indicator of treatment efficacy (Gisder et Genersch, 2017 ; Ferracini et al., 2021). K-optimal’s high effectiveness is attributed to its two active ingredients notably lambda-cyhalothrin (15 g/L), a pyrethroid with knock-down action, and acetamiprid (20 g/L), a neonicotinoid active against sucking insects (Kashyap et Sharma, 2016 ; Dai et al., 2024). Compared with untreated plants, WCV2 (1:100) reduced pest attacks by more than threefold, while the synthetic control was over 13 times more effective. This efficiency likely stems from the higher concentration of bioactive compounds (acetic acid, phenols, and esters) known for their insecticidal properties. Previous studies have also demonstrated the repellent and lethal effects of wood vinegar on various pests, including rice weevils (LC₅₀ = 77.62 ppm) (Prianto et al., 2022 ; Othman et al., 2023), aphids, and mites, achieving up to 90 % mortality (Mmojieje et Hornung, 2015 ; Silva et al., 2021). Depending on concentration, pyroligneous acid can reduce pest populations by up to 95 %, supporting its potential as an eco-friendly alternative to synthetic insecticides (Prianto et al., 2022 ; Iacomino et al., 2024).
Effect of wood vinegar on tomato collar diameter
The collar diameters data of tomato plants are presented in Table 7. The different extract doses significantly affected (P < 0.05) collar diameter at 18, 32, and 46 days after planting (DAT). All treatments positively influenced collar diameter compared to the untreated control, which showed the lowest values (4.00–9.11 ± 0.96 mm). Regardless of the evaluation period, wood vinegar treatments significantly increased collar diameter compared to the reference product. Growth improvement was more pronounced at lower concentrations, particularly with WCV1 and WCV2 (1:300) at 32 DAT, and with WCV1 (1:200 and 1:300) at 46 DAT.
Collar diameter reflects plant vigor, root stability, and resistance to stress (Ponce-Figueroa et al., 2024) and helps assess nutritional or pest-related deficiencies (Grossnickle et MacDonald, 2018). The significant increases obtained with WCV1 (1:300) and WCV2 (1:300) at 18–32 DAT, and WCV2 (1:200) at 46 DAT, indicate a biostimulant effect of these extracts. The Appropriate Technology Association of Thailand recommends dilutions of 1:500–1:1000 (v/v) for growth stimulation (Rick, 2010), though lower dilutions were required here due to the high-water content of the vinegars. Several studies confirm the growth-promoting effect of wood vinegar. Kulkarni et al. (2007, 2008) reported improved tomato growth and yield, while (Mungkunkamchao et al., 2013) found that wood vinegar (1:800) and fermented bio-extract (1:500) similarly stimulated tomato cv. Delta growth. Tomatoes appear sensitive to smoke-derived regulators such as karrikinolide and karrikins, which promote germination and seedling development ‑Kulkarni et al., 2007, 2008). Wood vinegar also contains bioactive organic acids (acetic, propionic, butyric) and alcohols (methanol, ethanol) that enhance nutrient absorption, microbial activity, and metabolic processes like glycolysis and the Krebs cycle (Salehi et al., 2008).
Effect of wood vinegar on tomato stem development
The vegetative development stage, representing variations in tomato stem height, is summarized in Table 8. Overall, treatments showed no significant effects (P ≥ 0.05) on stem development, although the reference product induced a notable increase at the early stages (4.67 ± 2.08 cm at 18 DAT; 24.00 ± 2.00 cm at 32 DAT).
Stem development reflects plant vigor and growth rate. The reference product promoted better development, likely due to its synthetic insecticidal compounds protecting plants and enhancing growth. At 32 DAT, when vegetative growth is most active, wood vinegar treatments, particularly WCV2 (1:300), showed moderate stimulation compared to the untreated control, suggesting greater efficacy at low concentrations and supporting recommendations for high dilutions. At 18 DAT and 46 DAT, no significant differences (P ≥ 0.05) were observed among treatments, except for the reference product at 18 DAT. This may be due to plant resource allocation: during early growth, roots develop to optimize nutrient uptake, whereas after 46 DAT (flowering and fruiting phases), energy shifts to reproductive structures (Wenk et Falster, 2015). Previous studies indicate that smoke-derived extracts enhance tomato seedling development (Van Staden et al., 2006) and foliar growth (Kulkarni et al., 2007). The bioactive compounds in wood vinegars (acetic and propionic acids, alcohols, and phenolics) act as growth stimulants. Phenolic acids like ferulic and caffeic acid promote cell division and elongation (Ramzan et al., 2024), while their antioxidant properties improve tolerance to abiotic stress and reinforce plant defenses. Moreover, they enhance soil microbial activity and nutrient availability, making wood vinegars effective natural biostimulants.
