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This study investigated pedological characteristics of the soils in Sikonge, Uyui, and Tabora districts in Tabora Region of Tanzania, focusing on their suitability for tobacco (Nicotiana tabacum L.) cultivation. Soil profiles excavated in each district, yielding pedons named TUTUO P1, KIPERA P1, and ISIKIZYA P1, respectively. Standard laboratory methods used to analyze soil texture, bulk density, pH, macronutrients and micronutrients of the soil samples. Results indicated predominantly sandy texture in the studied soils, with Uyui exhibiting loamy sand texture, Sikonge featuring loamy sand and sandy loam, and Tabora comprising sandy clay loam at the surface transitioning to sandy loam and clay in the subsoil. Soil reaction ranged from extremely acid to strongly acid, with pH < 4.5 and pH 5.1-5.5 observed. Nitrogen was notably low across pedons (N< 0.05%). Bulk density exhibited varying trends with depth across districts, ranging from 0.02 to 1.78 g cm-3. Cation exchange capacity increased with soil depth in ISIKIZYA P1 but decreased in TUTUO P1 and KIPERA P1. Available P, varied from very low (0.01 mg kg-1 soil) to medium (15.93 mg kg-1 soil) with increasing depth. Micronutrient analysis revealed elevated copper and iron levels through pedons, zinc deficiency observed in ISIKIZYA P1. Soil classification identified Alfisols, Oxisols and Mollisols, in the respective study areas. The findings revealed notable soil variations, indicating both challenges and prospects for optimizing tobacco production. Tailored soil management is crucial to improve production efficiency.
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1 Introduction

Tobacco (Nicotiana tabacum L.) remains an important global cash crop, central to agricultural economies and international trade. Despite a global decline in demand due to health concerns and regulatory pressures, tobacco continues to play a major role in the economies of many countries. In particular, Africa remains a key producer, with countries such as Malawi, Zimbabwe, and Tanzania heavily involved in its cultivation (Shonhe et al., 2022; Mwalembe et al., 2024). However, the sector faces growing challenges from soil degradation, climate change, and shifting market dynamics. In this context, understanding soil properties that affect tobacco productivity is crucial for ensuring sustainable production (Chen et al., 2025).

Tobacco cultivation is essential to the livelihoods of many smallholder farmers, particularly in Southern and Eastern African countries (Hu and Lee, 2014; Prowse and Pérez Niño, 2022). While much research has been dedicated to soil fertility for staple crops like maize and rice, tobacco-specific pedological studies are limited. The region’s diverse agro-ecological conditions and soil types require detailed research to optimize tobacco production. Countries like Malawi and Zambia have undertaken some tobacco-specific soil assessments, but comprehensive studies, particularly those focusing on Tanzania remain scarce (Andersson Djurfeldt et al., 2019). This lack of region-specific data has hindered the development of tailored agronomic practices for tobacco farmers in Africa (Ouma et al., 2024).

Tanzania is one of the largest tobacco producers in Sub-Saharan Africa, with Tabora being the primary tobacco-growing region. Despite its economic importance, the region faces challenges such as soil fertility decline, soil erosion, and nutrient imbalances, which affect crop yield and quality. While general soil fertility assessments have been conducted for various crops in Tanzania, there is a notable gap in tobacco-specific soil studies, particularly in Tabora. The unique soil requirements of tobacco—such as its sensitivity to nutrient availability, soil texture, and structure—demand targeted research to optimize productivity and quality. This gap in knowledge makes it difficult to develop effective, sustainable soil management practices for tobacco farming in the region (Makoi and Mmbaga, 2018; Msanya et al., 2002).

Previous research, such as studies by Marzouk et al. (2023) and Makoi and Mmbaga (2018), has provided valuable insights into general soil conditions in Tanzania’s irrigation schemes. However, these studies have not specifically addressed the soil characteristics needed for tobacco production. Others like those of Funakawa et al. (2012) and Msanya et al. (2002) mapped major soil types across the country but did not focus on their suitability for tobacco. This study aims to provide detailed assessments of the physical and chemical properties of soils in tobacco-growing Tabora region, focusing on nutrient availability, cation-exchange capacity, and the role of chloride (Cl), which is critical for regulating osmotic pressure and enhancing tobacco leaf quality (Chen et al., 2025).

The findings from this study are expected to contribute to the understanding of soil properties that influence tobacco cultivation, providing targeted insights into the nutrient requirements and management practices essential for optimizing tobacco productivity and quality in Tabora region and similar areas. This research will also inform the development of sustainable soil management practices, ensuring long-term soil health while enhancing tobacco farming in Tanzania.




2 Materials and methods



2.1 Description of the study sites

This research was conducted in three districts of Tabora region in Tanzania. The study area was selected due to its prominence in tobacco cultivation, accounting for a significant share of the country’s production. The region has six districts widely recognized for tobacco farming, namely Sikonge, Uyui, Tabora, Urambo, Kaliua, and Nzega (Kuzilwa et al., 2019; Mbotwa and Rweyemamu, 2024). To ensure a representative analysis of soil conditions, site selection considered variations in tobacco production intensity and geographic distribution within the region. Following a series of field experiences and consultations with agricultural experts, three districts were selected based on their production dominance and soil diversity.

