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All commercial apple fruit (Malus Domestica (Borkh) exported from semi-arid regions are grown under irrigation
with drip and micro sprinkler systems being the most widely used. Few studies have directly compared the
physiological responses of fruit trees to these systems in detail leading to uncertainties around their performance.
This study investigated variations in transpiration rates, tree water status, growth, water use partitioning, fruit
yield and quality for trees growing on deep sandy soils under these two systems. Data were collected in a mature
Royal Gala orchard in South Africa over three growing seasons. Tree transpiration was quantified using the heat
ratio method of monitoring sap flow while the soil water balance approach was used to derive the evapo-
transpiration (ET) rates. Leaf level results showed that one day after irrigation on hot dry days, the stomatal
conductance was, on average, almost double for trees under micro than those under drip irrigation. There was
more stress under drip with the minimum midday leaf water potential dropping to under -1.80 MPa compared to
only around -1.20 MPa under micro sprinklers. Consequently, the tree transpiration per unit leaf area was
substantially higher under micro sprinkler (2.9 L/m?/d) compared to 2.3 L/m?/d under drip (P < 0.05). Canopy
growth was slower under drip with peak leaf area index (LAI) around 2.1 compared to 2.7 under the micro
sprinkler system. The micro sprinkler system had a more active ground cover than the drip. At peak canopy cover
in summer, up to 28% of ET was derived from the orchard floor under micro compared to only 15% under drip.
However, fruit size and fruit quality were lower under drip compared to micro sprinkler irrigated trees. The study
highlights that while water savings are high under drip irrigated orchards on sandy soils, trees tend to experience
considerable water stress culminating in smaller fruit of compromised quality.

1. Introduction Yet the available water resources are almost fully allocated in the major
fruit growing catchments (Hope et al., 2008). This means that future

Irrigated agriculture consumes more than 60% of the world’s expansion of the fruit industry can only be achieved by increasing water

freshwater resources (Reinders et al., 2013; Reddick and Kruger, 2019).
However, water for irrigation is increasingly becoming limited, espe-
cially in key fruit producing countries in the Mediterranean regions such
as South Africa, Italy, and Spain, amongst others (Stevens and van
Koppen, 2015; Hortgro, 2021). This is mainly due to climate variability
and change that is increasing the frequency and severity of droughts,
rising competition for water between agriculture, industry, recreation,
and growing populations (Dzikiti et al., 2018). In South Africa, for
example, all commercial fruit produced for export are grown under
irrigation (Volschenk et al., 2003; Gush et al., 2019; Mobe et al., 2021).

use efficiencies using the existing water allocations (Reinders et al.,
2013; Dzikiti et al., 2018).

The need to reduce water consumption, while producing high yields
of good quality fruit, has seen the widespread adoption of water saving
irrigation technologies such as drip and micro sprinkler systems in or-
chards (Fereres and Soriano, 2007; Gush and Taylor, 2014). However,
proper design and implementation of these methods requires a good
understanding of the soil-plant-atmosphere interactions for optimal
operation and to improve water use efficiency (Kadigi et al., 2019). Lack
of detailed information on tree physiological responses to these systems
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has caused uncertainties on the best irrigation methods in water scarce
countries like South Africa. This has resulted in farmers switching from
one irrigation system to another on a trial-and-error basis, without good
scientific evidence. For example, micro sprinkler irrigation wets larger
soil surface areas than drip (Simoes et al., 2020). This inevitably affects
the development and distribution of root systems which may ultimately
affect tree water and nutrient uptake rates (Taiz et al., 2015; Dzikiti
et al., 2022). While some studies exist comparing the irrigation volumes
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applied under drip and micro sprinkler systems (Fallahi et al., 2010), no
comprehensive measurements exist directly comparing the tree tran-
spiration dynamics due to these two irrigation practices. Insufficient
water supply to the root zone causes stomatal closure, which reduces
both transpiration and photosynthesis and overall orchard productivity
(Fernandez et al., 2020). Drip irrigation, on the other hand, is known to
reduce field floor evaporation (Rao et al., 2017). But few studies have
directly measured and compared the orchard floor evaporative fluxes
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Fig. 1. Location of the study site in the Western Cape (WC) Province of South Africa, showing land use activities in the vicinity, extracted from the national