Effect of wood vinegar on tomato leaf area 
Leaf length and width measurements were used to determine tomato leaf area, as presented in Table 9. Treatments significantly affected (P < 0.05) the average leaf area at each developmental stage. Untreated plants had the smallest values (161.67 ± 20.21 cm² and 786.22 ± 71.66 cm²), while all vinegar treatments positively influenced leaf expansion. The reference product promoted the greatest growth at 18 and 32 DAT, but at 46 DAT, WCV2 (1:300) showed the highest leaf area. Generally, leaf area increased with decreasing vinegar concentration, except for WCV1 at 46 DAT.
Leaf area is a key indicator of photosynthetic capacity, directly influencing growth and yield (Saito et al., 2020). A larger leaf area enhances light capture, sugar production, transpiration, and nutrient uptake (Hoek van Dijke et al., 2020). The highest values obtained with the reference product and WCV2 (1:300) suggest that wood vinegar–based biostimulants could rival chemical treatments, offering sustainable crop alternatives. WCV2 (1:300) consistently improved multiple growth parameters (collar diameter, leaf number, and stem development) likely due to bioactive compounds such as karrikinolide and karrikins, known to promote germination and seedling growth in tomatoes (Kulkarni et al., 2007, 2008). This sensitivity may explain the increase in above-ground biomass and leaf area. Although GC–MS analysis did not confirm these compounds in the previous studies (Ouattara et al., 2024), LC–MS could verify their presence (Singh et al., 2023). Nonetheless, GC–MS identified organic acids (acetic, propionic) and alcohols, which may also stimulate leaf expansion in tomato plants.
Effective time of products and effect of wood vinegar on grown tomato yield, storage time, and water content
Additional parameters such as yield, effective time, storage time, and moisture content are presented in Table 10. All treatments significantly affected (P < 0.05) tomato yield. Wood vinegars positively influenced production, doubling yield compared to untreated plants, whereas the reference product performed best, producing yields four times higher than untreated tomatoes and 1.5 times higher than the lowest yield among wood vinegar treatments. However, no significant difference (P > 0.05) was observed among vinegars regarding effectiveness, storage time, or moisture content. Despite this, wood vinegar treatments extended tomato shelf life nearly three times longer than untreated fruits and 1.5 times longer than those treated with the reference product. Moreover, vinegar-treated tomatoes showed a notable reduction in moisture content, up to 1.2 times lower than untreated and 1.3 times lower than reference-treated fruits, indicating higher dry matter content and potentially improved post-harvest quality.
Yield is a fundamental indicator of agricultural productivity, reflecting crop health and management efficiency (Tadele, 2017 ; Liu et al., 2021). In this study, tomato yield varied significantly by treatment due to pest pressure. Although it was lower than that obtained with the synthetic reference product K-Optimal, wood vinegars doubled the yield of untreated plants, demonstrating promising biocontrol potential. This improvement likely results from the presence of bioactive compounds (organic acids, phenols, furfurals, aldehydes) with insecticidal, antifungal, and repellent properties (Grewal et al., 2018 ; Prianto et al., 2022 ; Urrutia et al., 2022 ; Othman et al., 2023), which reduced pest damage and preserved photosynthetic organs and flower integrity, favoring pollination and fruiting. Reduced biotic stress may also have enhanced resource use efficiency, as reported for biostimulants (Yakhin et al., 2017). Treatments WCV1 and WCV2 (1:100) showed the most promising results, confirming their potential as eco-friendly alternatives for yield improvement (Mungkunkamchao et al., 2013 ; Sun et al., 2021 ; Zhu et al., 2021). At lower concentrations, these extracts also stimulate microbial activity by providing carbon sources (Mattos et al., 2019 ; Fan et al., 2022 ; Ray et al., 2022). In the context of quasi-organic farming, which integrates natural inputs and sustainable practices (Ponisio et al., 2015 ; Reganold et Wachter, 2016 ; Mie et al., 2017), wood vinegar plays a strategic role thanks to its insecticidal, antifungal, and biostimulant properties. However, its shorter persistence (14.33–16.00 days vs. 21.33 ± 1.53 days for K-Optimal) reflects its lower chemical stability and faster environmental degradation (Global Market Insights Inc., 2023 ; Mordor Intelligence, 2024). This limitation can be offset by regular applications in integrated management systems. Notably, wood vinegar also extended fruit shelf life (21–25 days vs. 15 days for K-Optimal and 7 days for untreated fruit) and reduced fruit moisture content (55.34–60.68 % vs. 72.28 % for untreated and 80.22 % for K-Optimal), likely due to its drying and antimicrobial effects, which limit microbial growth and post-harvest decay. Finally, while synthetic products remain more effective in terms of immediate action, their use is short-term and can lead to resistance or long-term environmental impacts. Conversely, wood vinegar-based treatments, integrated into agro-ecological crop management, offer multiple benefits such as improved fruit quality, extended shelf life, reduced use of chemicals, and the promotion of locally available natural resources. This makes them tools for the future in the transition to more resilient and environmentally friendly agriculture.
Effectiveness of vinegars based on their chemical composition
GC-MS analysis shows that WCV1 and WCV2 have distinct chemical profiles, explaining their differences in insecticidal and biostimulant activity (Table 2). WCV1 is richer in total phenols (approximately 36%), including phenol (15.71 %), cresols (8.4 % and 4.41 %), and guaiacol (5.02 %), while WCV2 contains a lower proportion of phenols (approximately 28 %) but more volatile oxygenated compounds such as toluene (6.62 %), butyrolactone (13.62 %), and cyclopentenone and furan derivatives, known for their insect repellent and stimulating properties. Thus, the high content of organic acids (acetic and propionic) and lactones in WCV2 could enhance its insecticidal activity (Othman et al., 2023). These molecules alter the cell membranes of insects by disrupting their metabolism (Prianto et al., 2022 ; Iacomino et al., 2024). In contrast, the dominance of phenols and cresols in WCV1 promotes biostimulant effects at low concentrations by improving plant growth and physiological resistance (Zhang et al., 2019 ; Afsharipour et al., 2024). In summary, WCV2 is distinguished by more immediate insect protection, while WCV1 appears to promote vegetative growth more at low dilutions, which corroborates the experimental results where WCV2 (1:100) reduced attacks while WCV1 (1:300) improved collar diameter and leaf area. This distinction suggests that the optimal use of these two extracts could be complementary: WCV2 for its insecticidal effect and WCV1 for its biostimulant effect.
Conclusions
This study highlights the potential of wood vinegars (WCV1 and WCV2) as sustainable biopesticides and biostimulants in tomato production. The WCV2 treatment (1:100) significantly reduced pest infestation, while lower concentrations (1:300) enhanced vegetative growth and yield. Moreover, wood vinegar applications improved post-harvest quality by extending fruit shelf life and reducing moisture loss. Despite these benefits, their efficacy and persistence were lower than those of the synthetic insecticide K-optimal 35EC. Future research should focus on optimizing application regimes, improving formulation stability, and evaluating synergistic effects with other natural inputs to enhance performance within integrated pest management and organic farming systems.
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TABLES 
Table 1: Details on the oven and wood used to produce pyroligneous extracts (Ouattara et al. 2024)
	
