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[bookmark: _Toc532602642]ABSTRACT
Tea production requires high rainfall areas that cause nutrients depletion through surface run-off, leaching,and removal with crop. This makes application of fertilisers mandatory to replenish the nutrients. However, such applications could cause soil nutrients imbalance.Harvesting frequency cause variations in yields. Despite variations in environmental factors recommended fertilizer useis similar whileharvesting frequency varies between 7 to 14 days. Fertilizer use and plucking are major agronomic inputs that may influence crop yields and soil nutrients removal. Theinfluence of rates of NPKS 25:5:5:5 fertilizer and harvesting intervals on soil calcium, magnesium and manganese levels and the relationship between these nutrients levels and tea yields in Eastern Africa were investigated. Samples were obtained from fertilizer trials on clone TRFK 6/8 at three, two and three sites in Kenya, Tanzania, and Rwanda, respectively,from a 5 nitrogen rates by 3 harvesting frequency factorial trials replicated three times at each site, at 0-10, 10-20, 20-30, 40-60 cm soil depths. The nutrients were determined using ICPAES. Increasing nitrogen rates elevated (p≤0.05) Mn but reduced (p≤0.05) Ca and Mg.Thus, long term use of nitrogenous fertilizers could cause nutrients imbalance that may make tea production uncertain as these nutrients are not controlled through supplementation. Harvesting frequency did not influence soil Ca, Mg and Mn levels at all sites. The nutrients levels varied (p≤0.05) with location of production. Despite the variations the nutrient levels were still optimal and therefore not constraining tea production.These results suggest need for proper management of these nutrients to ensure continued high tea production.
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Introduction
Commercial tea (Camellia sinensis, (L) O. Kuntze) is grown within latitudes between 45oN (Russia) to 30oS (South Africa), and from 150oE (New Guinea) to 60oW (Argentina) (Kebeney et al., 2010; Ombori et al., 2020), and at altitudes from sea level to about 2,700 m above mean sea level (amsl)(P. O. Owuor et al., 2011).Cool, humid high altitude locations with well distributed annual rainfall and soil pH in the range of 4.5-5.6 are suitable for tea production in eastern Africa(Ombori et al., 2020). In these locations, teagrows well with large variations in nutrients before visible signs of deficiency/toxicity in foliagebegin to appear. Tea soils are therefore usually tested to detect possible nutrients deficiencies/toxicities that may affect growth and reduce yields (TRFK, 2002).	Comment by Pc: ???
Despite variations in tea growing environments, uniform agronomic recommendations, mainlyfrom Kenya(TRFK, 2002),are used in the eastern Africa tea growing areas. For example, nitrogen fertilizer application rates vary between 100 and 250 kg N/ha/year(TRFK, 2002). Similarly, clone TRFK 6/8 from Kenya is widely grown in eastern Africa, constituting approximately 80% of tea in Rwanda, 60% of clonal tea in Kenya and 35-40% of tea in Tanzania (P.O. Owuor et al., 2011). The uniform agronomic practices notwithstanding, yields vary widely with locationof production even in same cultivar (Msomba et al., 2014; Owuor et al., 2013).Some recommendations may therefore be inappropriate in some locations. Differences in yield (Msomba et al., 2014; Owuor et al., 2009, 2010; Owuor et al., 2013; P. O. Owuor et al., 2011), quality (Owuor et al., 2009, 2010; Owuor et al., 2013; P. O. Owuor et al., 2011), precursor tea quality parameters (Kwach et al., 2016; Okal et al., 2012), leaf nutrients (Kwach et al., 2014) and soil nitrogen, pH and organic carbon (Ombori et al., 2020) with geographical area of production have been observed in the same cultivars. The differences in productivity and quality could in part be arising from the variations of soil nutrients, including calcium, magnesium and manganese. Indeed, the variations intea soil calcium, magnesium and manganese levels in different locations within eastern Africa receiving similar agronomic inputs are not documented.	Comment by Pc: ????	Comment by Pc: ???
Calcium, (Fung & Wong, 2004; Ruan et al., 2004)magnesium(He et al., 2023; Li et al., 2021; Zhang et al., 2023) and manganese(Hajiboland, 2018)play important functions in the development of plant tissues and yields. Large amount of these nutrients are harvested with crop (Pongrac et al., 2020), leached or washed off as surface run offs (Liu et al., 2012). Although excessive calcium in the soil may raise soil pH to beyond levels suitable for growing tea (TRFK, 2002) and cause tea root damage (Liang et al., 2021) thereby reducing productivity, adequate levels of calcium helps the tea plant to withstand drought related stress (Oh et al., 2006). Magnesium nutrition is important in plants as it allocates photosynthates which are the materials for metabolism of quality compounds responsible for shoot and root growth (Chen et al., 2024). Optimal levels of magnesium promote production of theanine amino acids in tea plants (Ruan et al., 2012). However, magnesium deficiency retards shoot and root growth in tea plants (Chen et al., 2024). Both manganese toxicity (Morita et al., 2006) and deficiency (Hajiboland, 2018) retard growth of tea. Tea grows on acid soil (TRFK, 2002) that are likely to have high manganese contents (Kamau, Wanyoko, Owuor, & Ng'etich, 2008; Kamau, Wanyoko, Owuor, & Ng’etich, 2008). It is not documented if use of nitrogenousfertilizers in eastern Africa is rendering the soil to avail toxic levels of manganese to the tea plant.	Comment by Pc: ???
Nitrogen is the major nutrient for tea, consequently fertilizer use in tea cultivation is based on nitrogenous fertilizers (Ombori et al., 2020; Verma et al., 2001; Xiao et al., 2018). The use of nitrogen fertilizer, however, causes changes in soil acidity and soil chemical composition(Kebeney et al., 2010).Previous single locations studies demonstrated that increasing nitrogen fertilizer rates reduced mature leaf calcium and magnesium and increased manganese contents (Kamau et al., 2005; Kebeney et al., 2010). It is not documented if these variations are related to their soillevels, especially in different locations of production within eastern Africa. Nitrogen fertilizer use and plucking are the most costly agronomic inputs in tea production. This study evaluated if the soil calcium, magnesium and manganese nutrients levels vary with location of production, nitrogen fertilizer rates and plucking intervals and if the levels of these soil macro nutrients are related to the tea production in the eastern Africa tea growing regions.