landcover record.
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under drip and micro sprinkler systems in commercial orchards under
semi-arid Mediterranean conditions. Little is also known about the
contribution of the undergrowth vegetation cover, which is sustained to
various degrees by different irrigation systems, on the orchard evapo-
transpiration dynamics (Ntshidi et al., 2021a). Most studies that have
compared the performance of drip vs micro sprinkler irrigation in or-
chards have focused on the effects on shoot and fruit growth, fruit yield
and quality (Fallahi et al., 2010; Chen et al., 2018). Detailed information
linking evapotranspiration partitioning to tree water relations and yield
is essential for the design of irrigation systems, and for developing ac-
curate irrigation schedules (Kool et al., 2014; Fernandez et al., 2020).
The objectives of this study were therefore: (1) to measure and compare
the transpiration dynamics of apple trees growing under drip and micro
sprinkler irrigation systems on deep sandy soils in a semi-arid environ-
ment, (2) to quantify the effects of the different irrigation systems on
evapotranspiration partitioning taking into account the contribution of
the understorey vegetation, and; (3) to quantify the effects of the two
irrigation systems on tree water status, tree and fruit growth, yield
quality and quantity.

Detailed knowledge on crop water use is important to improve water
use efficiency (Kadigi et al., 2019) and this is affected by irrigation
system, amongst other factors. Water use in orchards is often estimated
from readily available weather data using the reference evapotranspi-
ration data calculated using the modified Penman-Monteith equation
(Allen et al., 1998). The reference evapotranspiration data are adjusted
with appropriate crop coefficients (Mobe et al., 2020a) which are
different for different irrigation systems. The information produced in
this study will provide insights on how water resources can be best
managed in high-density apple orchards growing on sandy soils in the
semi-arid Mediterranean regions.

2. Materials and methods
2.1. Study site description

This study was conducted over three years (2017/18, 2018/19 and
2019/20) at Riverside farm (33°57'5” S; 019°18'44" E; 317 m asl). The
orchard is located about 2.0 km south of Villiersdorp town close to the
eastern edge of the Theewaterskloof dam in the Western Cape Province
in South Africa (Fig. 1). The study orchard was about 2.36 ha planted to
the Royal Gala cultivar on the MM106 rootstock. The orchard was
planted in 1998 and the trees were trained with a V-trellis system in
north-south orientated rows. Tree spacing between and within the rows
was 3 x 2 m giving a tree density of ~1 667 trees per ha. Average tree
height was maintained at about 3.5 m.

This orchard was under drip irrigation with pressure compensated
drippers delivering about 2.3 L h!. For this experiment 20 trees were
selected in one row in the middle of the orchard during the 2017/18
season and their irrigation was converted to a wide range micro sprin-
kler system with a wetted radius of about 1.2 m.

The rest of the orchard remained under drip irrigation. The drip lines
were on the soil surface with emitters spaced at 0.70 m along the drip
line and each tree row had one drip line. The micro sprinkler irrigated
trees had one micro sprinkler per tree, each delivering 30 L h™!. The
micro sprinkler irrigation was schedule separately from the drip. Irri-
gation scheduling for the drip was done by the farmer using both soil
water content measurements and weather data. The volumetric soil
water content in the root zone was measured using profile capacitance
probes (Model: Dirk Friedhelm Mecker (DFM), South Africa) at several
depths in the range 10 to 100 cm. Weather data were used to determine
the crop water requirements calculated as the product of a crop coeffi-
cient (Kc) and the reference evapotranspiration (ETo) according to
Allen et al. (1998). The farm used a crop coefficient of 1.0 based on
published information for mature apple orchards (Allen et al., 1998).
Irrigation for the micro sprinkler system was applied every second or
third day while that under drip was almost daily depending on weather
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conditions. There was an active understorey vegetation (cover crop) of
the tall fescue variety (Festuca arundinacea) that mostly grew on the
wetted areas, spanning over ~0.5 m in the middle of the tree rows for
the micro sprinkler irrigated trees. The rest of the inter-row spaces for
the drip irrigated sections were bare except for vegetation that grew
along the drip lines.

The orchard was on flat terrain, and it had no ridges. The soils were
loamy sandy soils of the Fernwood soil form (Hyperalbic Arenosol, Soil
Classification Working Group,1991) with a low stone content and pH of
~6.5. The physical and chemical properties of the soil are summarized
in Table 1, the soil samples were taken from four levels down the soil
profile.

