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Abstract: How the current distribution of tea cultivation is influenced by specific environmental
conditions in Sri Lanka is yet to be explored. Therefore, this study aims to assess the differences
between tea and non-tea growing areas with respect to climatic and topographic covariates, and to
determine the major covariates that control tea distributions. Climatic data of temperature and rainfall
were extracted from WorldClim-Global Climate Data; the elevation, slopes, and aspects were obtained
from Global Multi-resolution Terrain Elevation Data; and the solar radiation data was computed using
a clear-sky solar radiation model. Random points were created on rasterised environmental layers
for tea-growing and non-tea growing areas, stratified into low, mid, and high regions, using ArcGIS
version 10.4.1 (Environmental Systems Research Institute: ESRI Redlands, CA, USA).Correlations
were derived between covariates and tea and non-tea growing areas. According to the logistic
regression analysis, there was no significant influence of the south-west, west, and north-west aspect
compared to the north aspect when all other covariates were held constant. The odds ratio indicated
that an area with a one-unit higher solar radiation was 1.453 times more likely to be a tea growing
area. Similarly, a per unit increase in slope increases the likelihood of an area being suitable for
tea cultivation by 1.039 times. When the annual mean temperature increased, the suitability of
tea cultivation decreased, but an increased rainfall had increased the suitability of an area for tea
cultivation. Areas with a north facing slope had the highest suitability for tea cultivation. This research
demonstrated that tea growing could be expanded into a variety of locations as long as these variables
are either found or managed in order to obtain the critical levels. In addition, it is proposed that the
results of this study could be utilised in the assessment of the climate or/and land suitability for tea.
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1. Introduction

Tea is manufactured on nearly every continent on Earth, and the total region under cultivation
continues to grow [1,2]. Tea grows in over 50 countries with over three million hectares of total
tea-growing land, generating nearly five million tons of tea per year [3]. After India, China, and Kenya,
Sri Lanka is the world’s leading tea producer and, thus, the fourth largest in the world. Black tea
is the major foreign currency earner in Sri Lanka, accounting for 15% of the net foreign income [4],
while contributing 1.2% of the Gross Domestic Product (GDP) [4]. The tea industry in Sri Lanka serves
2.2 million individuals with employment opportunities [5] and has acquired a long-standing reputation
in the world market for providing tea (e.g., Ceylon) with its unique flavour and aroma [6].
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As a woody perennial cultivated crop in a rain-fed mono-cropping system, tea (Camellia sinensis (L.)
O. Kuntze) is highly dependent on agro-climatic circumstances, such as solar radiation, temperature,
rainfall, and topographic features [7–9]. Usually, these variables are used to assess the potential for
land use of tea crops at global and regional levels [10,11]. Previous studies have only shown how
solar radiation affects the yields of tea plants. Willson [12] found that the amount of solar radiation
reaching a tea bush at high altitudes in equatorial regions can be up to 600 Wm−2. However, for
most tea species the importance of specific solar radiation in defining distribution (e.g., minimum or
maximum solar radiation per month) is unknown. A number of prior research projects indicated the
desired temperature range and rainfall for tea [7,13–15]. For example, according to a study carried
out by Jayasinghe et al. [12], tea plants prefer a mean annual temperature range from 13 ◦C to 28 ◦C
and rainfall ranging from 2000 to 5000 mm. The tea shoot growth and yield highly depend on the
temperature and rainfall, and bushes do not develop when these variables are either too low or too
high, irrespective of other climate variables [16].

Topography (i.e., elevation, slope, and aspect) is another key factor in determining both where tea
can be grown, and the quality of the tea grown in a particular region [17]. The tea plant can often only
be grown within a certain range of elevations where low-lying areas in Sri Lanka (i.e., 0–100 m) are
considered inappropriate for tea. The elevations at which tea grows greatly affects the quality and
quantity of tea [15,18]. It is advisable to avoid flatter and steeper slopes for tea, as steeper slopes pose
a significant risk of soil erosion and landslide, whereas flatlands increase water-logging conditions,
which are undesirable for tea production [19]. Aspects have a strong influence on solar radiation and
temperature and impact the distribution of tea [17,20]. Variations in these topographic covariates pose
ecological stress and limitations as well as opportunities for tea production.

