


Nitrogenous Fertilizer Application Rates and Plucking Intervals on Tea in East Africa Tea: IV. Effects on Soil Micro-Nutrients (Al, Fe, Cu, Zn) 



ABSTRACT
Depletion of nutrients are high in Eastern Africa tea soil due to high rainfall causing leaching and surface run-off, in addition to removal with crop. Nutrients replenishment through fertilizer applications is therefore necessary. However, nitrogen fertilizers may cause micro nutrients imbalance. Plucking intervals cause variations in tea productivity. Despite varying tea growing conditions in Eastern Africa, recommended nitrogen fertilizer rates and plucking intervals are similar. Nitrogen fertilizer and plucking intervals may influence soil micro nutrients levels within the region to varying degrees. This study determined effects of NPKS 25:5:5:5 as fertilizer rates and plucking intervals on soil micro nutrients (Al, Fe, Cu, Zn) levels in different locations within Eastern Africa. Soil samples were collected from fertilizer trials on clone TRFK 6/8 at Timbilil, Changoi, Arroket (Kenya), Maruku, Katoke (Tanzania), Kitabi and Mulindi (Rwanda), from a 5x3 factorial with five nitrogen fertilizer rates (0, 75, 150, 225 and 300KgN/ha/year) and three plucking intervals (7, 14 and 21 days) as treatments at each site. Plucking intervals had no influence on the soil micro nutrients. Increasing nitrogen rates increased (p≤0.05) soil Al, Fe, and Cu levels but reduced (p≤0.05) soil Zn. Soil micro-nutrients levels varied significantly (p≤0.05) from location to location. However, levels were optimal and therefore were not constraining tea production.
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INTRODUCTION
Tea (Camellia sinensis, (L) O. Kuntze) is an important economic crop in eastern Africa, creating employment, and generating high foreign exchange earnings, thereby improving economic status of the countries (ITC, 2024). Indeed, tea plant is the major foreign exchange earner in many production regions of the world (ITC, 2024; Mbadi & Owuor, 2008) and is a popular economic crop in eastern Africa (Awasom, 2011; ITC, 2024). Due to its economic importance, efforts are continuing to increase its production through improved agricultural practices (Omamo et al., 2006; Owuor, Kamau, Kamunya, et al., 2011). Nitrogenous fertilizer use (D. Kamau et al., 2008; Owuor et al., 2013) and harvesting intervals (Owuor et al., 2013; Wijeratne, 2003) are important agronomic inputs that can increase tea productivity. But the responses of tea yields (Msomba et al., 2014), quality (Kwach et al., 2016), leaf nutrients (Kwach et al., 2014), soil macro nutrients (Ombori et al., 2020; Ombori et al., 2025a) to nitrogen fertilizers, and harvesting intervals vary with geographical with location of production. Such variations can be large in wider environments like eastern African tea growing regions even when agronomic and management practices are uniform (Owuor, Kamau, Msomba, et al., 2011). The changes in soil nutrients levels may cause yield variations that may lead to different economic outcomes in tea production (Owuor et al., 2020). Although changes in yields (Msomba et al., 2014), quality (Kwach et al., 2016), mature leaf nutrients (Kwach et al., 2014), soil nitrogen, pH and organic carbon (Ombori et al., 2020), soil macronutrients (Ombori et al., 2025a), and soil calcium, magnesium and manganese (Ombori et al., 2025b) due to nitrogen fertilizer rates and plucking intervals have been reported in eastern African tea growing regions, such reports are lacking on soil micronutrients. Optimal aluminium levels in tea improves quality (Pavlovič et al., 2023; Sae-Lee et al., 2012) but consumption of high quantities of aluminium poses health risks (Pavlovič et al., 2023). Tea with high levels of aluminium have been associated with iron toxicity (Hajiboland, 2017). Nitrogen fertiliser acidifies the soil and makes aluminium more available to plants. Soils under continuous nitrogen fertilisers could be supplying toxic levels of iron to tea plants. Copper is an important cofactor in enzyme responsible for fermentation in tea (Jakubczyk et al., 2022). Additionally, low levels of copper in the soil retard tea growth (Hajiboland, 2018). Zinc availability in the soil influences its uptake in roots and the nutrient transport of P, S, Al, Ca, Fe and Cu in the tea leaves or roots (Zhang et al., 2017). The influence of rates of nitrogen, plucking intervals at different location in eastern Africa on soil micronutrients (Al, Fe, Cu and Zn) are reported herein 