METHODOLOGY
[bookmark: _Toc532602678]The study was set up as nitrogenous fertilizer trial on clone TRFK 6/8 in seven locations within the eastern Africa tea growing regions(Kwach et al., 2014; Msomba et al., 2014; Ombori et al., 2020). The locations including the coordinates and the soil physical characteristics at different sites were presented in a previous communication (Ombori et al., 2020). At each site, the trial was laid out as factorial two (5x3) in randomized complete block design and replicated 3 times. The main treatments were the seven sites with five nitrogen rates (0, 75, 150, 225 and 300 kg N/ha/year) as NPKS 25:5:5:5 and sub-treatments were three plucking intervals (7, 14 and 21 days). Each plot comprised of 50 bushes of clone TRFK 6/8.  Tea at each site was pruned between April and August 2012 so that all plants were in same pruning cycle life.The treatments commenced in September/October 2012, depending on when there was adequate soil moisture at different sites in the respective countries. In subsequent years, the trials received fertilizers in September/October in single annual dose.Soil was sampled in October 2014 before annual fertilizer application. The sampling was done from 3 points within a plot using calibrated steel auger then mixed, at depths of 0-10cm, 10-20cm, 20-30cm, 40-60cm from all plots.Part of the freshly sampled soils was used for soil nitrogen determination. The remaining samples were air-dried, ground into fine powder (<2mm) using a ceramic mortar and pestle before processing for chemical analysis.Mehlich-3 extracting solution (Mehlich, 1984), a mixture of 0.2 N CH3COOH, 0.25N NH4NO3, 0.015N NH4F, 0.013N HNO3 and 0.001 M EDTA at pH of 2.50 was used. This solution was made by dissolving 40.03 g ammonium nitrate (NH4NO3) in about 1,000 mL of deionized water. This was followed by addition of 8.0 mL of 3.75M ammonium fluoride (NH4F)-0.25M Ethylenediamine tetraacetic acid (EDTA) stocksolution and mixed well. Then 23 mL of concentrated glacial acetic acid and 2 mL of concentrated nitric acidwere added to the mixture and the final volume brought to 2,000 mL with a pH of 2.50. Calibration standardsinMehlich- 3 extracting solution were used to quantify the concentrations of the micronutrients.  
Exactly 5.0g of the powdered and dry soil sample was weighed on a digital analytical balance (Mettler Toledo, Switzerland) with ±0.0001g precision and transferred into a 200mL plastic shaking bottles. Fifty (50) millilitrers of the extractant solution (Mehlich3) (Mehlich, 1984) was added to the soil samples and put on a reciprocating mechanical shaker for 10 minutes. This mixture was then immediately filtered into 40 mL Teflon tubes through Whatman No.2 filter paper. Two blanks without soil samples were prepared in the same way. Samples with concentrations above the highest standard were diluted using dilution factors (Mehlich, 1984). Inductively Coupled Plasma Atomic Emission Spectrophotometer (ICP- AES 9000) was used to analyze calcium, magnesium and manganese. The macronutrients were measured to 0.1ppm (Zhang et al., 2009). The data was analyzed using MSTATC, version 2.10 (1993)software package for ANOVAs. Student t-test was used and significant means were separated at LSDs (p≤0.05).