The study villages were purposively chosen due to their long history of tobacco cultivation and relevance for soil characterization. Soil profile pits were dug at Tutuo village in Sikonge district (05°47’775” S, 032°65’686” E), Isikizya village in Uyui district (04°86’294” S, 033°10’862” E), and Kipera village in Tabora Municipal (05°14’055” S, 032°68’026” E). These sites are characterized by a unimodal rainfall pattern, which starts from November and ends in March (Mbotwa and Rweyemamu, 2024). The selected locations represent different soil types and production systems, ensuring a broad assessment of pedological characteristics in the region.

Although microbial activity and biological soil properties influence soil fertility, this study focused on pedological aspects, including physical and chemical properties. The exclusion of microbial activity analysis was due to resource constraints and the primary objective of soil classification and fertility evaluation. Future research should incorporate microbial assessments to provide a more holistic understanding of soil health in tobacco-growing areas.




2.2 Fieldwork and laboratory activities

Reconnaissance field survey using transects and observations conducted in the study sites. On each site, one representative soil profile pit of 120 cm width, 200 cm length and depth ranging from 90-200 cm, depending on limiting layer, was excavated (Figure 1). The profiles named as ISIKIZYA P1, TUTUO P1 and KIPERA P1 for Uyui, Sikonge and Tabora districts, respectively. These profiles named basing on the villages’ names where the study conducted. Data on landform, soil morphological features (color, texture, consistency, structure, porosity, and depth), parent material, natural vegetation, drainage, slope gradient; elevation, erosion, and land use recorded and filled in forms designed by the National Soil Service of Tanzania, adopted from the FAO Guidelines for Soil description. The representative study sites were recorded using international coordinates with the Global Positioning System (GPS).




Figure 1 | Description of profiles: (a) TUTUO P1, (b) ISIKIZYA P1, (c) KIPERA P1 from the study sites in Sikonge, Uyui and Tabora districts, respectively.



Soil samples were collected from the designated pedogenic horizons, with four sections sampled from the TUTUO P1 and ISIKIZYA P1 profiles, and three sections from the KIPERA P1 profile for laboratory analysis. Composite soils samples (0-30 cm depth) collected from six sampling spots using zigzag sampling approach. The six subsamples collected from the sampling spots mixed and quartered to obtain representative composite surface soil samples of 1 kg for laboratory analysis. Physical and chemical properties were determined following standard procedures. Particle size analysis determined by the hydrometer method after dispersion with 5% sodium hexametaphosphate (Gee and Bauder, 1986). Soil bulk density was determined by drying soil samples at 105°C for 24 hrs (Okalebo et al., 2002). Soil color was determined by Munsell Soil Color Charts (Color, 2009). Soil pH, electrical conductivity and Chlorine (Cl) were determined Potentiometrically in soil-to-water suspension (1:2.5) (Lindsay and Norvell, 1978). Soil organic carbon was determined by the Walkley and Black wet oxidation method (Matus et al., 2009). Available P determined by a Bray and Kurtz P-1 (Okalebo et al., 2002). Total nitrogen was analyzed by the micro-Kjeldahl distillation method (Bremner and Mulvaney, 1982). Cation exchange capacity (CEC) was determined by the neutral ammonium acetate saturation method (NH4-Ac, pH 7.0) followed by Kjeldahl distillation (Mattigod and Zachara, 1996). Exchangeable bases (K+, Mg2+, Ca2+, and Na+) were determined by the 1 N NH4-Ac (pH 7.0) methods (Mattigod and Zachara, 1996). Mg and Ca read by the UV-Vis spectrophotometer and K and Na by flame emission photometer. Extractable micronutrients (Fe, Cu, Zn, and Mn) extracted by diethylenetriamine pentaacetic acid (DTPA) and determined using atomic absorption spectroscopy (AAS) (Lindsay and Norvell, 1978). Extractable sulfur was determined by turbidi-metric methods (Moberg, 2000). Base saturation percent (% BS) was obtained by dividing total exchangeable bases (TEB) by CEC and then multiplied by 100. Likewise, exchangeable sodium percentage (ESP) obtained by dividing total exchangeable sodium by CEC, and then multiplied by 100. The K: TEB ratio was obtained by dividing K by TEB; C: N ratio was obtained by dividing OC by Total N, Ca: Mg ratio obtained by dividing Exchangeable Ca by Exchangeable Mg, K:Mg obtained by dividing K by Exchangeable Mg, K:CEC obtained by dividing K by CEC.

Using both field and laboratory data the soils classified up to family level of the USDA Soil Taxonomy and to level tier-2 of the WRB Soil Classification (Schad, 2023). The soils in each pedon classified into their appropriate order, suborder, great group, and subgroup following the guideline of the USDA Soil Taxonomy and tier-2 of the FAO WRB for soil resources (Brevik et al., 2016; Soil Survey Staff, 2022; Schad, 2023).