[bookmark: _Toc515416435]METHODOLOGY 
The study was set up as nitrogenous fertilizer trial on clone TRFK 6/8 in seven locations within the eastern Africa tea growing regions. The study location coordinates (Kwach et al., 2014; Kwach et al., 2016; Msomba et al., 2014) and soil characteristics (Ombori et al., 2020) have been presented in previous studies. 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.
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. The soil samples were air-dried, ground into fine powder (<2mm) using a ceramic mortar and pestle before processing for Aluminium, iron, zinc and copper using the method of Mehlich (1984). Data was analysed as 7x5x3 (sites x N rates x plucking intervals), with locations as main factor, nitrogen rates as sub-treatment and plucking intervals as sub-sub treatment. 




RESULTS AND DISCUSSION
The responses of the nutrients to plucking intervals were largely insignificant. However, whenever they were significant (p≤0.05), the patterns were sporadic. The Responses to plucking intervals have therefore been omitted in this report. 
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Figure 1a shows soil extractable aluminium levels at the four soil depths. There was decline in aluminium levels down the soil profiles. Similar decline was observed in the soil nitrogen, pH, and organic carbon (Ombori et al., 2020; Ruan et al., 2006). This could be attributed to low soil pH (Ombori et al., 2020; Ruan, Ma, Shi, & Han, 2004), litter fall and decomposition (Ruan & Wong, 2001) and tea prunings left in situ (Ruan et al., 2006).  Aluminium reduces uptake of copper, iron and zinc (Fung et al., 2008), potassium, phosphorous, magnesium (Bose et al., 2015)  and calcium (Fung et al., 2008; Zhang et al., 2023) by tea. Variations in soil aluminium (p≤0.05) were also observed at different locations (Figures 1b-1e). Similar variations have been observed in soil (de Silva et al., 2016) and mature leaf aluminium levels (Ruan et al., 2006)Therefore, The accumulation of aluminium levels at the upper soil depths and variable aluminium levels in different regions might interfere with the uptake of base ions and lead to reduced crop productivity.
Increasing rates of nitrogen fertilizer increased (p≤0.05) aluminium contents at all sites. There appeared to be an increase in soil aluminium levels with increase in applied rates of nitrogen and at all sites means except at depth 40-60cm. The results agree with previous studies (Ruan et al., 2006; Ruan, Ma, Shi, & Han, 2004) where increasing rates of nitrogen improved the levels of aluminium in tea soils. Increased nitrogen fertilizer rates decrease soil pH (D. M. Kamau et al., 2008; Ombori et al., 2020) influencing availability of aluminium (de Silva et al., 2016; Kebeney et al., 2010). Similar increases of available soil aluminium have been observed in several studies (Kebeney et al., 2010; Ruan et al., 2006; Ruan, Ma, Shi, & Zhang, 2004). Aluminium stimulates growth of tea (Ghanati et al., 2005; Hajiboland et al., 2013) at optimal levels, but excess aluminium inhibits tea root growth (Huang et al., 2017). These observations suggest that whereas at low nitrogen fertilizer application rates, aluminium could be beneficial, sustained high rates of nitrogen could trigger aluminium toxicity and reduce production. 

Soil Iron Levels
The changes in soil iron levels due to location within East Africa and nitrogen rates are presented in Figures 2(a-e). Soil iron is one of the essential micro-nutrients necessary for tea productivity (Özyazıcı et al., 2011). The limit value for soil iron are classified low when less than 2.5ppm and high when greater than 4.5ppm (Flynn, 2015). Soil iron levels were sufficient for all locations for the tea production. There was increase in soil iron contents down the soil profiles in all locations (Figures 2a). Such increase had been observed in single site experiments (Özyazıcı et al., 2011; Sitienei et al., 2016). These observations could be attributed to high levels of soil organic carbon in the four soil profiles and increase in pH (Ombori et al., 2020) which increased iron concentration in the soil (Nath, 2013). A complexation reaction occurs between iron and organic carbon and this results in the retention of the micronutrient in the soil. Therefore, soil iron contents in tea farming could be improved with proper management of organic carbon levels. From the results, the iron content in the soils of the regions were above the critical value (Flynn, 2015). The results presented demonstrate that iron is not a constraining factor in tea production in eastern Africa.

