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Impact of biochar and NPK fertilization on tomato (Solanum lycopersicum L.) growth, yield, and soil properties in degraded tropical soils
[bookmark: _Hlk195367903]
Abstract 
This study investigates the effects of biochar applied at different concentrations on tomato growth, yield, and soil properties. In greenhouse experiments, the application of 2% biochar significantly enhanced plant growth parameters, including height, stem diameter, and number of leaves. It also improved soil physical and chemical properties, such as water retention, aggregate stability, and nutrient availability, ultimately leading to increased tomato yield. In contrast, higher biochar concentrations (5% and 10%) negatively affected plant growth, underscoring the importance of dosage optimization. In field trials, the application of NPK fertilizer (12-22-22) at 200 kg/ha resulted in the highest yield increase, while biochar applied at 1 t/ha improved productivity compared to the control. These findings demonstrate the potential of biochar and NPK as effective soil amendments to enhance crop yield and promote soil sustainability.
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1. Introduction
[bookmark: _Hlk194349705]The tomato represents the second most important vegetable crop in the human diet worldwide, with high economic and nutritional value (Hasnain et al., 2020). Because of its culinary properties and rich nutrient content, it occupies a prime position among vegetables (Samui et al., 2020). In 2022, global tomato production reached 186.1 million tonnes, while the total harvested area amounted to 4.7 million hectares (FAOSTAT, 2023). In Côte d'Ivoire, tomatoes are the most widely consumed ''vegetable'' and represent an important supplement for the Ivorian population (Diakaria et al., 2019). Tomato production plays a very important role in the socio-economic life of the Ivorian population, as it is a major source of income for producers. It is widely grown in urban and peri-urban areas, and national production varies between 22,000 and 35,000 tonnes (Diakaria et al., 2019) . Tomatoes are also a major source of high-quality antioxidants, such as vitamin C (VC), which are associated with various health benefits, including reduced risk of cardiovascular disease and certain cancers (Luo et al., 2021; Rattanavipanon et al., 2021). However, excessive fertilizer use and inappropriate farming practices have led to increased vulnerability to pests and diseases in soils, both in greenhouses and in the field, severely affecting tomato plant growth and thus reducing fruit quantity and quality (Cheng et al., 2021). To meet these challenges, it is imperative to adopt innovative approaches and technologies to optimize agricultural production while minimizing harmful impacts on soils.
Among the various emerging strategies, the use of biochar stands out as a promising solution for sustainable agriculture, as its incorporation into the soil has already shown significant positive effects on soil physico-chemical properties and plant characteristics (Wu et al., 2019). Biochar is a carbon-rich organic substance produced by the pyrolysis of biomass such as wood, plant residues or agricultural waste at high temperatures and under low-oxygen conditions (Lee et al., 2023). This pyrolysis process, which is a thermochemical treatment, transforms biomass into biochar, giving it a high specific surface area and stability in different types of soil, with biological degradation that can extend over several decades or even centuries (Purakayastha et al., 2016). As a soil improver, biochar improves fertility by retaining nutrients, which