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[bookmark: _Toc532602642]ABSTRACT
Eastern Africa tea grows in high rainfall areas where nutrients depletion through leaching, surface run-off in addition to removal with crop can be high. Nutrients replenishment through fertilizer applications is therefore necessary. The recommended fertilizer application rates and harvesting intervals for tea in Eastern Africa are uniform despite varying environmental factors. These varying environmental factors, nitrogen fertiliser and plucking intervals caused variations in tea yields, quality and leaf nutrients. However, comparison of levels of macronutrients (N, P, K) levels and if the macronutrients levels and influenced by rates of nitrogen fertiliser and plucking intervals in the eastern Africa tea soils have not been documented. The effects of NPKS 25:5:5:5 fertilizer rates and plucking intervals on soil nitrogen, phosphorous and potassium in Eastern Africa were evaluated. Soil samples were obtained from fertilizer trials laid out as 5x3 factorial design replicated three times at each site (Timbilil, Changoi, Arroket (Kenya), Maruku, Katoke (Tanzania), Kitabi and Mulindi (Rwanda)) on clone TRFK 6/8 tea. The rates of nitrogen fertilizer were 0, 75, 150, 225 and 300KgN/ha/year while plucking intervals were7, 14 and 21 days. Soils were sampled at 0-10, 10-20, 20-30, 40-60 cm soil depths. Soil N was determined by Kjeldhal method while P and K using ICP-AES. These results demonstrate that although these soil are classified tea growing areas, soil nutrients levels vary widely. Plucking intervals had no influence on soil N, P, and K levels at all sites, demonstrating the plucking interval is not a major factor causing changes in soil nutrients levels. Increasing nitrogen rates increased (p≤0.05) soil N and P levels but lowered (p≤0.05) soil K. Continuous use of high rates of nitrogenous fertilizers may require remedial application of K to ensure optimal levels are available to tea plants. These results demonstrate that soil deficiencies in N and P can be corrected by application of NPKS 25:5:5:5. However, regular checks on soil K levels are necessary when using NPKS 25:5:5:5, as this may trigger K deficiency. The deficiency can be corrected by remedial K application. The levels of the nutrients varied (p≤0.05) with location of tea production. However, levels were optimal for tea production. The variations in the macronutrients with location of production demonstrate that it may be difficult to set soil nutrients norms to guide fertiliser use advisory systems.
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Introduction
Tea (Camellia sinensis, (L) O. Kuntze) is commercially produced for its beverages (Gardner et al., 2007; Monirul & Han, 2012) in latitudes ranging from 45oN (Russia) to 30oS (South Africa), and longitudes from 150oE (New Guinea) to 60oW (Argentina) (Ombori et al., 2020), and altitudes ranging from sea level (Anandacoomaraswamy et al., 2000) to about 2,700 m above mean sea level (amsl) (Owuor et al., 2008a). In East Africa, tea is cultivated in locations with suitable temperatures (15-250C), high humidity (80-90%), medium to high well distributed annual rainfall (1200-2000mm) and acidic soils (pH 4.5-5.6) (TRFK, 2002). Thus, tea is adaptable to environmental factors, which influence growth, soil quality and nutrients supply (Anandacoomaraswamy et al., 2000; TRFK, 2002). The tea plant can tolerate large difference in nutrients levels before visible signs of deficiency/toxicity appear on the foliage. Periodic soil quality tests to detect nutrients deficiency/toxicity that may affect yields (Owuor et al., 2008b; Thu et al., 2013; TRFK, 2002) are necessary to invoke implementation of corrective measures for avoiding production losses. Although leaf nutrients levels to guide nutrients advisory system have been set in various countries (TRFCA, 1990; TRFK, 2002; UPASI, 1987) corresponding guidelines for nutrients levels are not documented.
In Easy Africa, uniform agronomic recommendations are applied in all tea growing locations  (TRFK, 2002). For example, the recommended nitrogenous fertilizer rates vary between 100 and 250 kgN/ha/year (TRFK, 2002). Despite the uniform agronomic inputs, yields (Msomba et al., 2014; Owuor et al., 2013b; Owuor et al., 2011a; Owuor et al., 2011c), quality (Kwach et al., 2016; Owuor, 2018; Owuor et al., 2011a; Owuor et al., 2008a) and leaf nutrients (Kwach et al., 2014; Owuor, 2018) vary from location to location even in same cultivar under similar management. These differences could in part arise from the differences in variations of soil macronutrients with locations, even when fertiliser regimes are the same. The differences in soil macronutrients (N, P, and K) levels in different locations receiving similar agronomic inputs in eastern Africa are not documented.