	

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

	
	

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

	
	

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



	

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

	
	

	Figure 2b: Changes in soil available iron (ppm) at 0-10 cm depth
	Figure 2c: Changes in soil available iron (ppm) at 10-20 cm depth

	
	

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



The iron contents of the soils changed (p≤ 0.05) with location of production (Figures 2b-2e). Soil iron levels at Katoke and Maruku were relatively low, while Mulindi had the highest iron (p≤0.05) contents compared to the other sites. Iron levels decreased with soil depths except at Mulindi where the patterns showed opposite trend. Mulindi soils are peat soils characterized by high soil organic carbon contents explaining why its iron contents were different from the other sites. The patterns observed in all locations, except at Mulindi, agree with what had also been obtained elsewhere for soil iron (Dang, 2005), and mature leaf iron levels (Kumar et al., 2005; Kwach et al., 2014). These trends could be attributed to different climatic patterns and levels of soil organic carbon (Ombori et al., 2020) where low iron contents at lower depths corresponds to a lower organic carbon contents with depths. The significant variations in soil iron levels with location demonstrate how the iron reserves in the soils are variable. This could be one of the factors causing differences in yields observed in tea productivity within eastern Africa (Msomba et al., 2014). The close association between soil organic carbon and iron levels imply the need for farmers to embrace management practices such as leaving tea prunings in situ which could improve organic carbon and consequently iron levels for sustainable tea productivity.
Soil iron increased (p≤0.05) with rise in nitrogenous fertilizer rates at all sites. Similar patterns were repeated for all sites values as had also been observed elsewhere (Sitienei et al., 2016). These patterns follow closely those observed in the mature leaf iron levels (Kwach et al., 2014) where iron levels increased with increase in nitrogen rates. Raised rates of nitrogen fertilizer lower soil pH and enhances solubilization of iron making it available to the tea crop (Nath, 2013). Therefore, the nutrient deficiency in tea plants can be corrected by surface application of nitrogenous fertilizers in all tea growing regions in eastern Africa. 

Soil Copper Levels
The changes in soil copper levels with soil depths, location of productions and nitrogenous fertilizer rates are presented in Figures 3(a-e). Copper is an essential element in tea nutrition (Krishnakumar et al., 2024). Optimal application of copper increased yield and quality of tea (Barooah et al., 2005; Saikh, 2001), but high concentrations retarded tea growth (Dey et al., 2015). Copper is a component of polyphenol oxidase, an essential enzyme in the fermentation process of black tea manufacturing (Seenivasan et al., 2008). The maximum permissible limits for copper in soils are 2 to 250 ppm (Nath, 2013) with a critical value of 0.2 ppm (Flynn, 2015). Soil copper levels increased with soil depths even though the levels were below 2 ppm for most of the depths (Figure 3a). The results demonstrate that some East African tea growing areas may have copper deficiency in the near future. At present the soil levels had not reached levels limiting tea production of 0.2 ppm (Flynn, 2015). The increase in copper level with soil depth had been observed previous studies (Özyazıcı et al., 2011; Sitienei et al., 2016) where copper contents accumulated in lower soil depths. This could be attributed to increased acidity in tea soil which tends to solubilize copper from the solid phase of the soils (Zhang & Fang, 2007) and enhance its leaching to lower soil profiles. High soil pH and high total organic matter content favour the retention of copper in soil, it limits the copper uptake by tea plants (Nath, 2013) and may result in yield decline.
Soil copper levels varied (p≤0.05) with location of production (Figures 3b-3e). The levels were higher at Katoke, Changoi and Arroket than Maruku (p≤0.05). At all sites copper contents were above the sufficient limits (>0.2 ppm) (Flynn, 2015) except at Maruku which had below the low limits but within the critical value (0.2 ppm). Similar variations with location in soil copper were observed in previous work (Adiloğlu & Adiloğlu, 2006; Nath, 2013), and leaf copper levels (Adiloğlu & Adiloğlu, 2006; Kwach et al., 2014; Nath, 2013). These results demonstrate that in the eastern African tea growing areas, copper in not a limiting micronutrient.
The soil copper levels increased (p≤0.05) with rise in nitrogenous fertilizers rates at all sites, as had also been observed in earlier studies in the soil (Pitigala et al., 2013) and mature leaf (Kwach et al., 2014; Pitigala et al., 2013).  The increase in soil copper levels with nitrogen fertilizer in the current study can be explained by soil acidity observed in the regions (Ombori et al., 2020). The reduced pH solubilize copper (Zhang & Fang, 2007) increasing its concentrations and improve the nutrient uptake by tea (Chong et al., 2008; Kwach et al., 2014). Increased nitrogen fertilizer rates raise soil acidity which helps solubilize copper from its insoluble hydroxides, making the nutrient available in the soils. Therefore, copper levels can be improved in tea soils by judiciously using nitrogen fertilizers.