promotes plant growth (notably by increasing nutrient availability) (Gao et al., 2019; Rosa et al., 2024). Nevertheless, high doses of biochar can pose problems, including increased soil salinity, particularly in alkaline soils where the high pH can precipitate certain nutrients (Lei et al., 2024). In addition, several studies have shown that biochar application can improve the biological properties of soils, by increasing the abundance and activity of microorganisms (soil microbiota) (Adebajo et al., 2022; Gu et al., 2021). In addition, the incorporation of biochar into tomato-grown soils improves specific root length, promotes fine root development, and increases nutrient uptake capacity, particularly of nitrogen (He et al., 2021; Velli et al., 2021). These practical benefits are significant for farmers, as biochar can improve soil fertility and water retention, leading to more resilient production systems requiring fewer inputs such as synthetic fertilizers and irrigation. Recycling plant residues by pyrolysis and applying them to fields not only maximizes the use of agricultural by-products, but also improves the sustainability of agricultural ecosystems. Incorporating biochar into tomato crops offers many potential advantages.
Although numerous studies have examined the effects of biochar on tomato cultivation, its impacts on yield and fruit quality remain variable and unpredictable. Some research has shown a notable increase in yields with the use of biochar derived from agricultural residues (Li et al., 2018; Ping’an Zhang, 2024; Sani et al., 2020) , while others have suggested that biochar application does not systematically improve yields, and may even have negative effects in some cases (Obadi et al., 2023; Wu et al., 2022; Zhang et al., 2020).
The response of crops to the addition of biochar depends on many factors, including the pyrolysis conditions of livestock waste and agricultural residues, climate, the type of biochar used and initial soil conditions. In addition, several researchers (Jeffery et al., 2017; Liu et al., 2013; Luan et al., 2023) have frequently reported significant marginal increases in crop yield between unamended and biochar-enriched soils. Indeed, due to the low pH and nutrient content of soils in their initial state, these effects are particularly positive in tropical regions  (Sys et al., 1991). Another reason for yield variation lies in the individual or combined application of organic or inorganic fertilizers with biochar (Luan et al., 2023). Furthermore, recently, Stellacci et al. ( 2021) reported improved growth of Chinese cabbage thanks to the interaction between biochar and soil microorganisms. Thus, increased crop yields are largely attributed to improved soil properties (Hass et al., 2012; Uzoma et al., 2011). In most cases, several physico-chemical soil properties are taken into account to assess the impacts of biochar and inorganic fertilizers on crop yields.
The aim of this study was to evaluate the effects of applying biochar derived from cassava peels and NPK fertilizers on tomato growth and yield. It was hypothesized that amendment with biochar would (1) improve soil nutrient availability, (2) influence plant agromorphological characteristics, and (3) increase tomato yield, whether under greenhouse or field conditions.
2. Materials and methods
2.1 Biochar
Biochar based on cassava peels was used in this study. It was obtained by slow pyrolysis in a muﬀle furnace at a temperature of 400 ± 10°C for a period of three hours. Its physico-chemical properties are presented in Table 1.
           Table 1.  Physico-chemical properties of biochar (Hamissou et al., 2023)
	 Parameters
	Values