RESULTS AND DISCUSSION
Plucking standard did not influence soil calcium, magnesium and manganese levels in all locations. Similar observations was previously made on mature leaf contents (Kwach et al., 2014), soil pH and organic carbon (Ombori et al., 2020), macronutrients(Ombori et al., 2025a) and micronutrients(Ombori et al., 2025b). As a consequence, the plucking intervals data are not presented in this current work. 

Calcium
The changes in soil available calcium with location and nitrogenous fertilizer rates are presented in Figure 1. Generally, calcium levels increasedin lower soil profile compared to the upper layers. Possibly this was due to enhanced leaching of calcium to deeper soil horizons as had been observed previously(Kamau et al., 1998; Kebeney et al., 2010) as a result of higher acidity at the top soil levels.
Locations had different (p<0.05) soil available calcium levels (Figure 1). Mulindi had the highest while Katoke recorded lowest calcium levels at all soil depths. In Timbilil, Kitabi, Katoke and Marukuthe calcium levels did not take particular patterns, but in Mulindi,Arroket and Changoi soil available calcium levels increased with soil depth (Figure 1a). Calcium levels are usually low in acidic soils in which tea is grown (Ruan et al., 2004) due to differences in environmental and geological parameters. Increasing rates of nitrogenous fertiliser reduced (p<0.05) soil available calcium levels at 0-10 cm (Figure 1b) and 10-20 cm (Figure 1c).Though the declining trends were also observed at 20-30 cm (Figure 1d) and 40-60 cm (Figure 1e), the differences were not significant. This pattern is related to the quantity of nitrogen at these sites. High rates of nitrogen reduce soil available calcium, possibly due the high acidity. Similar observations had been recorded in earlier studies (Kamau et al., 1998; Kebeney et al., 2010). The pattern was attributed to increased acidity caused by nitrogenous fertilizers (Kamau et al., 1998; Kebeney et al., 2010). Mature leaf calcium contents also followed the same pattern as the soil calcium(Kebeney et al., 2010; Kwach et al., 2014). Low soil available calcium leads to deficiency and low tea yield (Hajiboland, 2018). The application of high nitrogen fertilizer rates to tea cause reduction in soil available calcium. This may in the long run cause the nutrient deficiency in these regions and lower yields, if calcium levels are not supplemented.
There were significant (p≤0.05) interaction effects on soil available calcium levels between location x nitrogen rates at all sites at 40-60 cm soil depth. The pattern of responses varied from site to site suggesting that the factors affecting calcium availability changes varied with environmental conditions of production. Each location may therefore require different nitrogen application rates for realization of optimal yields.

Magnesium
The effects of location of production and NPK(S) fertilizer rates on the soil exchangeable magnesium levels are shown in Figures (2a-e). Magnesium levels increased at lower soil profiles as has been observed in previous studies (Kebeney et al., 2010). Low soil pH and high rainfall observed in the sites under study triggered leaching of magnesium(Wang et al., 2024) into the lower soil profiles.
Soil exchangeable magnesium levels varied (p≤0.05) with location of production (Figure 2). Arroket and Mulindi recorded higher (p≤0.05) values compared to the other sites. These observed changes with locations followed those in mature leaf (Kwach et al., 2014). These variations could be attributed to differences in climatic factors and soil chemical characteristics like pH and organic carbon62. The soil pH levels and organic carbon contents might have contributed to the patterns observed for exchangeable magnesium levels where locations with high soil organic carbon (SOC) contents like Mulindi(Ombori et al., 2020) had relatively high soil magnesium levels.

	

	Figure 1a: Soil available Calcium levels (ppm) in different locations at various soil depths

	
	

	Figure 1b: Changes in soil available calcium (ppm) at 0-10 cm depth
	Figure 1c: Changes in soil available calcium (ppm) at 10-20 cm depth

	
	

	Figure 1d: Changes in soil available calcium (ppm) at 20-30 cm depth
	Figure 1e: Changes in soil available calcium (ppm) at 40-60 cm depth



Soil exchangeable magnesium contents decreased with increasing nitrogen fertilizer rates (Figures (2a-e)) at all sites. These effects were only significant (p≤0.05) at the 0-10 cm soil depth. The results agree with earlier works(Kebeney et al., 2010; Ruan et al., 2006) where increased nitrogenous fertilizer rates reduced soil magnesium contents(Kebeney et al., 2010). The leaf magnesium contents also declined with increasing rates of nitrogen fertilizer(Kebeney et al., 2010; Kwach et al., 2014; Venkatesan et al., 2004). The low levels of exchangeable magnesium in tea soils were possibly a result of depletion through the continuous harvesting of young shoots (Hajiboland, 2018; P.O. Owuor et al., 2011), increased leaching (Wang et al., 2024), soil acidification (Ombori et al., 2020) and surface runoff due to high rainfall(Liu et al., 2012).	Comment by Pc: ???

