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1 | INTRODUCTION

Bush tea (Athrixia phylicoides DC.) is a perennial, aromatic,
indigenous shrub cultivated in South Africa, well-regarded
for its traditional use as an herbal tea and medicinal herb
(Lerotholi et al., 2017; Tshikhudo et al., 2019). The plant is
known to possess pharmacological properties, and its leaves
and stems are rich in bioactive compounds that hold signifi-
cant medicinal value, including the treatment of heart disease,
headaches, and infected wounds (Lobo et al., 2010; Mudau
et al., 2007). Additionally, its compounds have been associ-
ated with potential benefits in managing high blood pressure,
infected throats, and blood purification (Rakuambo et al.,
2009). Notably, the edible parts of the plant contain notable
levels of polyphenols, tannins, antioxidants, quercetin, and
flavonoids, contributing to its therapeutic significance (Tshiv-
handekano et al., 2018). Despite its valuable attributes, bush
tea plants are still primarily gathered from the wild, prompt-
ing efforts for their domestication and commercialization
(Lerotholi et al., 2017; Reichelt et al., 2012).

Current research has emphasized the influence of cultural
practices, mineral nutrition (Mudau et al., 2007; Tshivhan-
dekano et al., 2018), pruning (Mohale et al., 2018), and
environmental conditions (Ramphinwa, McHau, et al., 2022;
Tshivhandekano et al., 2018) on the growth, development,
and quality of the bush tea plant. Bush tea has exhibited some
water stress tolerance compared to other tea cultivars; hence,
the investigation into the impact of varying water regimes on
its production and quality remains limited (Ponmurugan et al.,
2016). Water is considered a crucial resource for promoting
vegetative growth and reproductive stages, particularly in
arid and semi-arid regions, where fluctuations in rainfall can
significantly affect plant growth and quality (Chivenge et al.,
2015; Rostamza et al., 2011). Prior research has highlighted
the influence of water stress on various plant species, indicat-
ing its significance in plant biomass, leaf area, and secondary
metabolite production (Chiappero et al., 2019).

Environmental conditions significantly impact the growth
and development of bush tea. Furthermore, Ramphinwa et al.
(2022) found that the application of shade nets in tea culti-
vation areas has been documented to enhance tea leaf quality
through increased amino acid concentration, decreased cat-
echin content, and prevention of flavonoid accumulation,
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ET, treatment (171.2 kg/ha) and control (stress) (68.2 kg/ha). The water produc-
tivity exhibited notable differences across the varying water regimes. These findings
contribute valuable insights for developing appropriate irrigation management strate-
gies to overcome existing limitations in the scale of bush tea production. The research
lays the groundwork for future studies and practical applications aimed to foster the
sustainable cultivation of bush tea in South Africa.

ultimately leading to improved plant growth and productivity.
Bush tea is harvested from the wild and while the domestica-
tion of this crop is now critical due to its commercial potential,
the investigation into the impact of varying water regimes on
its growth, development, and yield is imperative. Therefore,
the main objective of this study was to assess the response of
bush tea to different water regimes, particularly focusing on
plant growth, development, and yield.

2 | MATERIALS AND METHODS
2.1 | Plant material, site description, and
experimental design

