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Abstract 
Due to the unpredictable natural droughts that occur, causing tea farmers significant losses in tea estates, a 
two-day method for distinguishing between drought tolerant (DT) and drought susceptible (DS) Camellia 
sinensis cultivars was developed. This work was based on known cultivars developed at the Tea Research 
Institute in Kenya and the Tea Research Foundation for Central Africa in Malawi. This paper contains an 
in-depth description of the application of the SWAPDT method on four 60-year old, C. sinensis seedling fields in 
Kenya. The in-filling history of the four fields due to drought-related deaths was obtained from historical records. 
The SWAPDT method scores correlated very well with the historical records. It has been indicated, from the 
results obtained in this study, that a sample size of 20 tea trees is sufficient to accurately determine the drought 
susceptibility of a large tea field of approximately 5-20 hectares, containing 50 000-200 000 tea trees, were the 
difference between their mean values, as measured by the SWAPDT method, is approximately 10%.  

Keywords: Camellia sinensis, drought tolerance, field comparison, relative water content, SWAPDT, tea estate 

1. Introduction 
Tea made from the leaves of Camellia sinensis, as green or black tea, has been drunk as a mild stimulant due to 
the caffeine content, since time immemorial (Ellis & Nyirenda, 1995). Tea consumption has increased in recent 
years, due to the health-promoting effects associated with its high polyphenol content (Preedy, 2012). C. sinensis 
is cultivated in over 52 countries around the world. Global world trade is approximately 78% by value in the 
form of black, 20% as green and 2% as oolong tea (Nyarukowa, Koech, Loots, & Apostolides, 2016). It is an 
important cash crop for countries such as India and China; in Africa alone, several countries produce tea, namely 
in Kenya, which is currently ranked third behind Sri Lanka and India with regards to annual production and 
export of black tea (FAO, 2015), Malawi, Uganda, Tanzania, Zimbabwe, Rwanda, South Africa, Burundi and 
Mauritius. C. sinensis tea estates need to be replanted every 20-90 years to maintain high yields. Tea estates are 
planted in sample blocks of about 5-20 hectares, at 10,000 trees per hectare, with seeds from the same batch. 
Most tea estates in Africa are planted with tea seeds procured from tea-baries (orchards) in India or Sri Lanka. 
The seed selection criteria employed focused on yield and neglected to consider drought tolerance (Murakami, 
Nakamura, Matsuda, & Yoshikawa, 1999). During severe natural droughts, some of the trees (5-15%) die and 
are replaced with new trees. Tea planters refer to this process as “in-filling.” Most estates keep good records of 
the in-filling, and hence good and poor fields are easily identified. However, sometimes these records are 
missing, and a new method is required to determine the drought tolerance of a tea field that might be 20-90 years 
old (Willson & Clifford, 2012).  

Tea producers demand new cultivars which are DT, to reduce crop losses. In the coffee industry, farmers are 
faced with the problem of dealing with coffee rust. How they deal with this is by assessing and analysing the risk 
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where, β0, β1, …βp are parameters, and ϵ1, ϵ2, … ϵn are error terms assumed to be normally distributed, 
random, independent variables (Mei et al., 2004).  

Determining a study’s sample size requires a compromise, which balances power, economy, and timeliness 
(Dupont & Plummer, 1990). Researchers must define the sample size, power, and hypotheses for their study and 
to effectively do this, they require software programs that can calculate the missing parameter when given any 
two of the preceding three parameters. These programs compute the sample size required to identify, using a 
specified power, e.g., the difference in efficacy of a particular treatment, the power this difference is detectable 
with given sample size, and the detectable difference with particular power and sample size. The link between 
the power and its corresponding sample size is best seen by plotting the power curve as a function of the 
parameter of interest (Kelsey et al., 1986).  

The Student’s t-test was used to calculate the probability (p) that the two samples belong to the same population. 
When p < 0.05, there is a 95% certainty that the two samples belong to different populations. The Standard Error 
of the Mean (SEM) is an inferential statistic that can be used to draw error bars on histograms to visually 
estimate the p-value. When the sample size (n) > 10, and the gap between the SEM error bars > SEM1 + SEM2, 
we can be 99% confident that the samples are from two different populations (Cumming, Fidler, & Vaux, 2007). 
The MANOVA method may also be used to compare multiple fields with each other, and the three methods are 
expected to produce similar results (Keselman et al., 1998).  

Oneway analysis using JMP Pro 13 generates “mean diamonds”, which illustrate both the sample mean and 
confidence interval. The top and bottom of each diamond represent the (1 – α) × 100 confidence interval for each 
group. The confidence interval computation assumes that the variances are equal across observations, and as 
such the height of each diamond is proportional to the reciprocal of the square root of the number of observations 
within the group. The mean line across the middle of each diamond represents the group mean, while the overlap 
marks appear as lines above and below the group mean. In instances where groups have equal sample sizes, 
these overlapping marks indicate that the two group means are not significantly different at the given confidence 
level. Where the mean in one diamond is between the overlap marks of another diamond, this indicates that these 
two groups are not significantly different at that confidence level (SAS Institute Inc., 1989-2007).  