Nutrient requirements in tea production are high due to removal with crop (Hajiboland, 2017, 2018), leaching and surface run offs (Hajiboland, 2017; Huang et al., 2023; Liu et al., 2012), in addition to removal with crop (Dang, 2005; Le et al., 2022). Nitrogen, phosphorus, and potassium play important functions in plants (Sinha & Tandon, 2020; Wang et al., 2021) affecting yields (Ma et al., 2024; Roy et al., 2006), economic output (Owuor et al., 2020) and quality (Owuor, 2018). Nitrogen is the major nutrient for tea, consequently fertilizer use in tea cultivation is based on nitrogenous fertilizer rates (Bonheure & Willson, 1992; Verma et al., 2001). Use of nitrogen fertilizers varies with tea growing countries, the lowest rate being in Vietnam at 36-40 kgN/ha/year and the highest in Japan at 800 KgN/ha/year (Bonheure & Willson, 1992). In East Africa, the recommended rate of fertiliser for tea are usually different formulations on NPK fertilisers in the range of 100 to 250 kgN/ha/year (Othieno, 1988; TRFK, 2002). The NPK formulations used usually are dictated by availability, although NPKS 25:5:5:5 is more extensively used fertiliser on tea (TRFK, 2002). The actual rates are normally decided based on yields of particular fields or cultivars. The high yielding fields/cultivars usually receive higher rates of the fertilisers than low yielding fields/cultivars (Othieno, 1988; Pei et al., 2025). Despite the controlled use of fertilisers, tea productivity vary from location to location yields (Ma et al., 2024; Roy et al., 2006) demonstrating that fertiliser use policy alone is not the dominant factor controlling tea productivity. The nitrogen, phosphorous and potassium are the main nutrients for tea (Njogu et al., 2014; Tang et al., 2023). Although fertiliser use is normally based on rates of nitrogen (Othieno, 1988; Tang et al., 2023; TRFK, 2002), change in rates of nitrogen in tea using compound NPK fertilisers imply proportionate change in phosphorous and potassium with the changes. In single locations studies, higher rates of nitrogen increased mature leaf nitrogen content but reduced mature leaf phosphorus, and potassium, contents (Kebeney et al., 2010; Owuor & Wanyoko, 1996). Although similar patterns were observed in different location when one cultivar was used, the levels of these nutrients were different at similar nitrogenous fertiliser rates (Kamau et al., 2005; Kwach et al., 2014). Use of same rates of fertiliser at different locations was in part intended to ensure supply of similar nutrients. However, despite that use similar rates of nitrogenous fertilisers, there were differences in mature leaf nutrients (Kamau et al., 2005; Kwach et al., 2014; Owuor, 2018), productivity levels (Msomba et al., 2014; Owuor et al., 2013b; Owuor et al., 2011a; Owuor et al., 2011c; Owuor et al., 2020), green leaf precursor quality parameters (Kwach et al., 2016; Okal et al., 2012a; Owuor et al., 2013a) and black tea quality (Owuor, 2018; Owuor et al., 2011a; Owuor et al., 2008a) in different locations at same nitrogen fertiliser rate. In a previous study, soil pH, soil organic carbon and yields varied with nitrogen rates at different locations within the East Africa (Ombori et al., 2020). The variations in the soil macronutrients at different locations within East Africa have not been reported.
Plucking is a mandatory costly agronomic inputs in tea production (Willson, 1992; Wu, 2015). Incorrect plucking policy can lead to both quality decline and yields losses. Coarse plucking standards reduce black tea quality (Owuor et al., 2000; Owuor & Obanda, 1998) and yields (Owuor, 1999). The adverse quality deterioration with coarse plucking standards have been mitigated by use of short plucking intervals, which improve green leaf black tea quality parameters (Kwach et al., 2016; Okal et al., 2012b; Owuor et al., 2013a) and black tea quality (Aaqil et al., 2023; Owuor et al., 2009; Owuor et al., 2000; Owuor & Odhiambo, 1994). However, the mature tea leaf nutrients did not vary with different plucking intervals (Kamau et al., 2005; Kwach et al., 2014; Kwach et al., 2011). Despite the observed variations in the leaf quality parameters and tea quality and non-response of mature leaf nutrients content to plucking intervals, influence of plucking intervals on soil macronutrients are not documented. This study evaluated variations in soil nitrogen, phosphorous and potassium levels with location of production, nitrogen fertilizer rates and plucking intervals and if the variations are related to the tea production.