	Ph
	10

	Electrical conductivity (EC)
	4.69 us/cm

	Salinity (TDS)
	2.4 mg/L

	Ash content (TC)
	11.28 %

	Moisture content (TH)
	6 %

	Dry matter (DM)
	94 %

	Bulk density (Da)
	1.54

	Total nitrogen (NT)
	1.14 %

	Total organic carbon (TOC)
	50.76 %

	Total inorganic carbon (TIC)
	28.23 %

	Carbon/nitrogen ratio (C/N)
	68.51

	Oxygen/carbon ratio (O/C)
	0.23

	Hydrogen/carbon ratio (H/Corg)
	0.03

	Specific surface area
	341.11 (m2/g)

	Total pore volume
	0.8 (cm3/g)

	Average pore diameter
	1.44 (nm)



2.1.2 Seeds 
 The tomato variety selected for these trials, COBRA 26 F1, is widely used by market gardeners in the Yamoussoukro region. It stands out for its earliness, disease resistance (validated via PCR assays) such as fusariosis and tomato mosaic virus (TMV), and high yields. Adapted to the hot agro-ecological zones of Côte d'Ivoire, this variety produces firm, well-formed fruit with a good shelf life.
2.1. 3 Soil sampling
The soils of the experimental field of the Higher School of Agronomy (HSA) of INP-HB North (located at 6°88'75'' latitude and 5°22'84'' longitude) were sampled in June 2021 using a stainless steel hand auger, in the top 30 cm of soil, according to a five-point randomization scheme: in the center and at the four corners of the field. These points were chosen to sample composite sub-samples over an area of 0.5 ha, which were then mixed to obtain a 1 kg composite sample for the various laboratory analyses. Subsequently, 200 kg of these agricultural soils were carefully collected, placed in plastic bags and transported for agronomic testing in the greenhouse.
2.2 Physicochemical soil analysis
2.2.1 Determination of soil chemical properties
[bookmark: _Hlk194351418]We measured pH electrometrically using a pH meter according to Pansu et al. (2003). Exchangeable bases  (Ca2+, Mg2+, K+, Na+) and cation exchange capacity (CEC) were measured on a KCl suspension (Pansu et al., 2003) after mechanical shaking of 5 g of the sample. Total organic carbon was measured wet at 120°C (Walkley et Black, 1934) . Organic matter (OM) is calculated according to the following relationship (Bivoko et al., 2013): 
                                                               (1)
Total nitrogen was determined by the Kjeldahl method (Bremner, 1960). The C/Nt ratio was deduced from the carbon and total nitrogen values. Assimilable phosphorus (P) was extracted in sodium bicarbonate at pH 8.5 using the Olsen method (Olsen, 1952).
2.2.2 Determination of soil physical properties
Granulometry was determined using the Robinson Pipette method (Anderson and Ingram, 1994) . The proportions of particle classes were defined according to French standard NF X31 107 (Baize, 2018)  and textures were determined using the USDA (United State Department of Agriculture) textural triangle according to Soil Survey Staff (1998).
2.2.3 Soil quality assessment standards
Interpretation of soil test results is based on the criteria set out in Table 2, which provides a precise framework for assessing soil composition and quality.




Table 2. Standards for soil quality assessment
	[bookmark: _Hlk194065248]Doucet reference threshold values (Doucet, 2006) following the approach of Ballot et al.  ( 2009)

	Parameters 
	   C
	Nt
	C/Nt
	P.ass
	Ca2+
	 Mg2+
	 K+
	Na+
	CEC

	Threshold value
	1,6-
2, 5
	1,2-
2,2
	11-15
	3 -8
	5 -8
	1,5-
3,0
	0,15-
0,25
	0,3-
0,7
	10≤CEC≤2 0



2.2.4 Assessment of soil fertility levels
The fertility of the soils studied was assessed according to the criteria for classifying fertility classes as reported by Amonmide et al. (2019) , (Table 3).
Table 3. Evaluation criteria for soil fertility classes
	Fertility level

	
	Very high
	High
	Medium
	Low
	Very low

	Characteristic
	Degree 0
	Degree 1
	Degree 2
	Degree 3
	Degree 4

	MO (%)
	> 2
	2-1.5
	1.5-1
	1-0.5
	< 0.5

	Nt (%)
	> 0.08
	0.08-0.06
	0.06-0.04
	0.045-0.03
	< 0.03

	P.ass (cmol/kg)
	> 20
	20-15
	15 à 10
	10 à 5
	< 5

	K+ (cmol/kg)
	> 0.4
	0.4-0.3
	0.3-0.2
	0.2-0.1
	< 0.1

	CEC (cmol/kg)
	> 25
	25-15
	15 à 10
	10 à 5
	< 5

	pH
	5.5-6.5
    6.5-8.2
	5.5-6.0
6.5-7.8
	5.5-5.3
    7.8-8.3
	5.3-5.2
     8.3-8.5
	<5.2
     >8.5



2.2.5 Agronomic test site
In order to properly assess the agronomic performance of the biochar produced, two experiments were carefully conducted. The first took place from late June to early September 2022 in the INP-HB Nord agricultural greenhouse, located at latitude 6°88'82'' and longitude 5°22'63''. The aim of this phase was to determine the optimum dose of biochar to improve tomato growth and yield, without the use of NPK. The second agronomic trial, conducted on the agricultural plot of the Higher School of Agronomy (HSA) of INP-HB North, from early August to late November 2023, at latitude 6°88'75'' and longitude 5°22'84'', was carried out with separate plots for biochar and NPK, in order to assess the impact of each fertilizer separately. Both experiments were rigorously planned to ensure reliable and relevant data on the impact of biochar and NPK on the agronomic parameters studied. Figure 1 shows the location of the two sites where the agronomic trials were carried out.
[image: ]
Figure 1. Location of two agronomic trial sites