3 Results



3.1 Soil morphological characteristics

The studied pedons showed slight variation in drainage patterns, but KIPERA P1 pedon, poorly drained and shallow (90 cm). The surface soil was characterized by gravel sand clay while the subsoil (90 cm) was very hard characterized with clay, while TUTUO P1 was well drained and very deep (>115 cm), in the 110 cm depth water was observed. The ISIKIZYA P1 topsoil was characterized by fine sand, while the subsoil ranged from friable to hard soils with many fine (m.f.) pores.The topsoil color of the TUTUO P1 pedon varied from orange (7.5YR6/8) when dry to brown (10YR4/3) when moist. The subsoil color varied from pink (7.5YR7/4) when dry to reddish yellow (7.5YR6/6) when moist with a predominant of few fine (f.f) mottles. At ISIKIZYA P1, the topsoil color varied from light yellowish brown (10YR6/4) when dry to yellowish brown (10YR3/6) when moist, with the subsoil varying from bright brown (7.5YR7/4) when dry to dark reddish brown (5YR5/8) when moist with no mottles. KIPERA P1 pedon, the top soil was characterized by brown color (7.5YR4/4) when dry to dark reddish brown (5YR3/3) when moist, the sub soil varied from reddish yellow (7.5YR6/8) when dry to yellowish red (5YR4/6) when moist while having no mottles.




3.2 Soil physical and chemical characteristics

The physical properties of the studied soils are summarized in Table 1. ISIKIZYA P1 and TUTUO P1 pedons had sandy loam soils at both topsoil and subsoil layers, whereas KIPERA P1 had sandy clay loam topsoil transitioning to clay in deeper horizons. The silt/clay ratio varied across sites, with ISIKIZYA P1 ranging from 1.29 to 4.6, TUTUO P1 from 0.14 to 5.8, and KIPERA P1 from 0.2 to 0.4. Bulk density values ranged from 1.02 to 1.28 g cm-3 at ISIKIZYA P1, 1.02 to 1.28 g cm-3 at TUTUO P1, and 1.51 to 1.78 g cm-3 at KIPERA P1.


Table 1 | Soil physical properties.



The results for the chemical properties of the studied soils presented (Tables 2, 3). The soil reaction at ISIKIZYA P1 was very strongly acid (pH 4.67-4.85), but ranged from very strongly acid (pH 5.67-4.91) to strongly acid (pH 5.1-5.5) at TUTUO P1and KIPERA P1. Variations in EC were observed, with ISIKIZYA P1 displaying an EC of 0.049 dS m–1 in the topsoil and varying values ranging from 0.01 to 0.021 dS m–1 in the subsoil. In contrast, TUTUO P1 showed EC values overall, with the topsoil registering 0.026 dS m–1 and subsoil ranging from 0.017 to 0.032 dS m–1. Conversely, KIPERA P1 exhibited EC values, measuring 0.089 dS m–1 in the topsoil and ranging from 0.006 to 0.015 dS m–1 in the subsoil.


Table 2 | Soil chemical properties (exchangeable bases, CEC, BS, ESP) and micronutrients.




Table 3 | Chemical properties (pH, EC, % OC, TotalN, C/N ratio and available P).



Exchangeable sodium percentage varied across locations, with ISIKIZYA P1 showing ESP values of 1.1% in the topsoil and ranging from 0.2% to 0.3% in the subsoil. TUTUO P1 and KIPERA P1 revealed consistent ESP values, maintaining around 0.1% in the topsoil and 0.2% in the subsoil. Organic carbon content varied significantly, with ISIKIZYA P1 having an OC content of 0.97% in the topsoil and ranging from 0.01% to 1.51% in the subsoil. TUTUO P1 and KIPERA P1 showed similar trends, with higher OC content in the subsoil compared to the topsoil. Total nitrogen and carbon to nitrogen ratio varied across locations, suggesting differences in nutrient availability and soil fertility. Phosphorus availability also varied, with ISIKIZYA P1 displaying higher P availability in both topsoil and subsoil compared to TUTUO P1 and KIPERA P1. The CEC exhibited location-specific patterns, with ISIKIZYA P1 and KIPERA P1 showing higher CEC values in the subsoil compared to the topsoil, while TUTUO P1 had notably higher CEC values in the topsoil compared to subsoils.

The ISIKIZYA P1 pedon exhibited topsoil Ca concentrations of 0.52 cmol(+) kg-1, with subsoil concentrations ranging from 0.33 to 0.92 cmol(+) kg-1. TUTUO P1 pedon showed topsoil calcium of 0.34 cmol(+) kg-1, with subsoil concentrations varying from 0.25 to 0.97 cmol(+) kg-1. KIPERA P1 pedon displayed topsoil Ca of 0.49 cmol(+) kg-1, with subsoil concentrations ranging from 0.29 to 0.37 cmol(+) kg-1. Exchangeable Magnesium concentrations at ISIKIZYA P1 pedon’s topsoil were 0.72 cmol(+) kg-1, with subsoil concentrations ranging from 0.5 to 2.34 cmol(+) kg-1. TUTUO P1 pedon exhibited topsoil Magnesium concentrations of 0.57 cmol(+) kg-1, with subsoil concentrations varying from 0.8 to 2.34 cmol(+) kg-1. KIPERA P1 pedon displayed topsoil Mg concentrations of 0.73 cmol(+) kg-1, with subsoil concentrations ranging from 0.69 to 0.85 cmol(+) kg-1. Potassium concentrations at ISIKIZYA P1 pedon’s topsoil were 0.1 cmol(+) kg-1, with subsoil concentrations ranging from 0 to 11 cmol(+) kg-1. TUTUO P1 pedon exhibited topsoil potassium concentrations of 0.1 cmol(+) kg-1, with subsoil concentrations varying from 8.49 to 17 cmol(+) kg-1. KIPERA P1 pedon displayed topsoil potassium concentrations of 0.1 cmol(+) kg-1, with subsoil concentrations ranging from 43 to 64 cmol(+) kg-1. Sodium concentrations at ISIKIZYA P1 pedon’s topsoil were 0.07 cmol(+) kg-1, with subsoil concentrations of 0.02 cmol(+) kg-1. TUTUO P1 pedon exhibited topsoil Na concentrations of 0.02 cmol(+) kg-1, with subsoil concentrations ranging from 0.02 to 0.03 cmol(+) kg-1. KIPERA P1 pedon displayed sodium concentrations of 0.02 cmol(+) kg-1 throughout the pedon.