Soil Manganese 
Changes in soil manganese levels with location of production and nitrogen rates are presented in Figures (3a-e). There was a general decrease in manganese contents down the soil profiles. The upper soil layers recorded higher manganese contents in comparison to lower depths. Similar results had been observed (Özyazıcı et al., 2011; Sitienei et al., 2016). This pattern was attributed to decrease in organic carbon and soil acidity(Ombori et al., 2020)down the soil profiles. The concentration of manganese increases with increase in organic matter content in the soil(Nath, 2013). The upper soil depths had high levels of zinc (Ombori et al., 2025b) and high organic matter content(Ombori et al., 2020). High levels of zinc reduce the ability of soil to absorb manganese(Rejula & Dhinakaran, 2012), which may reduce manganese in tea soil thereby affecting crop productivity.

There were variations (p0.05) in manganese levels with locations and at different soil depths (Figure 3a). Very low manganese levels were observed in Kitabi and Maruku locations. Manganese aids plants in photosynthesis and activating several enzymes(Roy et al., 2006). Soil manganese levels between 4-14 ppm, 14-50 ppm, 50-170 ppm and >170 ppm are classified as low, sufficient, high and very high respectively (Sillanpaa, 1990). The levels of manganese at these two sites could be limiting productivity. The soil available manganese levels at Timbilil, Arroket and Changoi, especially at the 0-10 cm soil depths were very high (Figure 3a). Similar high manganese levels at the top tea soil had been observed (Chien et al., 2024). This was in part attributed to the high soil acidities at these sites (Chien et al., 2024; Ombori et al., 2020). Changes in manganese levels with location had also been recorded in the soil(Adiloğlu & Adiloğlu, 2006; Kebeney et al., 2010), mature leaf(Adiloğlu & Adiloğlu, 2006; Kebeney et al., 2010; Kwach et al., 2014), and black tea(Omwoyo et al., 2014; Omwoyo et al., 2013). The differences in manganese levels with location of production indicate that the sites have varied reserves of the nutrient. These large variations in manganese contentscould bea constraining factor in tea production in some parts of eastern Africa.

	

	Figure 2a: Soil available magnesium levels (ppm) in different locations at various soil depths

	
	

	Figure 2b: Changes in soil available magnesium (ppm) at 0-10 cm
	Figure2c: Changes in soil available magnesium (ppm) at 10-20 cm

	
	

	


	

	Figure 2d: Changes in soil available magnesium (ppm) at 20-30 cm
	Figure 2e: Changes in soil available magnesium (ppm) at 40-60 cm

	





	Figure 3a: Changes in soil available manganese (ppm) in different locations at various soil depths

	
	

	Figure 3b: Changes in soil available manganese (ppm) at 20-30 cm
	Figure 3c: Changes in soil available manganese (ppm) at 10-20 cm depth

	
	

	Figure 3d: Changes in soil available manganese (ppm) at 20-30 cm
	Figure 3e: Changes in soil available magnesium (ppm) at 40-40 cm



Increasing nitrogen fertilizer application rates raised (p≤0.05) the levels of soil manganese at all soil depths in all sites (Figures 3b–3e). The results were similar to earlier single site studies (Chien et al., 2024; Kebeney et al., 2010) where increased nitrogen rates improved the levels of available manganese. The increase in manganese levels was due to solubilization as the soil acidity increased (Chien et al., 2024). Such increase was also reported in mature leaf manganese levels (Kwach et al., 2014; Ruan et al., 2006). The increase could bedue to increased soil acidity caused by nitrogenous fertilizer rates (Chien et al., 2024; Kebeney et al., 2010; Ombori et al., 2020)which made the element more soluble. The high levels of nitrogen fertilizer application might increase manganese uptake by tea plants and thus improve crop productivity in eastern Africa.There were site and nitrogen rates interaction effects (p≤0.05) at all sites for manganese, suggesting that the responses did not occur in the same pattern. These results indicate that due to variations in environmental factors at the sites, even with the application of the same agronomic inputs, the levels of the manganese will differ.

Conclusion
Soil Ca, Mg and Mn levels changed (p≤0.05) with location of production even at the same level of nitrogen rates. These variations maybe the cause, in part, of the variations in yields of tea due to locations observed in the past. While calcium and magnesium declined (p≤0.05), levels of soil manganese increased (p≤0.05) with rise in nitrogenous fertilizer rates at all sites. The nitrogen fertilizer application is therefore one way of improving levels of soil manganese in tea farms. However, continuous application of nitrogenous fertilizers could cause deficiency of soil calcium and magnesium which could reduce tea productivity. The three soilnutrients levels were not affected by harvesting intervals.
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