[bookmark: _Toc515416435]MATERIALS AND METHODS
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; Kwach et al., 2011; Msomba et al., 2014; Ombori et al., 2020; Owuor et al., 2011c). The locations details are listed in Table 1, while their soil physical characteristics are presented in Table 2.

Table 1: The study sites and their coordinates  
	Country
	Site
	Latitude
	Longitude
	Altitude (amsl)
	Rainfall
	Temperature

	Kenya
	Timbilil Estate (TRI)
	0o 22’S
	35o 21’E
	2180m
	2175mm
	19.5oC

	
	Changoi Estate
	0030’S
	35013’E
	1860m
	2130mm
	19.0oC

	
	Arroket Estate (Sotik) 
	0o 36’S
	35o 04’E
	1800m
	2000mm
	20.5oC

	Tanzania
	Maruku Tea Estate
	1º23’ S
	31º 45’E
	1488m
	2100mm
	19.5oC

	
	Katoke Tea Estate
	1º 36’S
	31º 41’E
	1217m
	1950mm
	21.5oC

	Rwanda
	Kitabi Estate
	2032’S
	29026’E
	2231m
	1500mm
	23.5oC

	
	Mulindi Estate
	1027’S
	30001’E
	1800m
	1400mm
	18.5oC


  
Table 2: Soil physical characteristics at the study sites 
	Location
	Depth (cm)
	CEC (cmols/kg)
	Sand (%)
	Clay (%)
	Silt (%)
	Porosity (%)
	Textural class
	Soil description

	Timbilil 
	0-10
	
	41.4
	49.8
	8.8
	37.6
	C
	Volcanic dark red, deep, friable clays, a dusky red, top soil, with kaolinite classified humic nitosols

	
	10-20
	25.64
	41.4
	49.8
	8.8
	37.6
	C
	

	
	20-30
	
	42.2
	44.1
	13.7
	45.2
	C
	

	
	40-60
	16.27
	38.1
	48.4
	13.5
	47.0
	C
	

	Changoi
	0-10
	
	23.8
	68.8
	7.4
	43.3
	C
	Volcanic derived, deep, free draining, dark red with dark reddish top soil, classified as nitosols

	
	10-20
	25.42
	23.8
	68.8
	7.4
	43.3
	C
	

	
	20-30
	
	17.2
	72.1
	10.7
	31.7
	C
	

	
	40-60
	17.34
	23.1
	67.3
	9.6
	31.7
	C
	

	Arroket
	0-10
	
	29.8
	48.6
	21.6
	51.3
	C
	Dark reddish brown, moderately deep, firm clay, moderately deep, firm clay, loam humic top soil classified as chromoluvic phaeozems

	
	10-20
	25.75
	29.8
	48.6
	21.6
	51.3
	C
	

	
	20-30
	
	27.8
	49.6
	22.6
	42.0
	C
	

	
	40-60
	18.13
	28.2
	50.2
	21.6
	44.0
	C
	

	Kitabi
	0-10
	
	35.9
	36.6
	27.5
	59.9
	SC
	Dark brown, reddish- brown top soil, clay- rich, classified as nitosols

	
	10-20
	36.09
	35.9
	36.6
	27.5
	59.9
	SC
	

	
	20-30
	
	41.8
	44.5
	13.7
	44.8
	SC
	

	
	40-60
	17.96
	42.0
	40.8
	17.2
	51.9
	SC
	

	Mulindi
	0-10
	
	35.1
	51.8
	13.1
	59.0
	C
	Dark, metasedimentary, deep dark clay- rich top soil, with loam feel classified as peat

	
	10-20
	22.85
	35.1
	51.8
	13.1
	59.0
	C
	

	
	20-30
	
	39.5
	32.3
	28.2
	51.1
	C
	

	
	40-60
	18.24
	42.4
	29.6
	28.0
	37.5
	SC
	

	Katoke
	0-10
	
	47.4
	43.4
	9.2
	43.1
	SC
	Volcanic dark red, friable clay with dusk top soil, classified as nitosols

	
	10-20
	25.96
	47.5
	43.3
	9.2
	42.1
	SC
	

	
	20-30
	
	40.1
	39.4
	20.5
	43.0
	SC
	

	
	40-60
	16.93
	39.6
	34.5
	25.9
	48.9
	SC
	

	Maruku
	0-10
	
	45.6
	25.4
	29.0
	49.9
	SCL
	Volcanic dark red, moderately deep clay loam humic top soil classified as nitosols

	
	10-20
	34.80
	45.6
	25.4
	29.0
	56.2
	SCL
	

	
	20-30
	
	55.1
	18.5
	26.4
	52.8
	SC
	

	
	40-60
	25.85
	56.9
	18.4
	24.7
	47.7
	SC
	

	CEC =Cation Exchange Capacity, C = Clay, SC = Sandy Clay, SCL = Sandy Clay Loam



At each site, the trial was laid out as 5x3 factorial two design in a randomized complete block arrangemnet and replicated 3 times. However, final analysis was performed as 7x5x3 factorial 3 design, treatments being location of production (7), nitrogen rates (5) and plucking intervals (3). The main treatments were the seven sites with five nitrogen rates (0, 75, 150, 225 and 300 kgN/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 plants at all sites were mature and all plants were in same pruning cycle life. The treatments commenced in September/October 2012 on when there was adequate soil moisture. In subsequent years, the trials received fertilizers in September/October in single annual dose.
Yields data for the regressions obtained from fertilizer trials on clone TRFK 6/8 at the scheduled experimental plucking regime have been reported in previous studies (Msomba et al., 2014; Ombori et al., 2020; Owuor et al., 2013b). Soil samples were obtained 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 and chemical analysis.