The analysis of extractable micronutrients (Cu, Fe, Mn, and Zn) and extractable sulfur revealed varying concentrations across the studied profiles. At ISIKIZYA P1, the topsoil had a copper content of 2.06 mg kg-1, decreasing to 1.12-2.68 mg kg-1 in the subsoil. Iron was 196.67 mg kg-1 in the topsoil and ranged from 84.93 to 119.5 mg kg-1 in the subsoil. Interestingly, negligible Zn content was detected in the ISIKIZYA P1 pedon, while chlorine was present at very low concentrations throughout the entire pedon. For TUTUO P1, Cu ranged from 2.68 to 3.12 mg kg-1 in the topsoil and subsoil, while Fe levels varied from 58.83 to 287.17 mg kg-1. Zn was negligibly small in the topsoil but present in the subsoil at 0.37-0.63 mg kg-1. Similarly, KIPERA P1 exhibited Cu concentrations of 4.74-6.36 mg kg-1 in the topsoil and Fe levels ranging from 84.83 to 273.00 mg kg-1. Zn detected in the topsoil at 1.09-1.58 mg kg-1 and in the subsoil at 1.09-1.29 mg kg-1. Manganese contents ranged from 25.17 to 159.10 mg kg-1 in the ISIKIZYA P1 pedon, 11.40 to 162.39 mg kg-1 in TUTUO P1, and 125.17 to 175.31 mg kg-1 in KIPERA P1. Sulfur content varied across the sites, with ISIKIZYA P1 showing 5.69 mg kg-1 in the topsoil and 2.84-8.45 mg kg-1 in the subsoil. TUTUO P1 had sulfur 9.60 mg kg-1 in the topsoil and 6.32-20.2 mg kg-1 in the subsoil, while KIPERA P1 exhibited 8.26-8.68 mg kg-1 in the topsoil and negligible sulfur content was in the subsoil. Chlorine concentrations remained minimal throughout the KIPERA P1 and TUTUO P1 pedons.

The soil cation ratios were determined (Table 4) and the results were Ca/Mg ratio at ISIKIZYA P1 topsoil was 0.72 and the subsoil ranged from 0.39 to 0.68 while TUTUO P1 topsoil was 0.59 to subsoil of 0.31 to 0.41, and KIPERA P1 had topsoil of 0.67 to 0.42 subsoil. The K/Mg ratios in ISIKIZYA P1 topsoil was 0.14 to subsoil of 0.08 to 0.69 while TUTUO P1 had 0.14 topsoil to 0.08 to 4.69 subsoil, and KIPERA P1 had topsoil of 0.11 topsoil to subsoil of 12.46 and 0.6. The K/CEC ratio at ISIKIZYA P1 0.02 topsoil to subsoil of 0.004 to 0.73, TUTUO P1 was 0.001 topsoil to subsoil 0.004 to 0.73 and the KIPERA P1 had a top soil of 0.02 to subsoil of 0.04 and 0.77.


Table 4 | Nutrient ratios for the representative soils.






3.3 Soil classification

The results reveal significant variability in soil properties across the pedons studied in Sikonge, Tabora Mc, and Uyui districts, which is important for agricultural planning, particularly for tobacco cultivation in the Tabora region (Table 5; Table 6). Based on field and laboratory data, the pedons classified Chromic Luvisol (Coluvic, Humic, Ochric, Neocambic), featuring an umbric epipedon and a cambic horizon. The soil was characterized by gently sloping, moderately deep sandy loam to sandy clay loam with a strong to very strong acidity (pH 4.5 - 5.0) and was categorized by ustic, isohyperthermic. The KIPERA P1 pedon featured as Xanthic Geric Ferralsol (Aric, clayic, ochric), exhibited an ochric epipedon and an oxic horizon, with gently sloping, moderately deep sandy clay to silt clay soil and strong to very strong acidity (pH 4.2 - 4.8), also classified as ustic, isohyperthermic. The ISIKIZYA P1 pedon was classified as Gleyic, Fluvic, Duric Chernozem (Aric, Cambic), characterized by a mollic epipedon and a cambic horizon with very strong acidity (pH 4.3 - 4.9) and gently sloping, moderately deep sandy loam to sandy clay soil, classified as ustic, isohyperthermic. Soil properties such as texture, pH, and horizon depth were found to vary across the pedons: TUTUO P1 showed a sand content of 70%, silt content of 20%, and clay content of 10%, KIPERA P1 had sand content of 60%, silt content of 30%, and clay content of 10%, while ISIKIZYA P1 displayed sand content of 65%, silt content of 25%, and clay content of 10%. These findings provide essential information for understanding the variability in soil properties across the study areas and their implications for agricultural practices.