The complex topography of tea growing fields in Sri Lanka leads to complicated microclimatic
environments, with distinct regions getting variable wind and precipitation patterns throughout the
year from the two dominant weather systems (Yala and Maha) [21]. The climate of each tea-growing
district is, therefore, more or less different from the other. Even within a single district, it is often
possible to identify the variation between small areas. These climatic variations are reflected in the
range of quality characters which are Ceylon Tea’s leading and most valued features. Tea is highly
sensitive to the changes in climatic and topographic covariates [22]. The identification of the impact of
the varied climate and topography on the manufacturing of tea has led to the refinement of a range of
fine teas that are unique to each agro-climate district.

A small number of empirical studies exist in the literature that have focused on the environmental
variables that separate potential tea growing from non-tea growing regions, such as the climate and
topography [23]. Mathenge [23] reported that the sustainability of small tea enterprises in Kenya is
significantly influenced by the enterprise characteristics, way of doing business, finance, and resources
(i.e., human and environmental). Furthermore, he highlighted that some external factors are difficult
to control, such as the climate, topography, market, and other legal forms that affect the sustainability
of the tea industry. Among the above factors, understanding the main environmental determinants
that influence tea cultivation is likely to bridge the knowledge gap and set the benchmark to identify
the best use of available land for tea cultivation. No previous studies have been undertaken in Sri
Lanka to evaluate the variations in these characteristics either for tea growing or non-tea growing
areas. Such investigations may identify further areas that may be suitable for tea growing. If climate
variables such as solar radiation, temperature, and precipitation change in the non-tea growing regions
that are close to the tolerance of a phenotypic plasticity of tea species, then the cultivation of tea can
be expanded further to these areas [24,25]. However, it is hard to comprehend the distinctiveness
of the often subtle factors that may separate potential tea growing regions from those that are not
suitable. Climate change brings some urgency to the search for mitigation and adaptation strategies
for the tea industry’s viable growth. For instance, if we understand the specific spectrum of solar
radiation appropriate for the distribution of tea in tea-growing regions, we can bring tea into non-tea
growing regions by changing shade management methods [26] if the only limiting factor is solar
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radiation. Nevertheless, the absence of understanding of the fundamental environmental constraints
has hampered the development of adaptation strategies for maintaining or extending the areas for
growing tea.

Despite various ongoing efforts, gaps still exist in the understanding of the spatial distribution of
tea with respect to the climatic and topographic covariates. Disparate national and regional sources
of statistics provide no definite data on the relationship between environmental covariates and tea
cultivation, and how these factors affect tea distribution in Sri Lanka. Therefore, this paper was shaped
by two objectives: to assess the differences between tea and non-tea growing areas with respect to
climatic and topographic covariates, and to determine the extent to which major covariates control
the distributions of tea cultivation in Sri Lanka. The covariates were solar radiation, temperature,
precipitation, elevation, slope, and aspect. The findings of this research could be instrumental in future
efforts in the land/climate suitability assessment of tea cultivation. In addition, this study is expected to
generate information on specific requirements for tea cultivation in diverse topographic and climatic
environments. This will also help decision-making bodies and local users of natural resources to
effectively allocate land resources to achieve a sustainable tea production.

1.1. Study Area

The whole of Sri Lanka was considered as the study area, which covers 65,625 km2 and is
geographically positioned in Universal Transverse Mercator (UTM) zone 44. The climate is characterised
as tropical, hot, and humid throughout the year, based on the location of Sri Lanka in the Asiatic
monsoon region, lying between 5◦55′ to 9◦51′ N latitude and between 79◦42′ to 81◦53′ E longitude.
The mean annual precipitation in Sri Lanka fluctuates from under 900 mm in the driest parts of the
southeast and northwest of the country to more than 5000 mm in the wettest parts of the central
highlands. The study region is characterised by an annual mean temperature that varies from 27 ◦C in
the coastal areas to 16 ◦C at Nuwara Eliya in the central highlands, which is 1900 m above sea level
(m a.s.l) [22]. Sri Lanka is characterised by a central-southern mountain range that rises at its peak to
2524 m above sea level (Figure 1).