A field experiment was conducted from spring to summer sea-
son in the year 2022 at the Controlled Environment Research
Unit (CERU), located at the University of KwaZulu-Natal
(UKZN) in Pietermaritzburg, South Africa (29°37' S; 30°16’
E). The region experiences an annual rainfall of 400 mm,
with 45% occurring during rainy days from June to August,
typical of its humid, sub-tropical climate. Temperature fluc-
tuations are significant, ranging from a maximum of 33°C
during summer to a minimum of around 26°C in winter. The
soil from the experimental site was sampled randomly at the
beginning of the trial from a depth of 0-30 cm using a soil
auger. Thereafter, the soil samples were then submitted to the
Institute for Commercial Forestry Research (ICFR) Analytical
and Research Laboratory to determine chemical and physical
properties. The type of soil at the experimental site is predom-
inantly characterized as loam (Table 1). The bush tea stem
cuttings used in the study were sourced from the Agricultural
Research Council (ARC) in Nelspruit, Mpumalanga province,
South Africa (25°.4518’ S, 30°.9697’ E). Thereafter, two prop-
agation media, sand and pine bark, were randomly assigned to
seedling trays with 5 X 3 X 4.5 cm (width, breadth, and depth)
cells. Cuttings were treated with Seradix No. 2 and planted in
trays with a 2:1 ratio of pine bark to sand, each containing
45 cuttings. The trays were initially placed in shade netting
and later transferred to a greenhouse, with irrigation adjusted
based on solar radiation and plant size to maintain soil mois-
ture. Bush tea plants were transplanted to the experimental
field 80 days after the cuttings were set (Maedza, 2015).
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The experiment was laid out in a complete randomized
block design (CRBD) with three treatments (100%, 30%, and
control [stress] of crop water requirement [ET,]), replicated
three times. The total plot area was 100 m?, and the plant
population was kept at 6944.44 plants/ha. The size of the indi-
vidual plots was 10 m X 10 m. Each plot consisted of two plant
rows, 1.2 m and 0.75 m (inter- and intra-row spacing), giving a
total of 12 plants per plot. Weeding was done by hand prior to
crop establishment and then weekly until the crop reached full
maturity. The irrigation schedule was determined by the daily
ET, from the product of normal tea (unshaded) crop factors
(Table 2), and the monthly average reference evapotranspira-
tion (ET,) was determined daily throughout the experimental
period, enabling an accurate timely response to the plant’s
water needs. The on-site automatic weather station of the
Discipline of Agrometeorology was used to collect the evap-
otranspiration reference data. All treatments were irrigated
to reach field capacity before starting the treatments. This
practice was adopted to minimize potential losses from evap-
oration and drainage and to ensure that the soil maintained
adequate moisture levels during the critical peak periods of
the day (Table 2). As a result, the ET, was calculated using
Equation (1):

ET, = ET, x K, )

2.2 | Data collection

Weather data were obtained from an automated weather sta-
tion using honest observer by onset data logger sensors (Onset
Computer Corporation) (Table 3). The data were measured
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Core Ideas

* Bush tea is an indigenous shrub of South Africa
known for its medicinal properties.

* Water serves as a fundamental component for
the growth and development of medicinal plants,
playing a crucial role.

* Bush tea and water management contribute to
food security, offering potential nutritional and
medicinal properties.

included minimum (7,;,) and maximum (7},
perature (°C), solar radiation, relative humidity rainfall, and
reference evapotranspiration (mm) was calculated using the
Food Agriculture Organization calculator. The soil water con-
tent was determined through gravimetric sampling. Six soil
samples were collected at a depth of 30 cm from all water
treatments in each plot and sealed in zip-lock bags to prevent
moisture loss. Subsequently, the gravimetric water content
was calculated using Equation (2):

fwet — 6d
0g) = [ 2=~ ) 100 % )
fdry

), air tem-

where 6g is the Gravimetric moisture content (%), fwet is the
wet soil (g), and fdry is the dry soil (g).

Equation (3) is used to calculate volumetric water content
from gravimetric water content:

during spring and summer cropping season, from August 30 0 0 Psoil 3
to November 1, 2022. Daily meteorological data considered (6v) = bg X ( Pwater ) @)
TABLE 1 Physical and chemical characteristics of soil in the field.
Clay (%) Organic C (%) pH (KCl) P (cmol/kg) Ca (cmol/kg) K (cmol/kg) Mg (cmol/kg) Na (cmol/kg) N (%)
21.1 2.70 5.20 15.75 8.16 0.68 1.49 0.05 0.19
TABLE 2 Crop water requirements of bush tea in response to varying water regimes.
ET, ET Duration
K, (mm) (mm) (days) Total water applied (mm)
Initial 0.95 10.2 9.96 40 408
Mid-season 1.00 8.61 8.61 61 525.21
Late season 1.00 12.2 28 341.60
Water applied (ET,)
100% 1274.81
30% 382.44
0% 0

Note: K, crop factor based on Allen et al. (1998); ET,, reference evapotranspiration; ET,, crop water requirement, which was measured during the spring to summer

season of the year 2022.
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TABLE 3 Rainfall and temperature data for the duration of the experimental period from the UKZN CERU field.