[bookmark: _Hlk195368974]2.2.6 Greenhouse experimental set-up 
The experimental set-up set up for the study of greenhouse vegetable production in pots (Figure 2) is based on a completely randomized Ficher block design with four distinct treatments, each replicated three times to guarantee the reliability of the results. In this experimental set-up, each pot contains 3 kg of soil, with biochar percentages varying between treatments: 2%, 5% and 10%. Pots without biochar are used as controls. The latter, composed solely of soil with no added biochar, are used to compare the effect of biochar with a conventional crop without amendment. A layer of sterilized gravel layer is placed at the bottom of the pot to ensure good drainage, allowing excess water to run off and avoiding soil saturation, thus preventing root asphyxia. Aeration holes at the bottom of the pot also facilitate the evacuation of excess water, reducing the risk of root rot due to stagnant water, while promoting aeration of the root system for optimal plant growth.
Treatments evaluated include:
[bookmark: _Hlk195368930]T0: control treatment without biochar, 
T1: 3 kg of soil enriched with 60 g of biochar (2%),
T2: composed of 3 kg soil with 150 g biochar (5%) incorporated,
 T3: made from 3 kg soil mixed with 300 g biochar (10%).
[image: ]
[bookmark: _Hlk195369008]Figure 2. Diagram of pots used to grow tomatoes
[bookmark: _Hlk195369068]2.2.7 Experimental field set-up
The trial focused on tomato production. The experimental design adopted for this trial is a completely randomized Fisher block design, comprising three distinct treatments, each repeated three times (Figure 3). This resulted in 9 plots for the two trials. Each block is made up of 3 plots, each measuring 6 m x 4 m, spaced 1 m apart, with a distance of 2 m separating the blocks from one another. The treatments applied are as follows 
[bookmark: _Hlk195369095]T0: control plot with no biochar added;
T1: 1 tonne per hectare of biochar ;
T2: 200 kg NPK (12-22-22) per hectare.
[image: ]
[bookmark: _Hlk195369174]Figure 3. Tomato field experiment design

2.2.8 Assessment of agromorphological parameters
To determine the effect of biochar and NPK fertilizer (12-22-22) on the vegetable crop, measurements were taken during the three-month experiment on morphological characteristics. 
Plant height was measured from the crown to the top of the main plant.
To calculate the number of leaves, all visible leaves on each plant were counted, including the tips of emerging leaves.
 Stem diameter at the collar is measured using an electronic caliper.
 After harvest, production was weighed to determine fresh tomato yield per plot. The yield of each plot was expressed in t/ha.
2 .2.9 Statistical data analysis
The data collected were entered into a table using Microsoft Excel 2013 and subjected to a one-factor analysis of variance (ANOVA) using Minitab 18 software. Histograms were produced using Origin Pro 2024 software. 
[bookmark: _Hlk189639018]The ANOVA is performed on the means of the parameters measured (stem size, crown diameter, number of leaves and yield). However, prior to analysis, the data were subjected to a normality test (Shapiro et al., 1968) and a variance homogeneity test (Brown and Forsythe, 1974). The hypothesis tested by ANOVA is that of a null difference between treatments, H0: T1=T2=.................................=Tn. ANOVA is significant when the probability level is lower than the theoretical probability level at risk (α = 5%), i.e. P < 0.05. If P > 0.05, the difference is not significant (Brown and Forsythe, 1974). When a significant difference is observed between treatments, the ANOVA is completed by Fisher's test. This test identifies the treatment(s) whose effect differs significantly, and compares the means of the treatments at the 5% significance level.
3. Results and discussion
3.1 Physical and chemical characteristics of sol-Y prior to testing
[bookmark: _Hlk185109500]Table 4 shows the particle size composition of Yamoussoukro soil (soil-Y), expressed as percentages of clay, fine silt, coarse silt, fine and coarse sand, as well as its chemical characteristics: pH, carbon (C), total nitrogen (Nt), organic matter (OM), C/Nt ratio, available phosphorus (P), cation exchange capacity (CEC) and concentrations of the main exchangeable cations (Ca²⁺, Mg²⁺, K⁺ and Na⁺).
Table 4. Soil physical and chemical parameters before cultivation