[bookmark: _Toc532602675]Soil Nutrient Extraction and Determination
Nitrogen- Kjeldhal Method
Total nitrogen concentrations in the soils were determined by extraction of 10 grams of freshly sampled soils using 50 mL of 2M potassium chloride (KCl) solution (Bremner & Mulveney, 1982). After shaking in a reciprocal shaker for one hour, the extracts were filtered through Whatman No.2 filter paper and the filtrates used for the analysis of ammonium and nitrate-N. The distillates of NH4-N were generated by digesting 10 mL of the soil sample filtrates using magnesium oxide and NH3-N after addition of devarda’s alloy. The distillates were collected in 50 mL conical flasks before being titrated using 0.005M sulphuric (VI) acid (H2SO4). The percentage of nitrogen was calculated using the formula.
         % N in soil sample = V x N x 14   
                                              10 x wt     
            Where    V= titre value, N= Normality of H2SO4, Wt= weight of the soil sample

[bookmark: _Toc532602678]Phosphorus and Potassium
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) stock solution and mixed well. Then 23 mL of concentrated glacial acetic acid and 2 mL of concentrated nitric acid were added to the mixture and the final volume brought to 2,000 mL with a pH of 2.50. Calibration standards in Mehlich- 3 extracting solution were used to quantify the concentrations of the micronutrients.
Exactly 5.0g of the powdered and dry soil sample was accurately weighed on a digital analytical balance (Mettler Toledo, Switzerland) with ±0.0001g precision and transferred into a 200mL plastic shaking bottles. Fifty (50) millilitres of the extracting 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 analyse phosphorus, potassium, calcium and magnesium. The macronutrients were measured to 0.1ppm (Schroder et al., 2010). The data was analysed 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
Soil nitrogen levels varied (p≤0.05) with location of production. Timbilil recorded the highest soil nitrogen followed by Katoke and Kitabi, in that order at 0 to 30 cm soil depths (Figure 1). The variations could be related to the soil characteristics, the mineralization process and rates of conversion to nitrate by nitrification (Li et al., 2022; Li et al., 2020). These variations suggest that uniform nutrients inputs in eastern Africa tea growing regions may be inappropriate for some regions. This could be one of the causes of yield differences observed in the regions even in the same clone under uniform management (Msomba et al., 2014; Owuor et al., 2013b). The results suggest that each site may require specific fertilizer recommendation for realization of optimal yields, when other factors are not limiting.
Mulindi with exceptionally high levels of SOC (Ombori et al., 2020) and clay (Table 2) was expected to have highest soil nitrogen content. However, the levels were within the limits observed in other locations. The Mulindi site has peat soil and a very high water table. This could be causing leaching and washing away of nitrogen in the waterlogged site. In all the locations, prunings were left in situ and most of the feeder roots were within 0-10 cm soil depth. The decomposition and mineralization of the organic matter enhanced percentage nitrogen in the tea surface soils, even in the control plots. The results therefore suggested that in the short term, nitrogen may not be a limiting factor in tea production in well managed plantations, provided there is adequate moisture in the soil. The east African tea soils may therefore require longer intervals of nitrogen application than one year. Indeed single sites had demonstrated lack of yield benefits from splitting annual nitrogen fertilizer application (Owuor et al., 2011a; Owuor & Wanyoko, 1996). 

	

	Figure 1: Soil nitrogen levels (%) in different locations at various soil depths



At every location, there was decline in soil nitrogen level with increase in soil depth (Figure 1). The top soils had the highest soil nitrogen levels. This trend favours maximum extraction of nitrogen by the tea plants as feeder roots density is high in the top soil in tea plantations (Feng et al., 2025; Ping et al., 2014). In East Africa, tea is grown in high rainfall areas where leaching and surface run-offs can be major causes of nutrients losses (Hajiboland, 2017; Huang et al., 2023; Liu et al., 2012). The high levels of nitrogen demonstrate leaching may not be a serious source through which nitrogen is lost in tea production in East Africa. However, this trend may make plantations to be prone to drought. Long spells of drought will lead to growth stagnation as the plants will be unable to source nitrogen from the dry top soils.
The soil phosphorus levels (Figure 2) varied (p≤0.05) with sites. All soils at the depth of up to 20cm had soil phosphorus levels of at least 10 ppm, considered the critical level (Nazrul et al., 2013). The lower profiles (20-30 cm and 40-60 cm) had levels slightly below the critical value, except at Changoi, Arroket and Mulindi as had also been recorded in other studies (Nazrul et al., 2013; Owuor et al., 2011b). Arroket recorded the highest soil phosphorus levels. While other sites showed decrease in soil phosphorus levels with depths, Mulindi recorded an increasing trend. This observation at Mulindi could be attributed to the peat soil with high accumulation of soil organic carbon, even to the lower soil depths at the region. Variations with location in soil phosphorus (Nazrul et al., 2013) and mature leaf phosphorus (Adiloğlu & Adiloğlu, 2006; Kwach et al., 2014) had also been recorded in previous studies. These variations with location demonstrate that even with same agronomic practices, the nutrient levels will be different in eastern Africa tea farms.