Table 5 | Diagnostic classes of the studied soil pedons of Sikonge, Tabora and Uyui districts.




Table 6 | Classification of the studied soil pedons of Sikonge, Tabora and Uyui districts.







4 Discussions

Soil color is a useful indicator of soil properties, such as drainage and fertility. Orange soils, rich in iron oxides, suggest good aeration and drainage (Lufega and Msanya, 2017; Marzouk et al., 2023), while brown soils, with higher organic matter, indicate better fertility due to enhanced nutrient retention (Baumann et al., 2016; Gerke, 2022). Soil color reflects processes like iron oxidation and organic matter decomposition, which affect soil fertility and moisture retention. In the ISIKIZYA P1 and KIPERA P1 profiles, color changes in the topsoil and subsoil highlight moisture retention and iron oxide activity, which are key for nutrient cycling and land management (Meng et al., 2023; Msanya et al., 2018; Mfaume et al., 2019; Merumba et al., 2020; Marzouk et al., 2023). Other studies have shown that darker soils often correlate with higher fertility and better moisture retention, essential for crop growth.

Generally, the soils for ISIKIZYA P1 pedons had loam sand at the top and subsoil. Loam sand offers a balance between the rapid drainage of sandy soils and the nutrient-retaining capacity. Its specific properties can vary depending on the exact composition of sand, silt, and clay in the soil, while it has good drainage properties, loam sand can retain some nutrients due to the presence of silt and clay particles (Msanya et al., 2003). This makes it suitable for some types of plants and crops including tobacco (Lisuma et al., 2023). Top sandy loam soils at TUTUO P1 have a significant importance, allows for excellent drainage, excess water drains away quickly, reducing the risk of waterlogged roots in plants. At KIPERA P1, the topsoil was sandy clay loam while the subsoil was clay soils. Sandy clay loamy soils contain a balanced mixture of sand, silt, and clay particles. However, in this soil type, the clay component is more dominant than in sandy loam soils. The balance between these particle sizes contributes to the soil’s overall texture. According to Miller (2014), sandy clay loam soils have good drainage properties due to the presence of sand particles. Water can penetrate through the soil relatively well reducing the risk of waterlogging, while these soils drain well, they also retain nutrients effectively due to the clay component (Manik et al., 2019). However, they may become compacted more easily than sandy or loamy soils, so proper soil management practices are important (Marzouk et al., 2023).

Clay particles are the smallest among soil particles and tend to stick together, resulting in fine-textured soil with notable poor drainage (Schjønning et al., 2017). Due to their ability to hold water tightly, clay particles lead to slow water infiltration and drainage, often causing waterlogged conditions during heavy rainfall. Despite this, clay soils have good nutrient retention because of its fine particles. However, they are prone to compaction under pressure or heavy machinery, which reduces pore spaces, limiting root growth and water infiltration. Proper soil management practices are crucial to mitigate compaction. Although challenging to work with when wet, clay subsoil can be productive and fertile with proper management, addressing its unique drainage and workability challenges (Lufega and Msanya, 2017). In the ISIKIZYA P1 and TUTUO P1 profiles, clay content was low, while in the KIPERA P1 pedon, clay content increased with depth, indicating some clay migration (Kebeney et al., 2015). All three profiles had low silt content. The silt-to-clay ratio was high at ISIKIZYA P1 but lower at KIPERA P1, with a lower silt/clay ratio indicating greater soil susceptibility to detachment and transport (Kalala et al., 2017). Soils with a high silt-to-clay ratio tend to have better drainage than those with higher clay content, as silt particles allow for better water infiltration and drainage, reducing waterlogging risks. Silt-rich soils are generally easier to work with than pure clay soils, offering good workability and suitability for cultivation, although they may also be prone to compaction when wet. Additionally, silt particles have moderate nutrient retention capabilities (Uwitonze et al., 2016).

Bulk density is a critical soil property influencing soil health and land use. High bulk density indicates soil compaction, where soil particles pressed closely together, reducing pore space and hindering air, water, and root penetration (Marzouk et al., 2023). Compacted soils suffer from limited aeration, negatively impacting soil microbial activity, root growth, and overall soil health. Poor aeration and reduced pore spaces also impede water infiltration, leading to surface runoff and potential waterlogging in lower areas (Merumba, 2022). Bulk density greater than 1.65 g cm-³ considered unfavorable for plant root growth. For instance, the KIPERA P1 subsoil exhibited a bulk density of 1.78 gcm-³, necessitating soil management practices to improve soil structure (Kalala et al., 2017). Methods such as tilling, subsoiling, or using aerators can alleviate compaction, and incorporating organic matter like compost or mulch can enhance soil structure and water-holding capacity (Chaudhari et al., 2013). At TUTUO P1, the topsoil had higher bulk density than the subsoil, likely due to water presence at 110 cm depth in the excavated profile. These variations underscore the importance of tailored soil management practices to address specific compaction issues and improve soil health.