1.1.1. Tea Growing Areas

Currently, tea is grown on around 221,969 ha, and the cultivation is mainly divided into three
major regions; low-grown (<600 m a.s.l), mid-grown (600–1200 m a.s.l), and high-grown (>1200 m a.s.l)
areas [26]. There are seven main tea growing areas: Ruhuna and Sambaragamuwa in the low-growing
region, Kandy in the mid-growing region, and Nuwara Eliya, Dimbula, Uva, and Uda Pussallawa in
the high-growing region of Sri Lanka (Figure 1) [27].

1.1.2. Non-Tea Growing Areas

The areas apart from the existing tea growing areas were considered as non-tea growing areas
in this study. The elevation of non-tea growing areas ranges from sea level to around 2340 m a.s.l.
These areas have different topographic characteristics, i.e., flat-low-land along the coastal belt and
rough-high-land areas in the central part of the country.
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Figure 1. Major tea growing areas in Sri Lanka.

2. Materials and Methods

2.1. Data Compilation

Several factors regulate the distribution of commercial tea production worldwide, with the main
factors being climate, weather, and topography. The ecological patterns of a plant population are
defined by the interactions between population dynamics and external environmental components [28].
Climate and topography are among the most fundamental environmental drivers of plant diversity.
Even slight changes in environmental variables can have a significant impact on the characteristics
of ecological functions, and thus influence the distribution dynamics of a crop, including tea. In this
study, we compared several climatic and topographic factors between tea and non-tea growing areas.
The factors were solar radiation, elevation, slope, aspect, temperature, and rainfall. The following
subsections explain the generation of data for these factors, and Table 1 presents the database, and their
type and structure. Figure 2 shows the main stages of the spatial analysis model used in this study.

Table 1. Information on the data source and data structure.

Environmental
Covariates Unit Data Source Structure of Data

Solar radiation MJ m−2 day−1 A clear-sky solar radiation model [29] Numerical continuous
Temperature ◦C

WorldClim-Global Climate Data
Numerical continuous

Rainfall Mm Numerical continuous
Elevation M

Global multi-resolution terrain
elevation data

Numerical continuous
Slope ◦ Numerical continuous

Aspect Unit less Categorical nominal
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Figure 2. The main stages of the spatial analysis model.

2.1.1. Solar Radiation

The estimation of solar radiation and its spatial patterns were executed using the approach
documented by Kumar et al. [29] using ARC GIS software. The Kumar et al. [29] solar radiation model
calculates the potential shortwave solar radiation received at a surface under clear-sky conditions for a
study area for a given time period. In this research, the parameters used to calculate solar radiation
on a monthly basis were: (1) the longitude and latitude of the Digital Elevation Model (DEM) with a
spatial resolution of 1 km2, (2) the first and last days of each month according to the Julian Calendar,
and (3) a 15-min time interval. The potential solar radiation was calculated for every 15 min interval
from sunrise to sunset and integrated to give the daily solar radiation for each of the days. The daily
data was then added to provide the monthly and seasonal solar radiation. The seasonal data was
summer (June–August), autumn (September–November), winter (December–February), and spring
(March–May).

We used MJ m−2 day−1 as a unit of the daily solar radiation calculation. However, we also
used µmol m−2 s−1 to easily compare it with the existing literature, where 1 MJ m−2 day−1 is equal
to 52.95 µmol m−2 s−1 [30]. Regarding the daily conversion of solar radiation, a portion of 50% of
solar radiation was considered as Photosynthetically Active Radiation (PAR) as suggested by various
authors [31,32].

2.1.2. Rainfall and Temperature

Temperature and rainfall variables are key elements which govern the distribution of tea species;
these variables were extracted from the WorldClim-Global Climate Data [33]. WorldClim comprises
gridded global climate layers at 30-arc seconds with a spatial resolution of 1 km2 with Geographic
Coordinate System (GCS) of World Geodetic System (GCS_WGS_1984) projection [34] for the period of
1960–1990 [35]. Since Sri Lanka has diverse climatic conditions and topographies over a short range,
we selected a spatial scale of 1 km for the data analysis.