	

	Figure 2: Soil extractable phosphorus levels (ppm) in different locations at various soil depths



The changes in soil available potassium levels due to location of production and nitrogenous fertilizer rates are presented in Figure 3. The critical level of available potassium in tea soil at the top 0-10 cm soil depth is 80-100 ppm (Nazrul et al., 2013; Ruan et al., 2013). The levels were below the critical levels at 0-10 cm in Katoke, Kitabi, Mulindi and Maruku (Figure 3). Similar low potassium levels had been observed in some previous studies (Kamau, 2003; Nazrul et al., 2013). These low levels maybe limiting production at these sites and may require remedial potash application (Othieno, 1988; TRFK, 2002). However, at Timbilil, Changoi and Arroket, the levels at this soil depth were optimal. The levels of soil potassium however, increased at lower depths in Changoi, Kitabi, Mulindi, Katoke and Maruku. This suggests that the nutrient element was being leached to lower soil profiles or soil nitrogen was not increasing soil acidity at lower soil depth. In a previous study (Ombori et al., 2020), soil pH were higher at lower soil depths. Ammonium ion in the NPKS fertilizer has ionic size close to potassium ion (Guaya et al., 2016). Additionally, low soil pH at upper depths (Ombori et al., 2020; Owuor et al., 2011b) could be a factor triggering the leaching of potassium (Mendes et al., 2016), thus further reducing its available to the plant. In Arroket and Timbilil, however, the soil potassium levels did not change with soil depth. The levels of soil potassium were relatively low in Katoke, Mulindi and Maruku. This could be one the factors contributing to low yields at these locations (Msomba et al., 2014; Owuor et al., 2013b; Owuor et al., 2011c). 
Levels of soil potassium varied (p<0.05) with locations of production at all soil depths (Figure 3). The levels of the nutrient in the soil were therefore also influenced by varying environmental and geological factors. The results were however, at variance with mature leaf potassium (Kwach et al., 2014) that showed insignificant site variations with location of production. The variations in available potassium levels with site suggests that the responses are site dependent and could be one of the causes in observed yield differences (Msomba et al., 2014; Owuor et al., 2013b) in the region.

	

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



Soil nitrogen levels in the range 0.12 to 0.40%  are considered optimal for tea growing (Adiloğlu & Adiloğlu, 2006). The effects of sites, NPK(S) fertilizer rates on soil nitrogen levels are presented in Figure 4. The values were within the optimal levels at all sites and depths. In all locations, soil nitrogen levels were higher in the top soil depth and decreased with the depths, as had been observed in previous results (Hamid, 2006; Kebeney et al., 2010). These results demonstrate the soil although soil apples was leaching to lower soil depths the rates was slow. The soil nitrogen contents were closely related with soil organic carbon (Ombori et al., 2020) and soil texture (Table 2). Soil organic carbon may therefore be a good indicator of soil nitrogen status as been pointed out in some previous studies  (Hamid, 2006; Kamau et al., 2008) in well managed tea farms.
At all soil depths, the soil nitrogen levels increased (p≤0.05) with increasing rates of nitrogenous fertiliser (Figures 4a to 4d), except at Arroket (depths 0-10 cm and 20-30cm), Changoi (40-60cm). These responses showed the similar patterns as those observed in previous studies (Hamid, 2006; Mengel et al., 2006) and were also similar to responses in mature leaf nitrogen content (Kebeney et al., 2010; Kwach et al., 2014). The results demonstrated that nitrogen deficiency in tea plants can be corrected by surface application of the nutrient in all tea growing regions in East Africa. Although Adiloğlu and Adiloğlu (2006) had given 0.12 to 0.40% soil nitrogen content as a range of adequate soil nitrogen level, at the same rate of nitrogenous fertiliser application, soil nitrogen levels varied widely from location to location. Such large variations mitigate the use of soil nitrogen analysis to guide advisory systems. At the same rate of nitrogenous fertiliser application mature leaf nitrogen had minimal variations (Kamau et al., 2005; Kwach et al., 2014; Kwach et al., 2011). Use of leaf nitrogen content (Kamau et al., 2005; Othieno, 1988; TRFK, 2002) may be more reliable than soil nitrogen.

	
	

	Figure 4a: Changes in % soil nitrogen at 0-10 cm depth
	Figure 4b: Changes in % soil nitrogen at 10-20 cm depth

	
	

	`Figure 4c: Changes in % soil nitrogen at 20-30 cm depth
	Figure 4d: Changes in % soil nitrogen at 40-60 cm depth


Figure 4: Changes in soil nitrogen levels (ppm) at different soil depths and nitrogen fertilizer rates in different locations

The effects of NPK(S) fertilizer rates on soil extractable phosphorus levels at different locations are presented in Figure 5(a-d). Increasing nitrogenous fertilizer rates increased soil available phosphorous in all sites and at all depths. Generally, increasing nitrogen fertiliser application rates increase soil acidity (Ombori 2020) (Kamau et al., 2008; Owuor et al., 2011b). At low soil pH phosphate ions react with manganese, iron and aluminium ions forming insoluble hydroxyl phosphates (Brady & Weil, 2002).  It was therefore expected that increase in nitrogen fertilizer application would increase soil acidity and reduce soil phosphorus levels. However, at all locations, increasing applications of NPKS fertilizer increased soil phosphorus at all depths.