Soil reaction, measured by pH, is a critical factor in determining soil suitability for tobacco cultivation. In the studied soils, all pedons were highly acidic, with pH values below 5.0, whereas the ideal pH range for tobacco cultivation is between 5.5 and 6.5 (Zeng et al., 2014). Acidic soils, with pH below 5.5, increase the solubility of toxic elements like aluminum and manganese, which hinder nutrient availability, particularly phosphorus, calcium, and magnesium, and reduce microbial activity (Lufega and Msanya, 2017; Massawe et al., 2017). Low pH levels can therefore limit tobacco growth, whereas pH levels above 6.5 can also cause nutrient imbalances (Lufega and Msanya, 2017; Massawe et al., 2017). Maintaining optimal pH levels is essential for nutrient cycling and microbial activity, which are critical for crop productivity.

Electrical conductivity measures soil’s ability to conduct electrical currents and is important for tobacco cultivation as it assesses soil salinity. High soil salinity can be detrimental to tobacco crops by affecting water uptake and nutrient availability (Lisuma et al., 2022). Although tobacco does not have specific EC requirements, high EC levels can limit nutrient uptake (Msanya et al., 2001). In the studied soils, ISIKIZYA P1 and TUTUO P1 exhibited varying EC levels within the pedons, likely due to rainwater percolating through the soil and carrying soluble ions such as calcium, magnesium, potassium, and sodium (Okalebo et al., 2002). As water moves through the soil profile, it dissolves and transports ions, causing fluctuations in EC within different horizons. Soils with an exchangeable sodium percentage of less than 5% are generally suitable for most crops. However, ESP levels above 5%, particularly those approaching or exceeding 15% indicate a risk of soil degradation due to high sodium content (AbdelRahman et al., 2022).

All study sites exhibited sodium below 5%, indicating negligible salinity effects. High sodium levels can compete with essential nutrients like calcium and magnesium, causing nutrient imbalances and reduced crop yields (Mfaume et al., 2019). Elevated sodium levels also negatively affect tobacco leaf quality, influencing flavor and curing characteristics. Soil organic carbon is a crucial component of the global carbon cycle, influencing soil properties such as water infiltration, water-holding capacity, nutrient availability, soil structure, bulk density, and microbial activity (Meng et al., 2023).

The total nitrogen in the studied pedons was very low (less than 0.1%), highlighting the need for appropriate nitrogenous fertilizer application. High N levels (above 2%) typically no need for additional nitrogenous fertilizers, avoiding over-fertilization and associated environmental concerns (Cui et al., 2010). The low total N observed might due to the very acidic soil pH, which affects nitrogen conversion into plant-usable forms like ammonium and nitrate, as well as to erosion, leaching, and nutrient depletion by plants (Marzouk et al., 2023).

The carbon-to-nitrogen ratio is a vital indicator of organic material quality and predicts organic matter mineralization (Tian et al., 2010). According to Yang et al., (2023), the C: N ratio influences soil health, nutrient cycling, and plant growth. The C: N ratio increased with depth in ISIKIZYA P1 and KIPERA P1 but decreased in TUTUO P1, likely due to the water table at 110 cm depth in the TUTUO profile. Optimal C: N ratios vary based on soil type, climate, and management practices. High C: N ratios, such as those found in crop residues or straw, indicate higher carbon relative to nitrogen, affecting decomposition rates (Van Sundert et al., 2020). Tobacco is a nutrient-demanding crop and nitrogen is a critical nutrient for its growth (Liu et al., 2024). Maintaining an appropriate C: N ratio in the soil can help ensure a steady supply of N to the tobacco plants throughout the growing season (Zhou et al., 2017).

The available P at ISIKIZYA P1 and KIPERA P1 varied with increased depth except at TUTUO P1 site where available P decreased with increase in depth probably due to availability of water found at the deep leading to flushing of P element. Phosphorus is an essential nutrient for plant growth and is particularly important for tobacco crop (Ziadi et al., 2013). The availability of phosphorus in soils for tobacco cultivation is crucial because it plays a vital role in various physiological processes within the plant (Khan et al., 2023). Soils with available P levels below 10-15 mg P kg-1 considered low in phosphorus (Tucker et al., 1999). In high-P soils, usually no immediate need for additional high rates of phosphorus fertilization, and high phosphorus can lead to environmental issues such as water pollution. P availability to plants strongly influenced by the pH of the soils and maximized when the soil pH is between 5.5 and 7.5 (Lufega and Msanya, 2017). The studied pedons have pH < 5.0, which could be the reasons for low to medium available P.

Low CEC in the soil is an indication of poor fertility and poor water infiltration (Lufega and Msanya, 2017). A higher CEC generally indicates a soil’s capacity to hold and supply more nutrients to plants. For tobacco crop a CEC of around 10 to 20 cmol(+) kg-1 is often considered suitable. The low CEC values (6 cmol(+) kg-1) in top soils at ISIKIZYA P1 pedon may be due to Sandy soils dominance which consist of large particles with fewer negatively charged sites for cation exchange.

Calcium was low through the pedons (< 1 cmol(+) kg-1, it varied with increase in depth at ISIKIZYA P1 and TUTUO P1, but decreased with depth increase at KIPERA P1, in this regard, the addition of calcium containing fertilizer such as CAN 27% N in a recommended rates required at all sites (Motsara and Roy, 2008). Magnesium is another critical nutrient for tobacco growth and development. A target range for magnesium in the soil for tobacco cultivation is generally between 0.5-2 cmol(+) kg-1). Exchangeable Mg for studied pedons was found in the sufficient range (<2.5 cmol(+) kg-1).