2.1.3. Elevation, Slope and Aspect

Elevation data with a similar resolution of 30-arc seconds as bioclimatic variables were obtained
from the global multi-resolution terrain elevation data [36]. Slope and aspect rasters of the study area
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were derived from the elevation data (both in degrees) using the Environmental Systems Research
Institute’s ARC GIS version 10.4.1.

2.2. Data Processing and Analysis

All the environmental variable layers were rasterised into the same bound, cell size, and the same
coordinate system as the layer of occurrence localities in ArcGIS 10.4.1. The environmental variable
layers were then re-projected to GCS_WGS_1984 with 1 km2 spatial resolutions. As we needed to check
the impact of the solar radiation, temperature, rainfall, elevation, aspect, and slope on the distribution
of tea, random points were created for tea-growing areas and non-tea growing areas separately using
Data Management tools in ArcGIS 10.4.1. In Sri Lanka, tea growing areas cover only 3.57% of the total
area. Therefore, we selected a lower number of points from tea-growing areas compared to non-tea
growing areas. The random points were then separated as low, mid, and up-country for both tea and
non-tea growing areas, as shown in Table 2. The “tidyverse” package [37] implemented in R software
version 3.5.1 [38] was used for the processing and visualisation of the data.

Table 2. Number of random observations in each category.

Country Level (Based on Elevation) Non-Tea Growing Areas Tea Growing Areas

Low-country (<600 m a.s.l) 3197 914
Mid-country (600–1200 m a.s.l) 3200 872

Up-country (>1200 m a.s.l) 2099 727

Total 8496 2513

We used descriptive statistics, such as mean, standard deviation (SD), minimum (min), and
maximum (max) to explore the data. An analysis of variance (ANOVA) along with Tukey’s HSD
(Honestly Significant Difference) post hoc analysis was used to infer the differences in average
solar radiations across different seasons (autumn, spring, summer, and winter) and country types
(low-country, mid-country, and up-country). Tukey’s HSD was chosen because it can control the
familywise error rate and is recommended in most situations as the best multiple comparison
method [39].

3. Results

3.1. Climatic and Topographic Covariates Of Tea Cultivation

The comparative descriptive statistics between tea and non-tea growing areas for solar radiation,
temperature, rainfall, elevation, and slope are summarized in Table 3. These results are for the overall
distribution of random points, not based on stratification. Accordingly, tea growing areas received less
solar radiation than non-tea growing areas. The differences in solar radiation in a year, and in summer,
autumn, and spring between these two types of growing areas, were statistically significant as shown
by the t-statistics. However, winter solar radiation did not show any significant difference between
tea and non-tea growing areas. Among the four seasons, spring received the highest solar radiation
(M = 25.87 MJ m−2 d−1), which was closely followed by the summer season (M = 25.35 MJ m−2 d−1).
The winter season always received the lowest amount of solar radiation (M = 22.63 MJ m−2 d−1).
Among the studied factors, the minimum solar radiation was one of the most influential variables that
discriminated the two areas of study. The tea growing areas received a high amount of minimum total
and seasonal solar radiation when compared to non-tea growing areas.

Both elevation and slope in tea growing areas were significantly higher than those of non-tea
growing areas. The other two important factors of tea cultivation were temperature and rainfall.
Information contained in Table 3 shows that tea growing areas had a mean temperature of 23.42 ◦C
and an annual rainfall of 2795 mm, which were, respectively, 0.54 ◦C lower and 504 mm higher than
for non-tea growing areas.
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Table 3. Comparative statistics of covariates of tea cultivation.