	[bookmark: _Hlk204525368]Parameters
	Values

	Clay
	(2±0.64) %

	Fine silt
	(1±0.94) %

	Coarse silt
	(26.15±0.12) %

	Fine sand
	(2.4±0.94) %

	Coarse sand
	(67.91±0.05) %

	pH-water
	6.9±0,00

	C
	(0.2±0.03) %

	Nt
	(0.04±0.03) %

	MO
	(0.34±0.02) %

	C/Nt
	5±0.28

	P.ass
	(25±0.43) Cmol/kg

	CEC
	(4.56±0.23) Cmol/kg

	Ca2+
	(0.55±1.03) Cmol/kg

	Mg2+
	(0.49±0.13) Cmol/kg

	K+
	(0.06±1.03) Cmol/kg

	Na+
	(0.11±0.34) Cmol/kg






 






  The pH value found is close to neutral and within a favorable range for agricultural crops, particularly tomatoes (Tienebo, 2020) . The percentage of total nitrogen (Nt) is 0.04%. This same finding was also made by Aliou et al. (2012) as well as Batamoussi and Sekloka (2014), highlighting low nitrogen content as the most important limiting factor for cereals. The C/Nt ratio is an overall indicator of the organic matter present in the soil, as well as organic inputs and restitutions (Nijimbere et al., 2021), also reflecting the degree of humification. In cultivated soils, a C/Nt ratio ≤ 9 indicates good humification, while values ≥ 12 signal difficulties in organic matter mineralization (Nijimbere et al., 2021; Tahirou et al., 2022). Soil-Y has a C/Nt ratio of 5, indicating advanced mineralization of organic matter and rapid decomposition. This can lead to dysfunction of the clay-humus complex (Bivoko et al., 2013).  Assimilable phosphorus (P.ass) found in sol-Y (25 cmol/kg) is low. The same applies to the cation exchange capacity (CEC). This determined CEC value is considered low according to the standards of Ballot et al. (2016) , who consider CEC values between 4 and 5 cmol.kg-1 to be very low. Low CEC values can be attributed to low soil chemical weathering activity, leaching and/or acidity (Osujieke et al., 2018).  Exchangeable base (Ca2+, Mg2+, K+, Na+) is also low. Overall, this analysis highlights a low agronomic potential of soil-Y, thus requiring inputs to support their exploitation.  
3 .1.1 Assessment of soil-Y fertility levels prior to testing  
Soil-Y has a low fertility level (Table 5).  The pH-water is high, which may be favorable for nutrient availability. However, total nitrogen (Nt) content is low, limiting fertility in terms of this essential element. The carbon/nitrogen (C/Nt) ratio is also low, indicating a low decomposition capacity of organic matter. Organic matter (OM) is very low, affecting soil aggregate stability and its ability to retain water and nutrients. In addition, the availability of assimilable phosphorus (P.ass), as well as cation exchange capacity (CEC), is very low, limiting the uptake of nutrients by plants. In addition, the low concentration of potassium (K+) is another factor limiting the fertility of this soil.



Table 5. Study soil fertility levels
	Characteristics
	pH-water
	Nt    (%)
	C/Nt
	MO (%)
	P.ass (cmol/kg)
	CEC (cmol/kg)
	K+ (cmol/kg)

	Soil-Y
	High
	Low
	Low
	Very     low
	Very Low
	Very Low
	Very Low



3.2 Effects of biochar on growth parameters of tomatoes grown in a pot greenhouse
Table 6 shows the effects of the different biochar treatments (2%, 5%, 10%) on tomato stem growth. For average tomato stem height, the 2% biochar treatment gave the best results, with an average of 120 cm, followed by the 10% biochar treatment (89.33 cm) and finally the 5% biochar treatment (76.67 cm). In terms of average stem neck diameter, the 2% biochar treatment also showed the best performance (4.9 mm), followed by the control (4.1 mm), 10% biochar (3.93 mm) and 5% biochar (3.4 mm). The average number of stem leaves was higher for the 2% biochar treatment (44.33 leaves), while the average number of leaves for the other treatments was lower: 19 for the 5% biochar, 21 for the 10% biochar and 20.33 for the control.   
Table 6. Variation in tomato growth parameters under biochar amendments in greenhouse on Y-soil.
	Soil type 
	Treatment
	Average tomato stem height (cm)
	Average tomato stem collar diameter (mm)
	Average number of leaves per tomato stem