The study pedons had varying K within the specific pedons, therefore additional of potassium containing fertilizers such as NPK is very crucial for better growth and yield of tobacco regarding that Potassium is essential for overall tobacco plant health and leaf quality. Maintain sodium (Na) at low levels in soils for tobacco cultivation, typically less than 0.17 cmol (+) kg-1. The studied pedons had low sodium (<0.07 cmol(+) kg-1). High sodium level can lead to salinity of the soil, which is detrimental to crop growth and quality (Marzouk et al., 2023). Tobacco is a sensitive crop; soil pH and nutrient availability can significantly affect its growth and quality. According to Alloway (2013), tobacco cultivation would want the soil to have a base saturation percentage that favors the presence of calcium and magnesium that are essential nutrients for its growth.

A common target range for base saturation in soils for most crop cultivation should not exceed 80% (Rawal et al., 2019). Base saturation was seen to be very low in all the top soils for all sites it increased with increase in depth, probably was due low pH (acidic soils) that was found in all the soils, acidic conditions tend to displace basic cations (calcium, magnesium, potassium, and sodium). The subsoil for KIPERA P1 had a base saturation of 405% which is above the normal range (80%), this is probably due pedon being high in potassium within the subsurface and natural mineral deposits (Wang et al., 2019).

The recommended sufficiency range for Cu in the soil for tobacco crop is typically between 0.2 to 2.0 mg/kg. According to Xu et al. (2024), copper acts as a catalyzer in some metabolic reactions in plants. Soil with copper levels below 0.2 mg kg-1 is deficient. According to Zewide and Sherefu (2021), copper deficiency can lead to reduced growth and potential nutrient-related issues in plants (Alloway, 2013). However, the amount of copper in all the studied soils were above the recommended rate for tobacco production this is probably due to weathering of rocks and minerals containing copper, the use of copper-based pesticides and fungicides may have left a legacy of copper in the soils.

Iron (Fe) deficiency can lead to reduced growth and potential nutrient-related issues in tobacco plants. Soil with iron levels above 100 mg kg-1 is high (Blancquaert et al., 2017). According to Shukla et al. (2018), elevated Fe levels in the soil can lead to Fe toxicity in tobacco plants, which can cause growth problems and adversely affect crop health. All the studied pedons had soils with high Fe; this is probably due to weathering of Iron rocks that release Iron in the soils and continuous application of pesticides containing iron materials (Colombo et al., 2014).

The recommended sufficiency range for Zn in the soil for tobacco crop is typically between 0.5 to 2.0 mg kg-1. Zinc affects plant–pathogen interactions via its key role in the activation/stabilization of metalloenzymes in plants (Xu et al., 2024). According to Solanki (2021), soil with Zn levels below 0.5 mg kg-1 is deficient. Zinc above 2.0 mg kg-1 in the soil is high. Elevated Zn levels in the soil can lead to Zn toxicity in tobacco plants, which can cause growth problems and adversely affect crop health. Generally, the ISIKIZYA P1 and TUTUO P1 soils had Zn deficit while the KIPERA P1 had the sufficient range of Zn.

Manganese below 20 mg kg-1 may result in Mn deficiency in tobacco plants, leading to reduced growth and potential nutrient-related issues (Fageria et al., 2002). The recommended range of manganese for tobacco production in the soil is between 20 to 100 mg kg-1. Soil with Mn above 100 mg kg-1 can lead to Mn toxicity in tobacco plants, causing growth problems and potentially reducing yield and quality (Baker et al., 2000). The amount of Mn in top soil through the studied sites was above the sufficiency rate. The subsoil for ISIKIZYA P1 and TUTUO P1 site had the recommended range of Mn except for KIPERA P1, which had all top and sub soil with the amount above the recommended rate. This is probably due to weathering of Mn-rich rocks or minerals in the soil’s parent material can release Mn into the soil, leading to elevated levels over time (Uchida, 2000).

Sulfur is a key component of amino acids, particularly cysteine and methionine. Amino acids are the building blocks of proteins essential for various physiological processes in plants, including enzyme activity, photosynthesis, and cell structure (Bhat et al., 2020). In tobacco plants specifically, S contribute to the development of larger, healthier leaves with better curing and processing qualities (Tripathi et al., 2015). The high amount of S has negative effects on aroma, nicotine, combustibility, ash color and smoking characteristics for tobacco crop (Xu et al., 2024). All the studied sites had accepted sulfur contents except KIPERA P1 subsoil, which had negligible S contents. This is probably due volatilization as sulfur dioxide (SO2) gas S dioxide can escape into the atmosphere, slow rate of S mineralization in subsoil also can contribute to low S levels or due to the composition of parent materials (Coelho-Junior et al., 2020). Flue-cured tobacco is highly sensitive to chlorine. High levels can negatively affect the burning quality, flavor, and leaf texture. The recommended chlorine levels in soil are less than 30–50 kg ha-1 of available chloride (Tripathi et al., 2015).