2.2. Data collection

2.2.1. Site microclimate, soil water content, and irrigation measurements

The microclimate of the study site was measured using an automatic
weather station located about 150 m from the edge of the orchard. The
station measured solar radiation, air temperature, relative humidity,
wind speed and direction. Reference evapotranspiration (ETo) was
calculated following the FAO-56 Penman Monteith approach (Allen
et al., 1998). The automatic weather station was installed over a uniform
short grass surface whose attributes resemble the grass reference crop
(Allen et al., 1998). Equipment used comprised a pyranometer (Model:
SP 212 Apogee Instruments, Inc., Logan UT, USA) that measured the
solar irradiance. Air temperature and relative humidity were measured
with a temperature and humidity probe (Model: HMP60 Campbell Sci-
entific, Inc., Logan UT, USA) installed at ~2.0 m above the ground. A
three-cup anemometer and wind vane (Model R. M. Young Wind Sentry
Set model 03,001, Campbell Scientific, Inc., Logan UT, USA) measured
wind speed and direction, respectively at 2.0 m height, while rainfall
was recorded using a tipping bucket rain gauge (Model: TE525-L;
Campbell Scientific, Inc., Logan UT, USA). All the sensors were con-
nected to a data logger (Model: CR1000 Campbell Scientific, Inc., Logan
UT, USA) programmed with a scan interval of 10 s. The output signals
were processed at hourly and daily intervals.

In order to compare the soil moisture regimes in the rootzone of the
two treatments, additional data on the volumetric soil water content was
monitored at various depths using time domain reflectometer probes
(Model: CS616, Campbell Scientific, USA). The sensors were installed at
0.25, 0.50 and 1.0 m from the soil surface, for each irrigation system
which covered the effective root zone that extended to about 0.7 m. The
actual volumes of irrigation applied were measured using electronic
water flow meters (Model ARAD: Multijet, Netafim™, South Africa) that
were installed along the irrigation lines.

2.2.2. Tree transpiration and water status measurements

Tree transpiration was measured using the Heat Ratio Method
(HRM) of the heat pulse velocity sap flow monitoring technique
(Burgess et al., 2001). Three trees with varying stem sizes were selected
and instrumented in each treatment. The sap flow sensors were installed
about 10-15 cm above the scion-rootstock bud union. The sap flow rates
were measured at hourly intervals throughout the study period. The
HRM equipment comprised of a heater inserted in the xylem midway (~
5 mm) between an upper and lower T-type thermocouple (TC). Four TCs
were installed in each tree at different depths in the sapwood to account
for the radial variations in sap velocity (Wullschleger and King, 2000).
Drilling of the holes was performed with a battery-operated drilling
machine, using a drill template strapped to the tree, to ensure that the
holes were vertically aligned with the axis of the stem (Ntshidi et al.,
2018b). The duration of the heat pulse was about 10 s, and this was
initiated via the control ports on the CR1000 data loggers (Campbell
Scientific, Logan, UT). An AM16/32B multiplexer (Campbell Scientific,
Logan, UT) was used to expand the number of channels to measure the
sapwood temperature.

The heat pulse velocities, calculated according to Burgess et al.
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Table 1
Physical and chemical properties of the soil at Riverside farm in Villiersdorp, Western Cape, South Africa.
PHYSICAL PROPERTIES
Depth Clay Silt (%) Sand (%) Fine sand Medium sand Coarse sand Stone Classification Water holding
(cm) (%) (%) (%) (%) (%) capacity
10 kPa (%) 100 kPa mm/m
(%)
0-10 6.2 6 87.8 53.4 25.4 9 1.4 Loamy fine 22.21 10.34 118.64
sand
25 8.2 8 83.8 48.3 27 8.5 1.36 Loamy sand 22.52 11.3 112.22
50 8.2 6 85.8 51 25.4 9.4 1.45 Loamy fine 22.42 10.89 115.35
sand
100 8.2 6 85.8 53.6 28.2 4 1.19 Loamy fine 21.97 10.31 116.58
sand
CHEMICAL PROPERTIES
Ex. Cations (cmol (+) /kg)
pH P K (mg/ Cu (mg/ Zn (mg/kg) Mn (mg/kg) B (mg/ Fe Na K Ca
(KCL) kg) kg) kg)
(mg/ (mg/kg)
kg)
0-10 6.50 152.00 89.20 6.10 7.60 31.00 0.66 65.30 0.95 3.61 83.73
25 6.30 106.00 84.70 5.20 2.40 14.60 0.34 63.90 1.11 4.82 82.04
50 6.50 109.00 79.80 6.60 1.10 10.20 0.30 66.60 1.09 4.47 82.97
100 6.10 40.10 30.60 1.70 4.00 6.80 0.29 57.80 2.39 2.34 77.61