	
	

	Figure 5a: Changes in soil extractable phosphorus (ppm) at 0-10 cm depth
	Figure 5b Changes in soil extractable phosphorus (ppm) at 10-20 cm depth

	
	

	Figure 5c: Changes in soil extractable phosphorus (ppm) at 20-30 cm depth
	Figure 5de: Changes in soil extractable phosphorus (ppm) at 40-60 cm  depth


Figure 5: Changes in soil extractable phosphorus levels (ppm) at different soil depths and nitrogen fertilizer rates in different locations

The increase in soil phosphorus levels with increase in NPKS fertiliser rates was not unique and had been observed in earlier studies (Kamau, 2003; Owuor et al., 2011b). The trends were similar to levels of phosphorus in mature tea leaf (Kwach et al., 2014; Owuor et al., 2011b). Although increased nitrogenous fertilizer rates have acidifying effects (Schroder et al., 2011; Zhou et al., 2014) which enhances fixation of phosphorus on tea soils (Owuor et al., 2011b), the levels of phosphorus in the current study increased with increasing nitrogenous fertilizer rates. In part, this increase was due to the concurrent increase in supplied phosphorous in the NPKS fertiliser used in the trial. Also, these soils were rich in SOC (Ombori et al., 2020), which limit phosphorus fixation through release of organic chemicals that solubilize hydroxyl phosphates, thus increasing the phosphorus availability in the soil  (Luo et al., 2022; Vermeiren et al., 2022). The rate of phosphorous fixation appeared lower than that amount applied in the NPKS fertilizers and/or released from fixed sources. Thus, the soil phosphorus levels remained within acceptable levels especially at 0-10cm and 10-20cm soil depths, where the tea feeder roots are abundant. One way of increasing the availability of phosphorus to tea plant is through prunings left in situ on the soil surface. Prunings left in situ and leaf drop of tea plants increase soil organic carbon in the tea soils. Therefore, tea farmers should embrace management practices of leaving prunings in situ that improve soil organic carbon and avail the required phosphorus resulting in sustainable crop production in the eastern Africa tea growing regions.
Although the amounts of potassium applied in the nitrogenous fertilizer increased with increase in fertilizer rates at all locations and soil depths, there was decline in soil potassium levels with higher rates of fertilizer (Figures 6a to Figure 6d). In other studies leaf potassium levels also decreased with increase in rates of the nitrogenous fertilizer (Kamau et al., 2005; Kebeney et al., 2010; Kwach et al., 2014; Owuor et al., 2011b). The decline in soil available potassium despite the concurrent increase in applied potassium in the NPKS fertiliser could be due to enhanced leaching triggered by ammonium ions in the nitrogen fertilizers (Owuor et al., 2011a; Owuor et al., 2011b). Soil potassium ions (K+) were possibly being displaced by ammonium ions (NH4+) in the nitrogenous fertilizers since their sizes are similar (Guaya et al., 2016). In addition, high concentrations of hydrogen ions in low soil pH influence soil potassium levels (Barrow & Hartemink, 2023). The increased ammonium nitrogen in the NPKS formulation accelerated leaching of potassium and hence soil potassium levels declined at high levels of nitrogenous fertiliser rates. Since the levels of potassium and nitrogen antagonize each other in the soil matrix (Brady & Weil, 2002), there is need to stagger the application of the two nutrients for the tea plants to benefit from each nutrient at a time.
There were significant (p≤0.05) interaction effects on soil potassium between sites x nitrogenous fertilizer rates at all depths for all sites means as had also been shown earlier for mature leaf potassium (Kwach et al., 2014). The results suggest that the extent of responses varied from site to site, indicating that factors influencing the availability of soil potassium were not the same in all the regions studied.
Plucking standards had no significant effects on soil N, P and K in all locations. This was similar to previous observations on mature leaf contents (Kamau et al., 2005; Kwach et al., 2014; Kwach et al., 2011). Since plucking intervals had no influence on soil N. P and K, the plucking intervals data are not presented.
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Figure 3: Changes in potassium nitrogen levels at different soil depths and nitrogen fertilizer rates in different locations