	Casamance millstone 1
	Casamance millstone 2

	Wheel volume
	22 steres
	17 steres

	Weight of wood
	5,440 kg
	11,079 kg

	 Wood moisture content
	23%
	25%

	Yield of pyroligneous extracts
	25%
	25%

	Carbonization duration
	7 days
	12 days

	Species used
	Cola nitida (Colatier)
Terminalia ivorensis (Framire)
Hevea brasiliensis (Rubber wood)
Acacia mangium (Acacia)
Petersianthus macrocarpus (Abale)
	Cola nitida (Colatier)
Hevea brasiliensis (Hevea)
Piptadeniastrum africanum (Dabema)

	Pyroligneous extracts
	Wood cocktail vinegar (WCV1)
	Wood cocktail vinegar (WCV2)









Table 2: Compounds Identified by GC-MS in Wood Cocktail Vinegars (Ouattara et al., 2024)
	Retention time (min)
	Compound name
	WCV1 (%)
	WCV2 (%)
	Formula

	3.53
	Acetic acid
	11.59
	11.92
	C2H4O2

	4.43
	Propionic acid
	21.14
	16.22
	C3H6O2

	4.9
	Toluene
	-
	6.62
	C7H8

	5.485
	2-Furanol, tetrahydro-
	-
	1.89
	C4H8O2

	8.03
	Butyrolactone
	8.47
	13.62
	C4H6O2

	8.2
	2,5-Hexanedione
	-
	-
	C6H10O2

	8.7
	4-Methylbutyrolactone
	-
	1.20
	C5H8O2

	8.92
	2-Cyclopenten-1-one, 3-methyl
	-
	2.74
	C6H8O

	9.26
	Phenol
	15.71
	9.68
	C6H6O

	9.59
	2-Furanone, 2,5-dihydro-3,5-dimethyl
	-
	0.86
	C6H8O2

	10.55
	Phenol, 3-methyl (m-Cresol)
	8.40
	2.86
	C7H8O

	10.57
	Phenol, 2-methyl (o-Cresol)
	4.41
	-
	C7H8O

	10.96
	Phenol, 4-methyl (p-Cresol)
	-
	7.32
	C7H8O

	11.11
	Phenol, 2-methoxy (Guaiacol)
	5.02
	4.76
	C7H8O2

	12.75
	Phenol, 2-methoxy-3-methyl (Creosol)
	1.08
	1.87
	C8H10O2

	12.91
	Phenol, 3,5-dimethyl (3,5-Xylenol)
	-
	1.27
	C8H10O

	14.01
	Phenol, 4-ethyl-2-methoxy (Guaiacol, 4-ethyl)
	0.78
	0.53
	C9H12O2

	15.12
	Phenol, 2,6-dimethoxy (Syringol)
	0.85
	0.44
	C8H10O3

	16.3
	3,5-Dimethoxy-4-hydroxytoluene
	-
	0.81
	C9H12O3


*-* : Unidentified compounds

[bookmark: _Toc195719100]Table 3: Chemical composition of the experimental soil
	sample 
	pH
	Chemical parameter (%)
	Phosphorus (ppm)
	Absorbent complex (cmol/kg)

	
	
	C
	N
	C/N
	M.O
	P. ass
	CEC
	Ca2+
	Mg2+
	K+
	Na+
	Sum

	Experimental soil
	6.50
	0.74
	0.04
	16.46
	1.27
	37.00
	4.16
	0.61
	0.27
	0.07
	0.12
	1.07


* C: Organic carbon, N: Total nitrogen, M.O: Organic matter, P. av: Available phosphorus, CEC: Cation exchange capacity, Sum: Sum of exchangeable bases (Ca²⁺, Mg²⁺, K⁺, Na⁺)


[bookmark: _Toc195719101]Table 4: Classification of soil pH and C/N ratio according to Bunasols (1990)
	pH-H20
	< 4.5
	4.6-5.0
	5.1-5.5
	5.6-6.0
	6.1-7.3
	7.4-7.8

	
	Extremely acidic
	Very strongly acidic
	Strongly acidic
	Moderately acidic
	Slightly acidic to neutral
	Slightly alkaline

	C/N ratio
	6
	8
	9 – 10
	11 – 12
	13 – 14
	15 – 20

	
	Very low
	Low
	Normal
	Slightly low
	High
	Very high

	
	Rapid organic matter decomposition
	Good organic matter decomposition
	Soil with reduced biological activity and slow organic matter decomposition




[bookmark: _Toc195719102]Table 5: Classification of soil chemical parameters according to Bunasols (1990)
	Soil parameter
	Very Low
	Low
	Medium
	High
	Very High

	Organic Matter (%)
	< 0.5
	0.5 – 1.0
	1.0-2.0
	2.0-3.0
	> 3.0

	Total Nitrogen (%)
	< 0.02
	0.02-0.06
	0.06-0.10
	0.10-0.14
	> 0.14

	Available phosphorus (ppm)
	< 5
	5–10
	10-20
	20–30
	> 30

	CEC (meq/100g)
	< 5
	5–10
	10 – 15
	15–20
	> 20

	Base Saturation (meq/100g)
	< 1
	1–6
	6 – 11
	11–16
	> 16



[bookmark: _Toc195719103]Table 6: Insect attack rate per tomato plant depending on treatment
	Treatment
	Tomato infestation/Plank at 18, 32, and 46 days after transplanting (%)