Total June July
Rainfall (mm) 299 11 9
Temp,,;, CC) 90 10 9
Temp,,,, (°C) 150 22 24

Note: Temp,;, and Temp, . represent the minimum and maximum temperatures, respectively, recorded during the growing season.

where v is the volumetric moisture content (%), 0g is the
gravimetric moisture content (%), Psoil is the bulk density
of that given soil (g/cm?), and Pwater is the water density
(g/em?).

Crop water use was then determined using Equation (4):

ET, = P + ASWC @)

where ET, is the actual evapotranspiration (mm), P is the
precipitation (mm), and ASWC is the changes in soil water
content (mm).

2.3 | Morphological measurements

Leaf gas exchange and chlorophyll measurements were mea-
sured using LI-6400 XT Portable Photosynthesis System
(Licor Bioscience, Inc.) integrated with an infrared gas
analyzer (IRGA) attached to a leaf chamber fluorometer
(640040B, 2 cm? leaf area, Licor Bioscience, Inc.). Measure-
ments were taken on the third half-fully formed leaf from the
plant’s tip between 08:30 a.m. and 11:30 a.m. by clamping
the leaf inside the sensor head, with analysis conducted from
the vegetative stage to harvesting (Figure 1), with three plants
from each treatment, replicated three times.

24 | Yield

The assessment of yield included the measurement of biomass
with the collection of bush tea samples taking place 119
days after planting. A comprehensive assessment of bush tea
yield components was conducted by sampling three plants for
each treatment. The measurements recorded on a plot basis
included the yield, focusing on the fresh above-ground mass.

2.5 | Determination of water productivity

Water productivity was calculated using Equation (5):
WP =Y, /ET, Q)
where WP is the water productivity (kg/m®), Y, is the

biomass, and ET, is the water applied based on crop water
requirement.

August September October November
30 42 95 110
30 11 13 16
26 28 23 25
Leaf
Stem

Root system

FIGURE 1

Bush tea plant at harvest.

2.6 | Determination of nutritional
composition

The aerial parts of bush tea plant were freeze-dried using
a model RV3 vacuum freeze drier (Edwards) immediately
after yield determination to preserve nutrients and avoid fur-
ther metabolic reactions. Thereafter, samples were ground
using mortar and pestle and analyzed for nutritional con-
tent. The nutrients analyzed per dry matter basis included
macro-nutrients (calcium [Ca], magnesium [Mg], and potas-
sium [K]) and micro-nutrients (copper [Cu], zinc [Zn], iron
[Fe], manganese [Mn], and sodium [Na]).

2.7 | Determination of nutritional water
productivity (NWP)

Nutritional water productivity was calculated using Equa-
tion (6):

NWP = (Ya/ET,) X NC )
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O Control
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LSD (.05 = 2.36

Soil moisture content (%)

FIGURE 2
of bush tea over 5-week period.

Soil water content (%) under varying water regimes

where NWP is the nutritional water productivity (nutrition/m?3
of water evapotranspired), Ya is the actual harvested yield
(kg/ha), ET, is the water applied based on crop water
requirement (m3/ha), and NC is the nutritional content (kg™ b,

2.8 | Statistical analysis

Data were subjected to analysis of variance using GenStat
version 20 (VSN International). The least significant differ-
ence (LSD) was used to separate means at the 5% significance
level.

3 | RESULTS AND DISCUSSION

3.1 | Soil water content

The data in Figure 2 displays the gravimetric sampling of
soil water content (SWC) under different water regimes (ET,
levels) over 5 weeks. The results illustrate significant dif-
ferences in soil moisture levels among the water treatments.
Notably, the 30% ET, water treatment exhibited the high-
est SWC, peaking at 15% during the study period, followed
by the 100% ET, treatment with a maximum of 12%, and
the control group with a peak SWC of 9%. These findings
underscore the critical role of soil water content in influencing
various aspects of plant development, productivity, and soil
temperature, as well as the overall water dynamics within the
soil (Deutsch et al., 2010). Moreover, the presence of higher
moisture content in the unsaturated root zone indicates that
bush tea plants prefer moderately moist soil conditions rather
than excessively wet environments (Choi & Jacobs, 2007).
These observations may be attributed to the complex inter-
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TABLE 4 Yield components of bush tea under varying water
treatments (30% ET,, 100% ET,, and control).