	Soil-Y
	2 % biochar
	120±4.36a
	4.9±0.61a
	44.33±3.21a

	
	5 % biochar
	76.67±2.89c
	3.4±0.72b
	19±10b

	
	10 % biochar
	89.33±8.14b
	3.93±0.32ab
	21±10b

	
	Control
	82.67±4.73bc
	4.1±0.46ab
	20.33±1.15b


Means followed by the same lowercase letter within columns are not signifcantly diﬀerent (p>0.05, Fisher's LSD test)

The results showed a signifcant increase in tomato stem height with 2% biochar (120 cm). Reductions in stem height were observed with the 5% and 10% biochar treatments. This result is consistent with those found by Chan and Xu (2009). Indeed, some authors have shown that a moderate application of biochar (1-3%) improves plant growth by increasing water retention and nutrient availability (Kammann et al., 2012; Lehmann and Joseph, 2009). However, higher concentrations can cause nutritional imbalances and phytotoxicity, reducing plant growth (Kammann et al., 2012). Optimum biochar doses vary according to soil type, but doses around 2% are often the most beneficial (Lehmann and Joseph, 2009). 
There was also a significant difference between the different treatments in neck diameter and number of leaves on the tomato stem. Plants receiving the 2% biochar dose had the best number of leaves and the largest stem diameter compared with the other treatments. Our results are comparable to those obtained by Harel et al. (2012) , who demonstrated a beneficial effect on tomato growth parameters following a 1.3% biochar amendment in a sandy soil. Also, moderate levels of biochar can improve soil fertility and plant growth, while high levels can have negative effects due to nutrient leaching or excessive water retention (Van Zwieten et al., 2010). Glaser et al. (2002) have also shown that biochar improves nutrient availability and microbial activity, which may contribute to better stem diameter development.
3.2.1 Effects of biochar on greenhouse tomato yields 
Table 7 shows tomato yields according to the different biochar treatments (2%, 5%, 10%) applied to the Y-soil. The table shows that the biochar treatments improved tomato yields, with the exception of the 10% treatment.
Table 7. Average tomato yields in t/ha according to different biochar treatments
	Soil type
	Treatment
	Yield (t/ha)

	Soil-Y
	2 % biochar
	28 ± 0.01a

	
	5 % biochar
	22.6 ± 0.1b

	
	10 % biochar
	10.9 ± 0.2c

	
	Control
	10.6 ± 0.3c







[bookmark: _Hlk194303779]Means followed by the same lowercase letter within columns are not signifcantly diﬀerent (p>0.05, Fisher's LSD test)

           The yield obtained with 2% biochar (28 t/ha) is the best. Yield at 5% biochar (22.6 t/ha), although lower than at 2%, was still significantly higher than the control (10.6 t/ha).  Application of 10% biochar resulted in a significant drop in yield (10.9 t/ha). However, this yield is statistically comparable to that observed without biochar. Similar results were observed by Jeffery et al. (2011). These authors recorded yield improvements of the order of 10-20% with biochar applications around 2-3%. The drop in yield per tomato plant at 10% biochar could be explained by the high concentration of biochar. This can lead to soil carbon saturation, alter soil pH and negatively affect beneficial microorganisms (Spokas et al., 2012). These results corroborate those of Lehmann and Joseph (Lehmann and Joseph, 2015) , who observed a drop in yields above 5% biochar. 
3.2.2 Effect of biochar on the physical and chemical parameters of soil-Y after the greenhouse tomato pot trial
Table 8 shows the physical parameters of the soils after the tomato cultivation trial under 2% biochar amendment and control.
Table 8. Soil physical parameters after the greenhouse tomato trial
	Parameters
	2% biochar
	Control
	Units