Covariates Areas Min Max Mean SD t-Statistics

Total solar radiation (MJ m−2 day−1)
Tea growing 17.05 25.51 24.51 1.00

3.90 ***Non-tea growing 16.41 25.52 24.60 1.05

Summer solar radiation (MJ m−2 day−1)
Tea growing 13.77 27.54 25.27 1.73

2.60 **Non-tea growing 9.70 27.54 25.37 1.77

Autumn solar radiation (MJ m−2 day−1)
Tea growing 13.59 26.58 24.31 1.71

2.33 *Non-tea growing 12.68 26.60 24.39 1.61

Winter solar radiation (MJ m−2 day−1)
Tea growing 8.97 27.51 22.58 2.59

1.35Non-tea growing 7.79 27.55 22.65 2.39

Spring solar radiation (MJ m−2 day−1)
Tea growing 15.32 27.47 25.79 1.46

3.04 **Non-tea growing 11.30 27.48 25.89 1.53

Elevation (m) Tea growing 1 2289 651.1 514.1
−7.00 ***Non-tea growing 3 2341 572.6 487.7

Slope (◦) Tea growing 0.16 43.85 12.03 7.63
−9.23 ***Non-tea growing 0.00 56.30 10.27 8.62

Mean temperature (◦C) Tea growing 14.1 27.3 23.42 2.87
8.41 ***Non-tea growing 13.7 28.1 23.96 2.87

Annual rainfall (mm) Tea growing 1544 4829 2795 624.9
−29.19 ***Non-tea growing 1020 4808 2291 796.2

*, ** and, *** denote a significance at the 0.05, 0.01, and 0.001 level of probability, respectively.

There was a difference in solar radiation in the different aspects between tea and non-tea growing
areas, as shown in Figure 3. The highest solar radiation was received towards the south direction,
followed by the southeast and southwest directions in both tea-growing and non-tea growing regions.
The lowest solar radiation was received towards the north direction, followed by the northwest and
northeast directions. The tea growing areas received a lesser amount of solar radiation than the non-tea
growing areas in all aspects except the south direction. As we go from south to north through either
east or west, the differences between solar radiations of tea and non-tea growing regions tended to
increase. The difference in the north was 0.20 MJ m−2 d−1, while this value in the south was only
0.07 MJ m−2 d−1.
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3.2. Interactions among the Covariates of Tea Cultivation Based on Stratified Data

Figure 4 shows that, in low-country conditions, tea growing areas received a significantly lower
solar radiation than non-tea growing areas for all four seasons. However, in mid- and up-countries, the
tea and non-tea growing areas showed no significant difference for all four seasons. Within both tea
and non-tea growing areas, seasonal variations were significant, with spring receiving the highest solar
radiation (25.87 MJm−2 day−1) and winter experiencing the lowest solar radiation (22.63 MJ m−2 day−1).
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The differences in topographic and climatic factors between tea and non-tea growing areas is
illustrated in Figure 5. The elevation differed among low, mid, and up-counties (Figure 5a). As the
elevation increased, the difference in elevation between tea and non-tea growing areas tended to
increase. Slopes in up- and mid-country were higher than for low-country. Compared to non-tea
growing areas, tea growing areas in low-country had higher slopes, but had lower slopes in up-country,
which indicated a smaller range of slope requirement for tea cultivation (Figure 5b).Agronomy 2020, 10, x FOR PEER REVIEW 9 of 15 
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Overall, the annual rainfall was higher in low, mid, and up-country tea growing areas than in
non-tea growing areas (Figure 5c). Up-country locations generally received a greater amount of rainfall,
but an exceptional case was found in a low-country situation where tea growing areas received higher
rainfall than in any other location. This exception had created a larger difference (1248 mm) of annual
rainfall on the low-country level between tea and non-tea growing areas. However, in all of the cases,
tea growing areas had a higher annual rainfall than non-tea growing areas. Another climatic factor
was the temperature, which was highest in the low-country and lowest in the up-country. On all
country levels, tea growing areas had lower values of temperature than those of non-tea growing areas
(Figure 5d).