Water treatments

(ET,) Yield (kg/ha) WP (kg/m?)
Control 68.2a Oa

30% 171.2b 570.5b
100% 259.1c 259.1¢c
LSD, < 5% 791 8.33

Note: Water productivity (WP) represents the total biomass, including leaves. The
yield and WP values are statistically significant according to the least significant
difference (LSD) (5% level). Lowercase letters indicate the signficant differences.

play of factors, such as soil texture and pore size distribution,
which impact water depletion rates in different plant species
(Gatabazi et al., 2022).

3.2 | Yield

The study revealed significant differences in yield parame-
ters, specifically in yield and water productivity (WP), among
varying water treatments for bush tea plants (Table 4). The
highest recorded yield was observed in the 100% water
treatment, amounting to 259.1 kg/ha, surpassing the 30%
treatment, which yielded 171.2 kg/ha. Conversely, the control
treatment exhibited the lowest yield at 68.2 kg/ha. This reduc-
tion in yield under the control treatment could be attributed
to water stress, a known factor limiting plant growth and
crop yield across various agricultural settings (Gatabazi et al.,
2022). These findings align with the observations made by
Keshavarz Mirzamohammadi et al. (2021), who noted that
water stress during the vegetative phase can impede cell
division and expansion, ultimately leading to reduced plant
growth and development.

Additionally, water-deficient plants tend to close stomata
and restrict nutrient uptake in the root system, culminating
in decreased dry matter accumulation (Keshavarz & Khod-
abin, 2019). Furthermore, drought-induced reductions in the
leaf area index during the growing season can limit bio-
logical yield by diminishing photosynthetic rates (Yang et
al., 2018). In terms of WP, water treatments also exerted
a significant influence (p < 0.05). The 100% water treat-
ment exhibited the highest WP, with a yield of 570.5 kg-ha,
outperforming other treatments. These results are consistent
with those presented by Rahil (2022), who emphasized the
direct relationship between the volume of water applied and
the observed results. This outcome was likely influenced
by the full application of water in the 100% treatment. The
current study’s results are in line with those reported by Mab-
haudhi et al. (2019) and Motsa et al. (2015), who employed
similar water treatments in their research on sweet potato
production.
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TABLE 5§

Water treatments

AcCEss RUMANI ET AL.

Nutritional composition of bush tea under three water treatments (30% ET,, 100% ET,, and control).

(ET,) Ca (mg/L) Cu(mgL) Fe(mgL) K(mgL) Mg(mgL) Mn(mgL)  Zn(mgL)
Control 127.3a 0.207a 9.60a 137a 43.4a 2.133a 2.173a
30% 624.7¢c 2.433c¢ 18.07¢ 1175.3¢ 817.0c 10.20c 7.933¢
100% 422.0b 1.523b 13.60b 870.0b 501.0b 4.803b 3.40b
LSD(, <005 4.5 0.23 2.3 1.78 1.73 1.60 6.90

Note: Lowercase letters indicate the signficant differences.

Abbreviation: LSD, least significant difference.

TABLE 6 Nutritional water productivity of bush tea under three water treatments (30% ET,, 100% ET,, and control).

Water treatments NWP_Ca NWP_Cu NWP_Fe NWP_K NWP_Mg NWP_Mn NWP_Zn
(ET,) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Control Oa Oa Oa Oa Oa Oa Oa

30% 78,694¢ 317.9¢ 18.07¢ 1175.3¢ 817.0c 10.2¢ 1018.7¢
100% 17,296b 62.8b 13.60b 870.0b 501.0b 4.80b 789.7b
LSD , 05 5.68 6.01 2.0 1.78 1.63 1.60 6.90

Note: NWP_ micro and macronutrients (ppm/mg/L): This denotes the analysis of variance concentration of micro- or macronutrients in milligrams per liter of water. The

lowercase letters indicate the signficant differences.