[bookmark: _GoBack]Conclusion:  This study demonstrated that although all tea areas in East Africa are classified as suitable tea growing areas, there were large variations in soil macronutrients (N, P. and K). Despite the differences these nutrients are not limiting even in areas with considerably low macronutrients levels. These large variations make is difficult to set precise macronutrients set recommended levels to guide soil analysis advisory systems. Increasing nitrogen fertiliser rates increased soil available nitrogen and phosphorous. The deficiency of the two nutrients can be corrected by remedial applications of the two nutrients. However, increasing nitrogenous fertiliser rates reduced soil available potassium levels even with concurrent increase in potassium in the NPKS fertilisers used. This is due to enhanced potassium leaching when levels on ammonium ions are high. Application on potash fertiliser should preferably be staggered with reasonable durations in between the applications to reduce presence of high levels both nutrients in the soil concurrently. In the presence of potassium deficiency, remedial application of potassium should be undertaken further away from the time of nitrogen fertiliser application. Plucking intervals did not influence level of the macronutrients in the soil throughout East African tea growing areas.
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%




0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.17899999999999999	0.14899999999999999	0.183	0.17199999999999999	0.19500000000000001	0.16500000000000001	0.152	0.16600000000000001	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.191	0.156	0.191	0.17899999999999999	0.19900000000000001	0.17	0.16200000000000001	0.17499999999999999	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.19400000000000001	0.14399999999999999	0.189	0.184	0.20499999999999999	0.17599999999999999	0.17599999999999999	0.185	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.19500000000000001	0.14899999999999999	0.19600000000000001	0.19400000000000001	0.219	0.18099999999999999	0.18099999999999999	0.191	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.20100000000000001	0.16900000000000001	0.20300000000000001	0.2	0.221	0.184	0.187	0.189	1.5E-3	2E-3	1.5E-3	1E-3	2.5000000000000001E-3	1E-3	1.5E-3	8.5000000000000006E-3	1.5E-3	2E-3	1.5E-3	1E-3	2.5000000000000001E-3	1E-3	1.5E-3	8.5000000000000006E-3	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.20499999999999999	0.17	0.21	0.2	0.22	0.19	0.19	0.2	Site (bars are LSDs, p≤0.05)


%




0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.17899999999999999	0.108	0.158	0.157	0.192	0.13900000000000001	0.14299999999999999	0.14699999999999999	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.182	0.115	0.16600000000000001	0.16600000000000001	0.19800000000000001	0.14599999999999999	0.158	0.155	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.186	0.121	0.17599999999999999	0.17199999999999999	0.20599999999999999	0.153	0.186	0.16400000000000001	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.19	0.127	0.186	0.17699999999999999	0.21099999999999999	0.156	0.19700000000000001	0.17299999999999999	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.19700000000000001	0.13800000000000001	0.193	0.17	0.21099999999999999	0.16400000000000001	0.20399999999999999	0.17199999999999999	1.4999999999999999E-2	0.01	5.0000000000000001E-3	0.01	2.5000000000000001E-3	1E-3	2E-3	7.4999999999999997E-3	1.4999999999999999E-2	0.01	5.0000000000000001E-3	0.01	2.5000000000000001E-3	1E-3	2E-3	7.4999999999999997E-3	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	0.20499999999999999	0.14000000000000001	0.19	0.185	0.21	0.16	0.2	0.17499999999999999	Site (bars are LSDs, p≤0.05)


%




0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	10.1	12.9	14.4	8.6	10.199999999999999	12.3	10.3	11.3	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	11.3	14.2	17.3	10.3	11.7	13.4	11.2	12.8	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	13.8	17.399999999999999	29.2	11.9	14.1	14.7	11.9	16.100000000000001	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	19.7	18.899999999999999	36.4	21.6	17.3	15.6	12.2	15.8	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	21.2	19.600000000000001	0	24	15.7	15.7	11.6	18.7	0.6	0.7	0.7	0.75	0.7	0.6	1.1499999999999999	0.8	0.6	0.7	0.7	0.75	0.7	0.6	1.1499999999999999	0.8	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	20	20	32	22	15.5	16	14.5	17.5	Site (bars are LSDs, p≤0.05)


ppm




0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	8.1999999999999993	12.9	19.8	12.3	10.6	9.6999999999999993	8.9	11.9	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	9.8000000000000007	13.1	22.9	14.2	12.7	10.1	9.1999999999999993	13.3	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	12.8	14.4	24.6	17.899999999999999	13.9	10.7	9.3000000000000007	15.5	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	14.1	16.600000000000001	29.9	23.1	16.100000000000001	14.7	9.4	18.399999999999999	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	18	17.8	35	26.1	19.100000000000001	16.899999999999999	9.4	18.600000000000001	0.95	0.75	0.8	0.85	0.8	0.7	0.2	0.4	0.95	0.75	0.8	0.85	0.8	0.7	0.2	0.4	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	15	17	30	24	16.5	15	12.5	20	Site (bars are LSDs, p≤0.05)