Ca/Mg ratio in the soil of approximately 6:1 to 8:1 is desirable for most crops’ growth including tobacco (Xu et al., 2022). This means that there should be six to eight times more Ca in the soil compared to Mg, maintaining a balanced Ca/Mg ratio is important because both calcium and magnesium are essential nutrients for plant growth (Uchida et al., 2018). Calcium is important for cell wall structure and function, while Mg is a central component of chlorophyll, essential for photosynthesis (Nadeem et al., 2018). There are un-desirable ratios through the study sites, addition of fertilizer containing calcium and Mg is required to supplement these nutrients in the soils.

The K/Mg ratio indicates the balance between K and Mg in the soil. A balanced K/Mg ratio is important for crop health. The potassium-to-magnesium ratio in the soil for tobacco cultivation is an important factor to consider in maintaining soil fertility and promoting healthy plant (Tian et al., 2010). In many cases, a ratio close to 1:1 is sufficient, meaning that there should be approximately equal amounts of K and Mg in the soil (Vatansever et al., 2017). According to Knecht and Göransson (2004), higher K/Mg ratio can lead to Mg deficiency in plants, which can negatively affect plant health and development.

The potassium-to-cation exchange capacity (K/CEC) ratio in the soil for tobacco cultivation is an important parameter that reflects the balance between K and the soil’s cation exchange capacity. The cation exchange capacity represents the soil’s ability to retain and release cations, which include essential plant nutrients like K, Ca, Mg, and others. The K/CEC ratio is a useful indicator of K availability and nutrient management in the soil (Dhaliwal et al., 2022). A balanced ratio generally falls within the range of 2% to 5% K in relation to the cation exchange capacity. This means that K should make up around 2% to 5% of the total cations in the soil. Maintaining an appropriate K/CEC ratio ensures that there is an adequate supply of K available to tobacco plants (Kim et al., 2021). The K/CEC ratio for all the sites were below the recommended for top soils while varying with increase of depth, this is probably due to percolation of water leading to translocation of basic cations in the specific pedons.

The soils for TUTUO P1 pedons classified as Alfisols as per the USDA and Luvisols in FAO-WRB soil classifications with Umbric epipedon having Udic Paleustalfs features and Coluvic, Humic, and Neocambic properties, as a result of high organic matter. Alfisols (Luvisols), these soils have a horizon with a significant accumulation of clay, iron, and/or organic matter. The soils often exhibit a distinct horizon known as an “illuvial horizon” (Brevik et al., 2016; Schad, 2023). KIPERA P1 pedons classified as Oxisols in the USDA, Ferrasols in FAO-WRB soil classifications. Having Xanthic, Geric features and Aric, Clayic and Ochric properties, as the results of continuous ploughing at the depth of ≥20 cm, textural class of clay in ≥30 cm thick and having an organic carbon of ≥0.2% in the layer from the mineral soil surface at the depth of 10 cm from the mineral soil surface. Oxisols (Ferralsols) soil characterized by the accumulation of iron and aluminium oxides, as well as low cation exchange capacity (Schad, 2023). The pedon ISIKIZYA P1 classified as Mollisols in the USDA soil taxonomy and as Chernozems in the FAO-WRB soil classification having Gleyic, Fluvic and Duric features and Aric, Cambic properties, as the results of continuous ploughing and having the albic materials starting from ≤ 50 cm from the soil surface. Mollisols (Chernozems) are soils that are rich in organic matter, have a deep, dark, fertile topsoil (A horizon), and are associated with grassland ecosystems characterized by their high fertility and suitability for agriculture (Brevik et al., 2016; Soil Survey Staff, 2022; Schad, 2023).




5 Conclusions and recommendations

The results provide the fertility status of the studied pedons (ISIKIZYA P1 - Uyui, TUTUO P1 - Sikonge, and KIPERA P1 - Tabora) that are under tobacco production. The ISIKIZYA P1 topsoil was characterized by fine sand, while the subsoil was friable to hard soils with many fine (m.f) pores. The data suggests that soil fertility indicators such as pH, total N, available P, K, OC, Zn, and S for ISIKIZYA P1 are the main constraints, and management strategies should target these components for sustainable crop production and system productivity. The fertility status for the studied pedons was generally rated as medium. The ISIKIZYA P1 pedon had features of Mollisols, TUTUO P1 had features of Alfisols, while the KIPERA P1 pedon had features of Cambisols.

However, this study has limitations that should be acknowledged. The lack of microbial analyses means that the role of soil microorganisms in nutrient cycling and fertility has not been explored, which could provide further insights into soil health. Additionally, the limited geographic scope of the study restricts its applicability to broader regions with different soil types or climatic conditions. Future research could focus on integrated soil management practices, incorporating both organic and inorganic inputs for improved soil fertility and sustainability. Long-term studies are needed to track soil fertility trends over time, considering the cumulative effects of various management practices on soil health and productivity.

Based on landform features and soil physico-chemical properties, the soils represented by the three studied profiles were recommended as suitable for tobacco production. Extra attention should be given to addressing possible deficiencies of some nutrient elements through the use of NPK and CAN fertilizers in recommended rates. The study sites will benefit if proper soil fertility management practices are employed with the following recommendations. The soil analysis suggests varying fertility and challenges across the sites. Very low pH (soil acidity), low organic matter, and nutrient imbalances require targeted interventions, including pH correction, organic matter addition, and nutrient-specific fertilization for optimal tobacco production. Proper soil management practices, such as avoiding compaction, incorporating organic matter, and adjusting nutrient levels, are crucial for sustainable agriculture in these sites.
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