	
	18 DAT
	32 DAT
	46 DAT

	WCV1 (1:100)
	25.00 ± 12.50bc
	20.83 ± 0.58c
	08.33 ± 7.21ab

	WCV1 (1:200)
	33.33 ± 7.21cd
	37.50 ± 1.15f
	29.17 ± 7.21c

	WCV1 (1:300)
	41.67 ± 7.21de
	41.67 ± 0.58g
	33.33 ± 7.21c

	WCV2 (1:100)
	16.67 ± 7.21b
	16.67 ± 1.53b
	00.00 ± 0.00a

	WCV2 (1:200)
	29.17 ± 7.21bcd
	25.00 ± 1.00d
	12.50 ± 0.00b

	WCV2 (1:300)
	33.33 ± 7.21cd
	33.33 ± 0.58e
	12.50 ± 0.00b

	UC
	50.00 ± 0.00e
	54.17 ± 2.00h
	50.00 ± 12.50d

	RC (K-optimal)
	 0.00 ± 0.00a
	4.17 ± 2.00a
	0.00 ± 0.00a


[bookmark: _Hlk205091221]The values are the means of three determinations ± standard deviation for each parameter. Values in the same column followed by the same alphabetical letter are not significantly different from each other according to Duncan's multiple range test at the 5% significance level. DAT: Days after transplanting, WCV (1:Y): Wood cocktail vinegar diluted Y times, UC: Untreated control, RC: Reference control.













[bookmark: _Toc195719104]Table 7: Collar diameter of the tomato stem depending on the treatments
	Treatments
	Collar diameter of tomato stem at 18, 32, and 46 days after transplanting (mm)

	
	18 DAT
	32 DAT
	46 DAT

	WCV1 (1:100)
	5.66 ± 0.58bc
	8.33 ± 0.58ab
	12.67 ± 1.20bc

	WCV1 (1:200)
	6.00 ± 0.00bc
	9.33 ± 0.58abc
	10.78 ± 1.58ab

	WCV1 (1:300)
	6.33 ± 0.58c
	10.50 ± 0.50c
	10.56 ± 1.02ab

	WCV2 (1:100)
	5.00 ± 0.00b
	9.50 ± 0.50bc
	11.89 ± 0.51bc

	WCV2 (1:200)
	5.33 ± 0.58bc
	9.50 ± 0.50bc
	13.56 ± 1.39c

	WCV2 (1:300)
	6.33 ± 0.58c
	10.00 ± 1.00c
	11.56 ± 1.07bc

	UC
	4.00 ± 0.00a
	8.00 ± 1.00a
	09.11 ± 0.96a

	RC (K-optimal)
	6.00 ± 1.00bc
	10.00 ± 1.00c
	10.89 ± 0.96ab


The values are the means of three determinations ± standard deviation for each parameter. Values in the same column followed by the same alphabetical letter are not significantly different from each other according to Duncan's multiple range test at the 5% significance level. DAT: Days after transplanting, WCV (1:Y): Wood cocktail vinegar diluted Y times, UC: Untreated control, RC: Reference control.













[bookmark: _Toc195719105]Table 8: State of development of the stem according to treatments
	Treatments
	Tomato stem growth at 18, 32, and 46 days after transplanting (cm)

	
	18 DAT
	32 DAT
	46 DAT

	WCV1 (1:100)
	1.00 ± 1.00a
	15.22 ± 2.04a
	2.11 ± 0.51a

	WCV1 (1:200)
	1.67 ± 1.33a
	16.89 ± 1.83ab
	2.45 ± 0.20a

	WCV1 (1:300)
	1.67 ± 0.58a
	19.00 ± 1.80ab
	3.22 ± 0.48a

	WCV2 (1:100)
	1.33 ± 0.29a
	16.33 ± 1.26ab
	2.50 ± 0.44a

	WCV2 (1:200)
	1.33 ± 1.26a
	16.22 ± 1.07ab
	2.28 ± 0.26a

	WCV2 (1:300)
	1.67 ± 0.58a
	[bookmark: _Hlk213320499]19.83 ± 2.02b
	3.06 ± 0.35a

	UC
	0.58 ± 0.33a
	[bookmark: _Hlk213320682]15.33 ± 3.79a
	3.00 ± 1.20a

	RC (K-optimal)
	4.67 ± 2.08b
	24.00 ± 2.00c
	3.00 ± 1.58a


The values are the means of three determinations ± standard deviation for each parameter. Values in the same column followed by the same alphabetical letter are not significantly different from each other according to Duncan's multiple range test at the 5% significance level. DAT: Days after transplanting, WCV (1:Y): Wood cocktail vinegar diluted Y times, UC: Untreated control, RC: Reference control.