3.3. Effects of the Covariates on Tea Cultivation

Table 4 shows how covariates contributed to the determination of the tea distribution. According
to the logistic regression analysis, solar radiation, elevation, slope, mean temperature, annual rainfall,
the north, north-east, east, south-east, and south aspect had significant impacts on the distribution of
tea in Sri Lanka. There was no significant influence of the south-west, west, and north-west aspect
compared to the north aspect when all other covariates were held constant. The odds ratio indicated
that an area with a one-unit higher solar radiation was 1.453 times more likely to be a tea growing
area. Similarly, a per unit increase in slope increased the likelihood of an area being suitable for
tea cultivation by 1.039 times. When the annual mean temperature had increased, the suitability of
tea cultivation had decreased, but an increased rainfall had increased the suitability of an area for
tea cultivation. Among the aspects, areas with a north facing slope had the highest suitability for
tea cultivation.

Table 4. Results of the logistical regression.

Covariates Regression Coefficients Standard Error Odds Ratios

(Intercept) −0.907 2.021 0.404
Total Solar Radiation (MJ m−2 day−1) 0.374 *** 0.058 1.453

Elevation (m) −0.002 *** 0.000 0.998
Slope (◦) 0.038 *** 0.007 1.039

Mean Temperature (◦C) −0.448 *** 0.060 0.639
Annual Rainfall (mm) 0.001 *** 0.000 1.000

North-east −0.281 ** 0.095 0.755
East −0.415 *** 0.107 0.660

South-east −0.530 *** 0.117 0.589
South −0.377 *** 0.114 0.686

South-west −0.121 0.104 0.886
West −0.053 0.096 0.949

North-west −0.069 0.095 0.933

** and *** denote a significance at the 0.01 and 0.001 level of probability, respectively.

Figure 6 shows the marginal effect of each of the covariates on tea distribution where we can
compare different standardized covariates based on their comparative effects. Marginal effects of
aspects were computed assuming the north aspect as the reference point, compared to which all
other aspects negatively contributed to the probability of a location being a tea growing area. Among
the aspects, the southeast facing areas were more likely to decrease the probability of being a tea
growing area than any other aspects. Elevation and rainfall had a significant marginal impact on the
determination of tea distribution. A higher temperature and slope tended to decrease the probability
of an area being used for tea cultivation. Along with other factors, solar radiation had a large (0.06)
marginal effect on the probability of tea cultivation. The most important variables that determined
where tea could be grown were temperature, elevation, rainfall, solar radiation, and slope.
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4. Discussion

The present study was designed to assess how the current distribution of tea cultivation in Sri
Lanka is influenced by specific climatic (e.g., solar radiation, temperature, and rainfall) and topographic
(e.g., elevation, slope, and aspect) covariates. The major environmental covariates that regulate tea
distribution were also investigated to identify the variety of eco-physiological requirements that tea
demanded. According to the comparative descriptive statistics, tea and non-tea growing areas differed
in terms of total and seasonal solar radiation (summer, autumn, and spring), temperature, rainfall,
elevation, slope, and aspect. Logistic regression also confirmed that total solar radiation, rainfall, slope,
and aspect had a significant impact on the suitability for tea cultivation.

It was found that the total annual solar radiation in tea growing areas was lower than for non-tea
growing areas. This variation reflected the fact that tea is a shade-loving plant, and the intensity of
radiation is regarded as necessary because of photoinhibition [40]. Photoinhibition is caused by a
strong solar radiation that damages the photosynthetic system as a consequence of excess energy and
an over-reduced state of photosynthetic components [41]. Overall, solar radiation was found to be a
major covariate in selecting areas in which to distribute tea cultivation in Sri Lanka. The covariates
of suitability of tea growing areas were interrelated. Similar to a previous study conducted by
Renne et al. [42], the current study indicates that the low-country areas generally received lower
solar radiation than the up-country areas did. According to the results of this study, tea requires
a specific average solar radiation in tea growing areas, indicating averages of 24.2 MJ m−2 day−1