Abbreviation: LSD, least significant difference; NWP, nutritional water productivity.

3.3 | Nutritional composition

The results indicated that the nutritional composition of
bush tea plants was significantly influenced by the varying
water regimes. Notably, the 30% ET, treatment demonstrated
the highest nutritional composition, with increased levels of
essential elements such as Ca, Cu, Fe, K, Mg, Mn, and
Zn compared to the 100% ET, and water stress treatments
(Table 5). The observed lower nutritional composition under
water stress conditions could be attributed to the adverse
effects of drought on nutrient uptake in plants, resulting in
altered ion concentrations within plant tissues (Corell et al.,
2012). These findings are consistent with the research of
Gunes et al. (2006), who similarly reported decreased nutri-
ent uptake and mineral nutrient concentrations in crops under
drought stress conditions. In addition, the optimized water
treatment level is approximately 88.09% ET,. This means that,
according to the quadratic regression model, the nutritional
composition of bush tea (specifically, calcium concentration
in parts per million) is predicted to be maximized when
the water treatment level is around 88.09% of the reference
evapotranspiration (ET),) rate.

3.4 | Nutritional water productivity

The results obtained from the study demonstrate a significant
difference in the micronutrient and macronutrient parameters,
including Ca, Cu, Fe, K, Mg, Mn, and Zn, under varying water
treatments (Table 6). Notably, the NWP_Ca (78694/m?>) was
found to be higher under the 30% ET, water treatment com-

pared to the other treatments. The optimized water treatment
level is approximately 54.44% ET,. This means that, accord-
ing to the quadratic regression model, the nutritional WP of
bush tea (specifically, calcium concentration in parts per mil-
lion per unit of water) is predicted to be maximized when the
water treatment level is around 54.44% ET rate. These results
provide valuable insights into the relationship between water
treatment levels and both nutritional composition and nutri-
tional WP of bush tea. They suggest that there exists an opti-
mal water treatment level for maximizing these parameters,
emphasizing the importance of water management in tea culti-
vation to achieve desired nutritional outcomes while optimiz-
ing water use efficiency. Similarly, the NWP_K (1175.3/m?)
was observed to be higher under the 30% ET, treatment in
comparison to the 100% ET, (870.0/m?) and stress conditions
(0 mg/L). The interaction between NWP and micronutrients
and macronutrients to water treatments was also found to
be significantly different (p < 0.01). These results can be
attributed to the varying responses of plants to water stress,
influenced by the intensity and duration of the stress (Hos-
seinzadeh et al., 2018). Additionally, the findings align with
previous observations on yield, WP, and nutritional content
(Mabhaudhi et al., 2019), highlighting the potential of bush
tea to provide nutrition even under limited water conditions.

3.5 | Leaf gas exchange and chlorophyll
fluorescence measurements

The findings from this study reveal a significant effect of vary-
ing water regimes on the physiological parameters, including
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TABLE 7
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Analysis of variance showing mean squares and significant tests for leaf gas exchange and chlorophyll fluorescence measurements of

bush tea under three water treatments (30% crop water requirement (ET, ), 100% ET,, and control).

Leaf gas exchange measurements

Source of variance df g, T A A/C; c/C, WUE; WUE,,
Water treatment 2 0.0672744%*  99.730**  236.4336** 444,986.0** 1.37390**  86.49%* 54.6706%* 512.482%*
Time 1 0.1734605** 614.302* 1679.5086** 628,587.7** 103.43761** 789.04** 1232.8113** 14,192.359**
Water treatment x 2 0.0056122*  32.338* 70.7924%*  24,220.3%* 1.25047*%  75.24%* 5.4087%* 222 .444%x*
time

Residual 12 0.0005902 2.505 0.4742 828.5 0.03739 12.44 0.9491 3.111
Leaf gas exchange measurements

Source of variance df Fo F, F /F,, Dot qP gN ETR

Water treatment 2 212,670.4%F 264,909  0.0364162%* 39.9027**  6.9390** 0.85000%**  3487.627**
Time 1 395,624.4%* 2004 0.0799728*  1120.0131** 1.6563** 1.21607**  11,604,621**
Water treatment X time 2 55781.1* 584" 0.0142603%* 3.4191%% 0.1244** 0.84353**  1,722,146**
Residual 12 739.4 9033  0.0006282 0.3031 0.2717 0.01148 16,521