[bookmark: _Toc195719107]Table 9: Tomato leaf surface area according to treatments
	Treatments
	Tomato leaf area at 18, 32 and 46 days after transplant (cm2)

	
	18 DAT
	32 DAT
	46 DAT

	WCV1 (1:100)
	262.33 ± 39.63b
	612.67 ± 101.12a
	1245.74 ± 295.69cd

	WCV1 (1:200)
	282.00 ± 17.09bc
	619.33 ± 98.43a
	944.52 ± 30.31ab

	WCV1 (1:300)
	302.67 ± 4.62bc
	703.67 ± 48.09a
	931.30 ± 30.01ab

	WCV2 (1:100)
	288.33 ± 10.41bc
	623.67 ± 55.32a
	1040.40 ± 88.47abc

	WCV2 (1:200)
	290.00 ± 8.66bc
	628.67 ± 86.63a
	1149.37 ± 239.98bc

	[bookmark: _Hlk213321037]WCV2 (1:300)
	317.33 ± 33.56cd
	731.00 ± 95.83a
	[bookmark: _Hlk213321004]1453.79 ± 190.09d

	UC
	161.67 ± 20.21a
	616.00 ± 61.61a
	786.22 ± 71.66a

	RC (K-optimal)
	345.00 ± 27.18d
	875.00 ± 69.76b
	1252.41 ± 56.99cd


The values are the means of three determinations ± standard deviation for each parameter. Values in the same column followed by the same alphabetical letter are not significantly different from each other according to Duncan's multiple range test at the 5% significance level. DAT: Days after transplanting, WCV (1:Y): Wood cocktail vinegar diluted Y times, UC: Untreated control, RC: Reference control.














[bookmark: _Toc195719108]Table 10: Yield, effective time, storage time and water content of the tomato depending on the treatments
	
	Yield (t/ha)
	Effective time (days)
	Storage time (days)
	Water content (%)

	WCV1 (1:100)
	[bookmark: _Hlk213321838]19.54 ± 3.65b
	15.00 ± 1.00a
	23.00 ± 1.00c
	60.68 ± 2.08a

	WCV1 (1:200)
	14.88 ± 1.83ab
	14.66 ± 1.52a
	23.00 ± 2.00c
	60.00 ± 4.00a

	WCV1 (1:300)
	15.23 ± 4.87ab
	[bookmark: _Hlk213321713]14.33 ± 1.15a
	21.00 ± 2.00c
	58.00 ± 2.00a

	WCV2 (1:100)
	18.25 ± 1.76b
	16.00 ± 0.00a
	25.00 ± 1.00c
	55.67 ± 2.33a

	WCV2 (1:200)
	16.56 ± 8.35b
	14.66 ± 0.58a
	24.00 ± 2.00c
	56.34 ± 3.58a

	WCV2 (1:300)
	14.17 ± 4.17ab
	14.66 ± 0.58a
	23.00 ± 1.00c
	55.34 ± 3.58a

	UC
	7.62 ± 0.88a
	-
	7.00 ± 1.00a
	[bookmark: _Hlk189477463]72.28 ± 5.34b

	RC (K-optimal)
	32.92 ± 2.48c
	21.33 ± 1.53b
	15.00 ± 2.00b
	80.22 ± 5.08c


The values are the means of three determinations ± standard deviation for each parameter. Values in the same column followed by the same alphabetical letter are not significantly different from each other according to Duncan's multiple range test at the 5% significance level. DAT: Days after transplanting, WCV (1:Y): Wood cocktail vinegar diluted Y times, UC: Untreated control, RC: Reference control. 
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Figure 1: Collecting Process of wood vinegars used
Light oil
Wood vinegar
Wood tar
After 12 months 
After Centrifugation and filtration
Wood vinegar purified
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[bookmark: _Toc197702523]Figure 2: Tomato sprouter from A) one week to B) 3 weeks after sowing

Planks or elementary plot
Plot of tomato
width of the board: W = 1.5m
Length of the board: L = 2.5m
Space between the boards: s = 0.5m
[bookmark: _Toc197702524]Figure 3: Plan of the experimental setup for tomato 




[bookmark: _Toc197702525]Figure 4: Diluted wood cocktail vinegars A) WCV1 (1:100, 1:200, 1:300); B) WCV2 (1:100, 1:200, 1:300), C) Treatment of tomato plants and Flowering phase and D) Ripening phase of the tomato
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