	Clay
	5 ± 1.00
	2 ± 2.90
	(%)

	Fine silt
	11 .8 ± 0.00
	3 ± 1.06
	

	Coarse silt
	4.8 ± 0.98
	24.1 3± 0.05
	

	Fine sand
	24.7 ± 0.02
	3.1 ± 0.89
	

	Coarse sand
	51.76 ± 1.96
	67.61 ± 0.06
	

	pH-eau
	6 ± 0.0
	6.7 ± 1.03
	/

	C
	1.13 ± 020
	0.29 ± 1.70
	(%)

	Nt
	0.1 ± 0.90
	0.04 ± 2.90
	

	MO
	1.94 ± 0.90
	0.4 9± 1.00
	

	C/Nt
	11,3 ± 0,60
	7,25 ± 2,97
	/

	P.ass
	5.81 ± 1.90
	4.13 ± 0.60
	(Cmol/kg)

	CEC
	4.4 ± 1.76
	4.56 ± 1.90
	

	Ca2+
	0.92 ± 1.54
	0.54 ± 0.78
	

	Mg2+
	0.56 ± 1.21
	0.5 ± 2.67
	

	K+
	0.2 ± 0.00
	0.07 ± 2.98
	

	Na+
	0.07 ± 1.89
	0.1 ± 1.78
	



The addition of 2% biochar slightly increased the pH of the Y-soil, making it slightly acidic, which is favorable for nutrient availability (Table 8). This result is in line with those found by Chintala et al. (2014) who found in their study a progressive increase in acid pH (decrease in acidity ) with increasing rate of biochar application in acid soils. The percentages of carbon, organic matter and total nitrogen increased significantly with the addition of 2% biochar. The increase in these nutrient resources could improve soil fertility and structure (Glaser et al., 2002). The C/Nt ratio is optimized, approaching the optimal range (10-20), acceptable for microbial activity (Lehmann and Joseph, 2015). Ca²⁺, Mg²⁺ and K⁺ levels increased with the addition of 2% biochar, while no increase in Na⁺ content was observed. In addition, we note that the addition of 2% biochar increased assimilable phosphorus. This result is in line with those found by Laird et al. (2010) who examined in their study the effect of biochar addition (2% by weight) on soil quality and tomato production, showing significant improvements in soil fertility and plant growth. These results show an improvement in soil texture and chemical parameters with the addition of 2% biochar.
3.3 Effects of biochar and NPK fertilizer (12-22-22) on field tomato growth parameters
Table 9 shows the effects of different treatments (1 t/ha biochar, 200 Kg/ha NPK (12-22-22) and control) on the mean height, mean diameter and mean number of leaves of field-grown tomatoes.
Table 9. Variation in tomato growth parameters under biochar and NPK (12-22-22) amendments in the field on Y-soil.
	Doses
	Doses average tomato height (cm)
	tomato diameter (mm) Average
	number of tomato leaves