(2001) were corrected for wounding caused by the drilling, using wound
correction coefficients described by Swanson and Whitfield (1981). The
corrected heat pulse velocities were then converted to sap flux densities
according to the method presented by Marshall (1958). The data was
also corrected for the density and moisture fraction of the wood ac-
cording to the procedure by Burgess et al. (2001). Lastly, the sap flux
densities were converted to whole-tree total sap flow volumes by
calculating the sum of the products of the sap flux density and sapwood
area represented by each pair of temperature probes as described by
Dzikiti et al. (2018). Individual-tree sap flow volumes (L h’l) were
converted to daily totals which were then scaled up to a hectare, in
equivalent water depth units (i.e., mm d’l), using the sapwood area
index of the orchard as detailed in Dzikiti et al. (2018).

To establish quantitative relationships between the tree water status
and the extent of stomatal opening under the different irrigation sys-
tems, the leaf water potential was measured concurrently with the sto-
matal conductance. The leaf water potential was measured using a
Scholander-type pressure chamber (Model: 615 PMS Instrument Com-
pany, Albany, OR, USA) while the stomatal conductance was measured
using a diffusion porometer (Model AP4: Delta-T Devices, Cambridge,
UK). These data were collected from four healthy and fully expanded
leaves on each of three tagged trees per treatment at hourly intervals
from sunrise to sunset on selected days. The measurements typically
spanned over several wetting and drying cycles. For example, if the trees
were watered on Monday, these data would be collected from sunrise to
sunset over several days until after the second irrigation event.

2.2.3. Soil evaporation and understorey vegetation transpiration

Soil evaporation was measured using four micro-lysimeters per
treatment over the same periods as the plant water status measurements
described in the previous section. The micro-lysimeters were installed at
different locations on the orchard floor representing different wetting
regimes. Changes in the mass of the micro-lysimeters were monitored at
hourly intervals using a precision mass balance with a resolution of 0.01
g from sunrise to sun set on selected measurement days. The soil used in
the micro-lysimeters was replaced after every 12 h for consecutive
measurement days. The whole surface soil evaporation was calculated as
the weighted sum of the micro-lysimeter measurements with the area
represented by each micro-lysimeter on the orchard floor used as the
weights according to the approach by Testi et al. (2004).

Cover crop transpiration was measured using Dynagage stem heat
balance sap flow gauges (Model: SGA3, Dynamax Inc., Houston, USA).
The sensors were installed on straight stems of the grass and shielded

from exogenous heating using shiny reflective aluminium foils accord-
ing to the manufacturers’ recommendations (Van Bavel and Van Bavel
1990). The cover crop transpiration was also measured at hourly in-
tervals with the sensors connected to a CR1000 datalogger. The sap flow
sensors were installed on three to four understorey plants per treatment
over a few days.

2.2.4. Tree and cover crop leaf area index measurements

The orchard leaf area index (LAI) for the trees under the different
irrigation systems was measured monthly throughout the growing sea-
son using an LAI- 2000 Plant Canopy Analyser (LI-COR Inc., Lincoln, NE,
USA). The data were taken on overcast days when the assumption that
leaves behaved like black bodies was most realistic. The leaf area index
of the cover crop (LAI.) was measured destructively by cutting all the
plants in five randomly selected 50 x 50 cm quadrants on the orchard
floor and measuring their actual leaf area using the leaf area metre
(Model Li-3000, Li-COR Inc., Nebraska, USA). The understorey leaf area
index was calculated as the one-sided leaf area per quadrant divided by
2500 (50 x 50 cm) and an average value determined. At the end of the
measurement cycle, all the single cover crop plants instrumented with
stem heat balance sap flow sensors were cut and the actual leaf area (LA)
of the individual plants measured (Ntshidi et al. (2021b).