(640.09 µmol m−2 s−1) in up-country, 24.4 MJ m−2 day−1 (645.3 µmol m−2 s−1) in mid-country, and
24.8 MJ m−2 day−1 (655.9 µmol m−2 s−1) in low-country tea growing regions. These values mirror the
physiological requirement of tea as previously reported. The values for saturating light intensities for
tea range from 600−800 µmol m−2 s−1 to 1200−1500 µmol m−2 s−1 of PAR [14,43]. The results also show
that the highest solar radiation was received in the spring season, while the lowest solar radiation was
received in the winter season, for both tea and non-tea growing regions. The higher solar radiation
in the spring season was due to the position of the sun, which stays more perpendicular during the
spring in Sri Lanka [44]. Our study agrees with the findings of Nijamdeen et al. [45], who indicated
that tea production is highest during the spring season (March to May) as tea plants receive a desirable
high solar radiation with less cloudiness. Our results show that tea growing areas are impacted by
minimum solar radiation. This means that tea requires a certain amount of minimum solar radiation to
reach its top canopy at a photosynthetically light saturation point. Squire [46] observed a decline in
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the production of tea under cloudy conditions, and a lower amount of solar radiation decreased the
temperature of the tea canopy, which reduced the yield of tea.

A change of the ideal growing conditions, including rainfall and temperature, would severely
affect the geographic distribution, yield, and quality of tea [2,22,47]. According to the results, increased
rainfall increases the suitability for tea cultivation. Non-tea growing regions received significantly
lower rainfall compared to that of tea growing regions on all country levels. Tea requires a higher
mean annual rainfall than other perennial crops [48,49]. This might be the reason for discrepancies
in the rainfall between tea and non-tea growing areas. In particular, there was a larger difference in
rainfall between tea and non-tea growing areas in low-country compared to the other two country
levels. This could be because the random points of low-country non-tea growing areas included lower
elevations than tea growing areas, which received higher annual rainfall especially from the South-West
monsoon when compared to non-tea growing areas. Topographical features strongly affect the spatial
patterns of monsoonal rainfall even within the same district of Sri Lanka [50]. Our results show that
the rainfall of tea growing areas varied between 2250–3500 mm, and this result was consistent with the
findings of previous studies [22,49] as 2500–3000 mm/per year is considered an optimum rainfall for
tea cultivation. Non-tea growing areas received lower rainfall across all the country levels. A reduction
in the monthly rainfall by 100 mm could reduce the yield by 29−81 kg/ha/month [51], and impact on
the tea quality [52] and its geographical distributions [22]. This may be the reason why some areas are
less suitable for tea cultivation and have been known as non-tea growing regions.

Unlike rainfall, the suitability of tea cultivation decreased with an increasing temperature. This was
perhaps due to the inhibition of the shoot growth of tea at higher temperatures [14,53]. Our findings
indicated that the mean temperature recorded in both tea growing and non-tea growing areas was in
the range of 20–30 ◦C, which is desirable for shoot growth and the production of tea, which is similar
to the findings of previous studies [15,26,40,45]. However, a lower temperature was recorded in all tea
growing areas compared to non-tea growing areas because higher temperatures are not ideal for the
tea plant as they tend to reduce the quality and yield of the tea [7,13,53]. Furthermore, up-country tea
growing areas provided the desirable temperature to grow tea as it is close to the optimum temperature
(22 ◦C) [13,53] for the shoot growth of Ceylon tea cultivars. Additionally, optimum yields were recorded
at temperatures around 22 ◦C under the study conducted by Abeysinghe [54].

Findings show that the slope was another important covariate that determined tea distribution in
Sri Lanka. Tea growing areas in the low- and mid-country had higher slopes than in the up-country,
but lower slopes in the up-country, which indicates a specific slope requirement for tea cultivation. Land
with a slope between 15–25◦ is considered as having a very highly suitable class, while a gentle slope
(>5–7◦) is regarded as being highly suitable for tea. The class of “very steep slope” (>35◦) is considered
as being unsuitable for tea [19]. Thus, more flatlands in low-country and steeper slopes (>35◦) in
up-country are best avoided because flatlands will increase water logging conditions while steeper
slopes provide a major risk of soil erosion and landslides, which is undesirable for tea growth [47,55].