Soil Zinc Levels
The changes in zinc levels due to nitrogenous fertilizer rates and locations of production are present in Figures 4(a-e). The critical soil zinc levels are classified as ≤ 0.7 ppm- low, ≤ 2.4 ppm- sufficient and > 8.0 ppm –very high (Özyazıcı et al., 2011). The levels ranged between low and sufficient with exceptions of Arroket and Mulindi which recorded very high levels at some depths (Figure 3a). Generally, the soil zinc levels declined down the soil profiles except at Mulindi and Katoke. The high organic carbon contents in the upper soil profiles and low soil pH (Ombori et al., 2020), possibly improved availability of zinc in the soils (Nath, 2013; Zhang et al., 2006). This is as a result of a complexation reaction which occurs between zinc and organic carbon resulting in the retention of the metal in the soil. In a study on the status of micronutrients in tea plantations, organic carbon of the soil was positively correlated with zinc levels (Nath, 2013). Generally, increased soil zinc levels improved yield and quality of tea (Sedaghathoor et al., 2009). This implies that continuous improvement of organic carbon will increase the soil zinc status in the soil and enhance crop productivity within eastern Africa.

	

	Figure 3a: Soil available copper levels (ppm) in different locations at various soil depths

	
	

	Figure 3b: Changes in soil available copper (ppm) at 0-10 cm depth
	Figure 3c: Changes in soil available copper (ppm) at 10-20 cm depth

	
	

	Figure 3d: Changes in soil copper (ppm) at 20-30 cm depth
	Figure 3e: Changes in soil copper (ppm) at 40-60 cm depth



	

	Figure 4a: Soil available zinc levels (ppm) in different locations at various soil depths

	
	

	Figure 4b: Changes in soil available zinc (ppm) at 0-10 cm depth
	Figure 4c: Changes in soil available zinc (ppm) at 10-20 cm depth

	
	

	Figure 4d: Changes in soil available zinc (ppm) at 20-30 cm depth
	Figure 4e: Changes in soil available zinc (ppm) at 40-60 cm depth



There were soil zinc contents differences (p≤0.05) with location of production (Figures 3b-3e). Similar patterns had been observed soil zinc levels in Turkey (Adiloğlu & Adiloğlu, 2006) and mature leaf zinc levels in eastern Africa (Kwach et al., 2014). The variations demonstrate that the zinc reserves in the soils changed widely with locational factors. The zinc levels increased with increase in organic carbon content in the soil (Nath, 2013) and low soil pH (Özyazıcı et al., 2011). The tea soils that showed high levels of soil zinc (Mulindi and Arroket), had high soil organic carbon contents (Ombori et al., 2020). These results demonstrate that tea farmers can improve soil zinc levels through practices which help raise organic carbon levels in their fields for sustainable crop production.
Increasing rates of nitrogenous fertilizer reduced (p≤0.05) the soil zinc levels in all locations and depths. Zinc has a tendency of being strongly bound to organic matter, oxides and carbonates in high soil pH conditions (Zhang et al., 2006). But the low pH of these soils (Ombori et al., 2020) increased the availability of the zinc metal ions. The current results are at variance with what had been observed elsewhere for both soil and mature leaf zinc levels (Pitigala et al., 2013) where increased nitrogen rates did not influence their levels. However, mature leaf zinc increased significantly with high nitrogen rates (Kwach et al., 2014). These differences could possibly be due to varying environmental factors and soil characteristics in the locations. Nitrogenous fertilizer should be applied judiciously to avoid acidifying tea soils and which might hinder the uptake of zinc.

Conclusion
Levels of soil aluminum, iron, zinc and copper changed (p≤0.05) with location of production, demonstrating that the levels of the nutrients were specific to location of production. These variations were due  to environmental factors including site geology. These variations may in part be the cause of the differences in yields and quality observed in the past. While zinc declined (p≤0.05), levels of soil aluminium, copper and iron increased (p≤0.05) with rise in nitrogenous fertilizer rates at all sites. Nitrogen fertilizer application is one way of improving levels of aluminum, copper and iron in tea farms. However, continuous application of high rates of nitrogenous fertilizers could cause toxicity of these nutrients while causing zinc deficiency in the tea soils. These micronutrients imbalance caused by application of nitrogenous fertilizer may be difficult to correct and may make future tea production uncertain. Plucking intervals did not influence levels of these micronutrients.
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