Cover crop transpiration, in mm d ~ !, was calculated as the product
of the average sap flow normalized with the transpiring leaf area and
multiplied by the leaf area index of the cover crop as described by
Ntshidi et al. (2021a). Whole surface evapotranspiration under each
treatment was estimated using the universal soil water balance approach
described in the FAO 56 (Allen et al., 1998).

2.3. Fruit yield and quality

To determine fruit quality under drip and micro sprinkler irrigation
systems, the study trees were strip harvested at the end of the growing
season. The number of fruit and total mass of fruit per tree were
recorded from 10 randomly selected trees per irrigation type. Their
average fresh mass of individual fruit was determined using a precision
mass balance (Model SNUG III Jadever; Taiwan, China) measuring to the
nearest 0.1 g. This information was subsequently used to estimate the
total fruit yield per tree as the product of the average mass and the fruit
number. A subsample of 20 randomly selected fruit from each treatment
were chosen and taken to the laboratory for quality assessment. Fruit
quality variables analysed were: (1) fruit firmness, (2) fruit diameter, (3)
fruit mass, (4) background colour, (5) starch, and (6) Total Soluble
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Solids (Lado et al., 2014). Fruit firmness was measured using a pene-
trometer while fruit diameter was measured using a pair of vernier
callipers. Background colour was determined using the UNIFRUCO
colour chart for apples (Steyn, 2020) in which a score of 0.5 represented
green fruit and 5.0 yellow fruit. Starch breakdown at harvest was
determined using an iodine solution and scored according to the UNI-
FRUCO starch conversion chart (Steyn, 2020). A digital refractometer
(Model PR 32-a, Atago Co., Ltd., Tokyo, Japan) was used to determine
total soluble solids (TSS) concentration of fruit at harvest.

2.4. Statistical analyses

Data collected from the trial was subjected to analysis of variance
(ANOVA) using STATISTIX 10.0 (Tallahasse, USA). Mean separation
tests were done using Tukey HSD at (o < 0.05) for mean comparison
(Gomez and Gomez, 1984). Statistical analysis was performed on the
differences in tree water status, water use, fruit yield and quality.

3. Results
3.1. Microclimate

A summary of the climatic conditions during the three growing
seasons (2017/18, 2018/19. 2019/20) are shown in Table 2. The
highest temperatures recorded for the summer months (Nov-Mar) over
the three growing seasons reached 38 °C while in winter (May- Jul) the
lowest recorded temperature was 0.8 °C. The vapour pressure deficit
(VPD) of the air peaked at 2.8 kPa in summer and dropped to ~0.1 kPa
in winter. Annual rainfall during the 2017/18 growing season
(Oct-May), was ~316 mm while in 2018/19 rainfall was slightly less (~
226 mm). In the 2019/20 growing season, the amount of rainfall
recorded was about 338 mm. The seasonal total reference evapotrans-
piration (ETo) calculated following the modified Penman-Monteith

Table 2
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equation for a short grass reference was about 1 018, 964, 928 mm in
the 2017/18, 2018/19, and 2019/20 growing seasons, respectively. In
all three seasons the ETo was three to four times higher than the rainfall.

3.2. Plant water use and its drivers

Micro sprinkler irrigated trees had a higher peak summer LAI of
about 2.7 + 0.2 compared to approx. 2.1 + 0.2 for the drip irrigated
trees (Fig. 2). The effect of reference evapotranspiration (ETo) on tree
transpiration from trees under both irrigation systems is shown in Fig. 3.

At the leaf level, transpiration per unit leaf area was higher under
micro sprinkler at 2.9 L m ™2 d~! compared to 2.3 L m~2 d~! under drip.
As expected, the diurnal trends in tree transpiration from both irrigation

25 |

331'5 I K oMo —a Drip
1 |
05 |
0

Sept Oct Nov Dec Jan Feb Mar Apr May June
Month

Fig. 2. Seasonal changes in the tree leaf area index (LAI) of the Royal gala trees
under different irrigation systems.