ppm




0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	6.2	0	15.4	7.7	12.3	8.6999999999999993	6.6	9.9	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	7.7	12.9	21.9	7.8	16.100000000000001	10.199999999999999	6.6	12.1	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	9.6999999999999993	13.2	23	9.1999999999999993	16.399999999999999	11.4	6.7	14	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	10.6	13.7	31	9.4	18	15.1	6.8	14.3	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	11.7	13.7	33	9.4	18.3	17.7	6.8	15	1	0.8	0.75	0.7	0.9	1.05	0.9	0.3	1	0.8	0.75	0.7	0.9	1.05	0.9	0.3	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	12	15	32	12	18	16	8	15.5	Site (bars are LSDs, p≤0.05)


ppm





0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	5.9	10.7	13.4	6.7	11.7	6.1	8.4	9.5	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	6.7	11.9	14.2	7.3	11.9	7	9.4	9.6	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	7.9	12	14.4	8.4	15	7.6	9.6	10.5	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	8.8000000000000007	12.4	14.7	9.4	19.100000000000001	8	9.6999999999999993	11.7	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	10.3	14.8	15.1	9.6999999999999993	22.1	8.3000000000000007	9.6999999999999993	12.7	1.25	0.9	0.65	0.8	1.05	0.6	1.1299999999999999	1.65	1.25	0.9	0.65	0.8	1.05	0.6	1.1299999999999999	1.65	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	10	14	15.5	10	16.5	9.5	11.5	13.5	Site (bars are LSDs, p≤0.05)


ppm




0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	302	279	181	69	92	73	113	176	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	239	340	174	127	108	75	103	184	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	210	229	172	89	79	66	95	150	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	196	191	172	72	66	57	45	134	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	161	185	163	44	56	39	35	123	6.5	4.5	3	3.5	3	3	4	1.6	6.5	4.5	3	3.5	3	3	4	1.6	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	243	243	195	100	95	80	110	185	Site (bars are LSDs, p≤0.05)


ppm




0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	350	358	165	63	122	87	98	182	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	288	407	176	124	106	83	109	189	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	197	257	185	110	77	80	82	157	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	179	213	173	78	47	77	77	131	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	146	180	176	61	56	69	75	118	5	4.5	3	4	6.5	3	3	1.5	5	4.5	3	4	6.5	3	3	1.5	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	300	270	200	135	135	100	120	200	Site (bars are LSDs, p≤0.05)


ppm




0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	319	395	160	121	174	161	129	186	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	277	373	208	153	286	70	151	206	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	269	321	182	101	230	69	131	175	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	161	327	172	82	162	64	129	140	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	138	288	161	65	122	58	114	120	4.5	2.5499999999999998	3	3.5	4.5	2	5	1.5	4.5	2.5499999999999998	3	3.5	4.5	2	5	1.5	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	330	380	220	165	245	90	155	220	Site (bars are LSDs, p≤0.05)


ppm




0	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	309	430	192	127	149	171	223	142	75	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	286	439	177	178	206	111	215	179	150	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	276	371	181	172	149	68	205	154	225	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	227	295	161	101	149	57	181	144	300	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	136	264	171	85	104	39	173	125	4.5	4	4	1	8	2	5.5	4	4.5	4	4	1	8	2	5.5	4	Timbilil	Changoi	Arroket	Kitabi	Mulindi	Katoke	Maruku	Means for all 7 sites	300	445	200	195	165	120	230	190	Site (bars are LSDs, p≤0.05)


ppm




Timbilil	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	0.318	0.28499999999999998	0.192	0.187	Changoi	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	0.27500000000000002	0.223	0.153	0.122	Arroket	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	0.252	0.249	0.192	0.17599999999999999	Kitabi	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	0.29099999999999998	0.27700000000000002	0.186	0.16800000000000001	Mulindi	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	0.245	0.217	0.20799999999999999	0.20300000000000001	Katoke	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	0.30199999999999999	0.27300000000000002	0.17499999999999999	0.152	Maruku	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	0.20399999999999999	0.19400000000000001	0.17199999999999999	0.17799999999999999	8.0000000000000002E-3	1.0500000000000001E-2	8.9999999999999993E-3	8.0000000000000002E-3	8.0000000000000002E-3	1.0500000000000001E-2	8.9999999999999993E-3	8.0000000000000002E-3	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	0.31	0.29499999999999998	0.2	0.19	Soil Depths (cm) (bares are LSDs, p≤0.05)


%




Timbilil	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	15.2	12.6	9.1999999999999993	7.9	Changoi	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	16.600000000000001	15	13.1	12.4	Arroket	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	24.1	26.4	24.9	14.4	Kitabi	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	15.3	18.7	8.6999999999999993	8.3000000000000007	Mulindi	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	13	14.5	16.2	16	Katoke	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	14.3	12.4	12.6	7.4	Maruku	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	11.4	9.3000000000000007	6.7	9.4	0.4	0.4	0.3	1.7	0.4	0.4	0.3	1.7	0-10 cm	"10-20 cm	20-30 cm	40-60 cm	16.5	20	17	16	Soil Depth (cm) (bars are LSDs, p≤0.05)


ppm




i