3. Materials and Methods 
3.1 Sample Collection 

The field work was conducted on the KAPRORET tea estate in Kericho, Kenya, with latitude: 0°22′3.86″N and 
longitude: 35°16′59.30″E, during January and February of 2017. Based on historical in-filling records, two good 
fields, fields 12A and 12B, with fewer in-fillings due-to-deaths-by-drought (planted from a good batch of seeds) 
and two poor fields, 13A and 13B, with higher in-fillings due-to-deaths-by-drought (planted from a poor batch of 
seeds) were selected. These fields were approximately 1200 meters apart. The fields were planted from different 
batches of seeds obtained from Assam, in 1954 and 1956 respectively. They were in the same prune year, 
receiving the same fertiliser regimen, under rainfed conditions. The longitude and latitude coordinates for field 
12A and 12B are 35°14.75′E, 0°26′S and for field 13A and 13B are 35°15.05′E, 0°26.6′S and at an altitude of 
2180 m above mean sea level. Samples were collected using a “point-intercept within a quadrat method”, in 
which a 100 × 100 m quadrat was set up in the middle of each field. The starting point of the sampling was noted 
as point (0,0). Each quadrat consisted of intersecting lines along ten meter by ten meter pre-determined points on 
the transect line. This essentially gave ten rows along the “x-axis” and ten rows along the “y-axis”. At each 
intersecting point, three shoots of two leaves and a bud were harvested from each tree and placed in zip-lock 
plastic bags. A total of 400 samples were collected, 100 from each of the two good and two poor fields. 
Following sample collection, the leaves were transported to the Tea Research Institute laboratory, with the 
zip-locked plastic bags placed in an insulated box on ice. The samples were then subjected to the SWAPDT 
method as discussed in Nyarukowa et al. (2016) to determine the relative water content of the leaves from each 
field. The SWAPDT method is an inexpensive and practical method developed for the prediction of DT tea 
cultivars. The rate of relative water content (RWC) loss between the DT and DS cultivars was evaluated by 
immersing three shoots with two leaves and a bud from a single bush under investigation in 20 ml of distilled 
water at room temperature and weighed after 24 hours. These turgid leaves were then blot dried and weighed 
before being oven dried at 37 °C and weighed after five hours when their RWC is between 40-80%. The leaves 
were again placed in water for 24 hours, weighed after and oven dried at 105 °C for 24 hours to obtain each 
leaf’s dry weight.  
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3.2 Statistical Analysis 

The data collected on the four fields, were tested for spatial homogeneity. In the case of field 13B, spatial 
dependence was detected, as provided by Bivand et al. (2011). A spatial simultaneous autoregressive error model 
was fitted to the data of field 13B, to predict and consequently remove the spatial signal. This was done using the 
“spdep” package. Using the one-sided Mann-Whitney test, it was established that Fields 12A and 12B, and 13A 
and 13B were respectively similar, but that the two groups differ significantly from one another. A Monte-Carlo 
permutation test approach was then employed, using the p-value of the one-sided Mann-Whitney test as test 
statistic, applied to comparisons between Fields 12A and 13A, 12A and 13B, 12B and 13A, and 12B and 13B. One 
thousand repetitions of this test were performed at decreasing sample sizes, to construct an empirical distribution 
of the p-value for each sample size. The empirical quantile at which 0.05 and 0.01 was observed was recorded. As 
the sample sizes decreased, the stability of the Mann-Whitney test decreased, as could be seen by the quantiles 
which usually lead to the rejection of the null hypothesis now moving away from the right-tail of the empirical 
distribution. The minimum required sample size was set at the level just before the empirical quantile dropped 
below the required significance level. This test procedure was also repeated while controlling for the mean 
difference in fields, and by combining the data for Fields 12A and 12B, and 13A and 13B into Fields 12 and 13, 
respectively.  

Power curves for the tea data set were calculated using the package “pwr”. In Figure 4, four effect sizes have been 
defined, which correspond to a difference of 3%, 5%, 10% and 15%. The 3% and 5% represent small effect sizes, 
with the 10% representing a medium effect size and the 15% a large effect size. The difference found in the pilot 
data set (35%) would be considered a gigantic effect size. The curves were created for the different amount of 
fields included in the experiment; these curves serve to determine a suitable number of replicates required for each 
field for example:  

When the desired power is .90 and the smallest relevant effect size is 5% and if 100 fields are used in the 
experiment, the minimum number of necessary replicates is estimated at approximately 22. When 50 fields are 
used, the minimum number of replicates would be about 33. The sample size calculations are done after 
eliminating any other “field effects” i.e. using oneway ANOVA. Where “field effects” are not eliminated, a mixed 
model approach is employed by adding random indicators for fields to the model. This addition results in an 
increase in the power. Oneway ANOVA was used to compare the two good and the two poor fields and compute 
their means, standard deviations, and the Student’s t-test, and contour plots of each field were prepared by JMP Pro 
(ver 13). Excel was used to calculate the SEM, from the same Standard Deviation (SD) at different sample sizes 
and to obtain the equation of the curve. 

4. Results 
4.1 % RWC Drought Score Contour Plots Based on SWAPDT Method 

The contour plots for the four fields are shown in Figure 2. These are indicative of the % RWC profiles, which 
were flat; this eliminates any possible bias due to underground rivers or rocky outcrops. The ANOVA 
comparison between the two good and the two poor fields shows clear differences, with the mean % RWC of 
72.2 for the two good fields, and 35.0 for the two poor fields (p < 0.0001). The SD ranged from 13.3-20 units, 
indicating a large variation within each field. This is supported by the large coefficient of variation (CV) values, 
shown in Figure 3.  
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