Abbreviations: A/C;, CO, assimilation rate/intercellular CO, concentration; A, net CO, assimilation rate; C;/C,, ratio of intercellular and atmospheric CO,; C;, intercellular
CO, concentration; df, degrees of freedom; ETR/A, relative measure of electron transport to oxygen molecules; ETR, electron transport rate; Fo, minimal fluorescence

yield; F, /F,

m>

maximum quantum efficiency of photosystem II photochemistry; g, stomatal conductance; gN; non-photochemical quenching; qP, photochemical quenching;

T, transpiration rate; WUE;, intrinsic water use efficiency; WUE, , instantaneous water-use efficiency; ®pgy, the effective quantum efficiency of PSII photochemistry.
* and ** denote significance at 5% and 1% probability levels, respectively; Ns, non-significant.

leaf gas exchange and chlorophyll fluorescence in bush tea
(Tables 7 and 8). Photosynthetic rates were significantly influ-
enced by varying water regimes, showing distinct differences
among the treatments. Notably, the 30% ET, treatment exhib-
ited the highest rates, with A net photosynthetic rate values
of 29.57 and 36.18 umol CO,/m?/s during weeks 1 and 2,
respectively. Additionally, the 100% ETa treatment displayed
improved photosynthetic rates, recording values of 22.79
and 26.80 pumol COZ/mz/s. In contrast, the control treatment
exhibited the lowest photosynthetic rates, with values of 17.64
and 24.19 pmol CO,/m?/s for weeks 1 and 2, respectively.
These findings suggest that the 30% ET, treatment provided
the most conducive conditions for photosynthetic rate in bush
tea, resulting in significantly higher rates compared to the
control and 100% ET, treatments. The results emphasize the
plant’s ability to efficiently utilize water, even under limited
water conditions, thereby enhancing photosynthetic activity
and fostering sustained growth and productivity.

Notably, the control treatment displayed significantly lower
stomatal conductance (0.11 and 0.37 mmol/m?/s) compared
to the other water treatments. This reduction in stomatal con-
ductance is often associated with water stress, which affects
various physiological and metabolic processes, leading to
decreased gas exchange and inhibited photosynthesis (Shao
etal., 2008). These results align with previous observations on
Citron melon production under stress conditions (Mandizvo
et al., 2022), emphasizing the impact of reduced stomatal
conductance and transpiration rate on water conservation
and plant physiological functioning (Mandizvo et al., 2021).
Moreover, the control (stress) treatment exhibited high water

use efficiency, indicating that it efficiently utilized water
through stress mechanisms such as reduced gas diffusion and
transpiration rate. The 30% ET, treatment displayed the high-
est water use efficiency indices (WUE;) of 38.25 and WUE,
of 113.4 compared to the 100% ET, treatment with WUE;
of 34.19 and WUE;, ; of 107.2. This suggests that the 30%
ET, treatment effectively maintained tissue water status, min-
imized water loss, and produced stable yields, highlighting the
potential of bush tea crops to thrive even with limited rainfall.
Furthermore, chlorophyll fluorescence measurements indi-
cated a higher proportion of photosynthetic rate under the
30% ET, treatment compared to other water treatments, which
could be attributed to the relatively lower water received by
the bush tea plants under stress conditions and full irrigation.
These findings further support the idea that bush tea can thrive
well under limited water conditions, even in water-scarce
regions, as demonstrated in provinces like KwaZulu-Natal.

4 | CONCLUSION AND
RECOMMENDATIONS

The result of the study highlights the significant influence of
different water regimes on the growth and yield of bush tea
plants. The highest yield was observed in plants subjected
to 100% ET,, with a subsequent decrease observed in those
under 30% ET, and water stress treatments. Noteworthy is the
finding that the 30% ET, treatment positively impacted soil
water content, nutritional composition, and nutritional WP,
highlighting the importance of optimizing water application
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