	1 t/ha Biochar
	87.66±1.15b
	12.6±0.31a
	99.33±0.58a

	200 kg/ha NPK (12-22-22)
	99.5±0.5a
	12.43±0.32a
	100±10a

	Control
	48.5±0.58c
	7.8±0.66b
	50±10b


Values followed by the same letter in each column are not statistically different at the α <0.05 threshold according to the Fischer test.
Table 9 shows a significant difference at all dosage levels and for each growth parameter measured. The results obtained by treating the soil with biochar are significantly better than the control for all parameters, indicating that biochar improves height growth, stem development and leaf production. 
Plants treated with biochar at 1 t/ha reached an average height of 87.66 cm, with an average stem diameter of 12.6 mm and an average number of leaves of 99.33. This increased growth could be attributed to biochar's improved soil properties, promoting root development and nutrient availability. According to Khouloud (2020) , the plant growth observed following the addition of biochar to the soil is essentially due to the optimization of nutrient availability to plants, the growth of the soil microbial community and the reduction of exchangeable Al3+.
In contrast, treatment with NPK fertilizer (12-22-22) at 200 kg/ha produced the tallest plants, with an average height of 99.5 cm. Stem diameter (12.43 mm) was slightly less than that of plants treated with biochar. The average number of leaves for this treatment was 100. The NPK treatment therefore stimulated growth in height and diameter of the tomato plants in a way comparable to biochar, with a slight superiority for height. In contrast, the untreated control showed the weakest results, with an average height of 48.5 cm, an average diameter of 7.8 mm and an average number of leaves of 50.
Tomatoes grown with biochar had a diameter of 12.6 mm, higher than that of control tomatoes (7.8 mm) and statistically comparable to that of NPK-fertilized tomatoes (12.43 mm). This could be explained by the fact that the addition of biochar to the soil favors, thanks to its pores, a better absorption of nutrients, contributing to the increase in cultivated tomato stem diameter (Zhang et al., 2021). The number of leaves was similar between the biochar and NPK treatments, with around 99-100 leaves per plant. This indicates that the biochar and NPK used stimulate leaf growth, essential for photosynthesis and yield production. These yield and growth parameter results demonstrate the positive effects of biochar and NPK on tomato plant growth compared with the control. Biochar offers similar benefits to NPK in terms of height, fruit diameter and number of leaves, suggesting its potential as a viable alternative to chemical fertilizers, particularly from a long-term sustainable agriculture perspective.
3.3.1 Effects of biochar and NPK fertilizer (12-22-22) on field-grown tomato yield as a function of treatment
Figure 4 shows the effect of different doses of biochar amendment and NPK fertilizer on tomato yield.
The treatment with one tonne per hectare of biochar gave a yield of 25.92 tonnes per hectare, which is significantly higher than the control (5.33 t/ha) but slightly lower than that obtained with 200 t/ha of NPK (27.92 t/ha). This increase in yield can be attributed to the improved plant growth and development resulting from the application of biochar and NPK. These results suggest that the use of biochar and NPK (12-22-22) can significantly increase tomato productivity compared with traditional cultivation practices. Comparing the yields obtained in this study with those obtained in other studies, we observe that the results are generally higher than the national average obtained in Ivory Coast (Minagra, 1993) and sub-Saharan Africa (Chadha et al., 2000), where the average tomato yield was 10 t/ha. It is important to note that mineral fertilizers alone cannot maintain soil productivity in the long term, due to leaching and degradation of soil properties (Alvarez, 2005). On the other hand, organic fertilization, such as the use of biochar, sustainably improves soil physical properties and production, whereas the use of mineral fertilizers alone leads to a drop in production over time (Ladha et al., 2003).  
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Figure 4. Variation in tomato yield as a function of treatment
4. Conclusion
The study highlights the diverse effects of biochar applied at different doses on tomato growth and soil properties (soil-Y). Plants treated with 2% biochar in the greenhouse showed the best results compared with other treatments. A significant increase in height, stem diameter and number of leaves, as well as an improvement in the physical and chemical characteristics of the soil, were observed at this dosage. These changes promote better water retention, improved soil aggregate stability and increased nutrient availability, leading to higher tomato yields. However, higher doses of biochar (5% and 10%) showed adverse effects on tomato growth, underlining the importance of dose optimization to maximize benefits while avoiding undesirable effects. On the other hand, the application of 200 kg/ha NPK (12-22-22) proved slightly more effective than biochar at 1 t/ha for tomato growth in the field. Both biochar and NPK treatments significantly improved yield compared with the untreated control. However, the differences in diameter and number of leaves between the two treatments were not statistically significant. NPK at 200 kg/ha gave the highest yield, while biochar at 1 t/ha also improved yield over the control, although its performance remained inferior to that of NPK. These results underline the importance of soil amendments in improving agricultural productivity. In addition, biochar offers benefits for soil sustainability and health, in line with recent literature.
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