Tea cultivation areas were distributed across all aspects from north to south, and the solar radiation
received for different aspects varied. The face that a land introduces to the sun (for instance, the north
or south) plays a major role in the generation of the microclimate [56,57]. Among the aspects, the
southeast facing areas were more likely to decrease the probability of an area being a tea growing
area than any other aspects. The highest solar radiation was received towards the south direction,
followed by the southeast and southwest directions in both tea growing and non-tea growing regions.
For the geographical location of the investigated regions (in the Northern Hemisphere), the south
aspect is the best for receiving a high solar radiation for a given surface area because the slope is tilted
toward the sun [58].There was a significant difference between the elevation of tea-growing areas
and non-tea growing areas in all low, mid, and up-country areas. The results clearly show that tea
growing areas recorded a higher elevation than non-tea growing areas on all country levels, and the
difference in elevation between tea and non-tea growing areas tended to increase as the elevation
increased. This was largely due to the fact that tea plants prefer to grow at high elevations as climatic
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conditions at high elevations are highly favourable for the development of aromas, and the cold nights
and misty peaks slow down the growth of the tea plant, leading to a higher concentration of aromatic
oils and richer flavours [18]. However, the maximum elevation of tea growing areas is limited to 2289
m. This result is quite similar to a previous study undertaken by Covey [59] as they indicated that the
suitability of tea growing areas tended to decline with a higher elevation since colder temperatures at
higher elevations further reduce tea yields.

In a nutshell, this study indicates the differences between tea and non-tea growing areas with
respect to climatic and topographic covariates. These environmental factors primarily determine
where to grow tea in accordance with its physiological requirements. Adequate knowledge of
environmental covariates in the distribution of tea is crucial since even slight perturbations of the
suitable environmental factors could inhibit the prospects for tea growing, especially in an era of
climate change. Furthermore, this study comprehensively assessed the variations in solar radiation,
temperature, rainfall, elevation, aspect, and slope across tea and non-tea growing regions. However,
this study was limited by the fact that it did not include soil factors in its analysis due to the lack of
a clear and detailed coverage of the point-based soil profile data in Sri Lanka. However, tea has a
wide tolerance of different soils so long as low fertility soils are regularly replenished with organic
matter [60]. Therefore, in a sense it is the least critical or the most easily managed environmental factor.
However, it is vital to conduct further studies that incorporate soil pH as well, since soil pH is the most
important soil parameter in tea cultivation [61,62].

5. Conclusions

This study highlights the disparities between tea and non-tea growing areas with respect to
climatic and topographic covariates while revealing the relationship between these covariates and the
spatial distribution of tea in Sri Lanka. Solar radiation, elevation, slope, mean temperature, annual
rainfall, and aspect were significantly correlated with the distribution of tea in Sri Lanka. Tea growing
areas were generally situated where less solar radiation was received by the surface when compared to
non-tea growing areas. Both the elevation and slopes in tea growing areas were significantly higher
than those of non-tea growing areas in all stratified zones. An increased rainfall increases the suitability
for tea cultivation, while the suitability of tea cultivation decreases with an increasing temperature.
Areas with a north-facing slope had the highest suitability for tea cultivation. Solar radiation provides
a stronger explanatory environmental variable for the geographic variation in tea cultivation across
Sri Lanka, followed by slope and aspect. Slope and aspect are of course facilitators or inhibitors of
solar radiation. The information provided in this study can be useful in developing effective land
and/or climate suitability assessment criteria for tea as it provides a synopsis of the physiological
requirements for tea to sustain its habitat. Furthermore, these findings shall enable stakeholders to
identify the impact of environmental covariates on tea suitability and provide insights to prepare a
suitability map of tea distribution in Sri Lanka. The suitability maps for tea can be used to identify
more productive regions to expand tea lands and also the limiting factors, if any. Understanding
the roles of climatic and topographic covariates is vital for decision-makers in the tea sector, since a
clear understanding can help in diagnosing problems and finding solutions efficiently to ensure the
sustainability of tea cultivation. However, further research is suggested on the relationship between
environmental variables including soil factors and the distribution of tea cultivation. In addition, the
tea growing area is considered to be determined not only by natural environmental factors, including
climate and topography, but also by socio-economic and cultural factors. Therefore, it is crucial to
incorporate these factors in analyses from further research efforts.
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