Summary of the microclimate at the study site over three fruit growing seasons from October 2017 to May 2020. Tmax is the maximum air temperature; Tmin is the
minimum air temperature, RHx is the maximum relative humidity, RHn is the minimum relative humidity, Rs is the daily total solar radiation, U, is the windspeed at
2.0 m height, ETo is the reference evapotranspiration, and VPD is the vapour pressure deficit of the air.

2017/18 growing season

Date Tmax Tmin RHx RHn Rs U, Rain ETo VPD
°C °C % % MJ/m?/d m/s mm mm kPa
Oct 21.48 6.97 90.99 32.70 23.55 1.54 49.51 125.09 0.76
Nov 23.94 9.63 91.41 34.81 26.70 1.46 56.13 142.57 0.81
Dec 27.06 11.55 90.28 31.34 29.39 1.39 4.57 172.17 1.04
Jan 28.58 13.78 90.68 36.70 27.93 1.30 31.50 169.95 1.06
Feb 28.83 12.74 93.71 29.74 25.79 1.37 20.32 142.60 1.09
Mar 25.45 11.44 93.41 36.33 19.76 1.28 7.86 115.88 0.80
April 23.72 9.74 91.75 35.15 16.06 1.46 37.08 89.34 0.75
May 20.96 9.26 88.64 37.76 10.59 1.51 109.22 60.68 0.67
Total 316.19 1018.28
2018/19 growing season
Oct 25.37 10.51 86.83 30.92 22.35 1.53 33.01 133.47 1.04
Nov 25.10 9.00 92.30 29.57 25.36 1.32 29.46 139.92 0.89
Dec 26.69 11.46 93.70 33.19 26.49 1.19 10.66 156.03 0.91
Jan 27.44 12.16 92.02 32.23 27.38 1.40 16.00 162.79 0.99
Feb 29.21 13.85 92.41 34.52 22.74 1.24 7.61 129.26 1.05
Mar 25.51 12.71 95.07 44.06 17.30 1.05 66.55 102.65 0.67
April 23.61 9.78 93.09 37.77 13.96 1.21 10.92 78.39 0.70
May 21.70 7.73 92.69 35.51 10.28 1.35 51.30 61.88 0.68
Total 225.51 964.39
2019/20 growing season
Oct 22.34 8.28 92.52 32.08 21.20 1.27 91.19 114.93 0.70
Nov 24.21 9.68 90.95 35.95 24.63 1.31 7.87 135.09 0.85
Dec 25.86 11.19 88.37 3291 26.57 1.57 16.77 153.73 0.92
Jan 27.08 13.48 93.56 43.55 23.82 1.18 105.66 143.52 0.83
Feb 28.82 14.16 91.32 37.97 23.50 1.40 3.55 142.03 1.00
Mar 26.83 12.25 93.75 39.65 18.23 1.04 1.78 108.00 0.78
April 23.51 8.74 92.22 36.27 13.90 1.12 44.20 74.86 0.72
May 22.50 7.27 91.45 34.58 10.55 0.96 66.80 55.59 0.69
Total 337.82 927.75
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Fig. 3. The seasonal course of (a) reference evapotranspiration (b) Water use of micro-sprinkler irrigated trees (c) Water use of drip irrigated trees at Riverside farm
in Villiersdorp over the three apple growing seasons (2017/18, 2018/19 and 2019/20).

systems followed the course of the atmospheric evaporative demand,
depicted by the reference evapotranspiration. Maximum transpiration of
micro sprinkler irrigated trees scaled up to the whole orchard reached
almost 5.6 mm d~! during the hot summer months. These declined to
almost zero during the dormant winter months when the trees shed their
leaves. The same trends were observed with the drip irrigated trees only
that they had a lower transpiration peak at less than 4.3 mm d~! during
the same period (Fig. 3). Seasonal transpiration totals (September to
June) averaged over the three seasons were lower under drip at approx.
430 mm compared to about 490 mm under micro sprinkler irrigation
(Fig. 4). The main environmental variable that drove the water use of the

trees grown under micro sprinkler and drip irrigation systems was the
solar irradiance, with a coefficient of determination (Rz) of ~0.89 for
micro sprinkler and ~0.84 for drip, followed by the ETo with an R? of
~0.76 for micro sprinkler and ~0.71 for drip (data not shown). The VPD
of the air showed and transpiration had a logarithmic relationship for
both irrigation systems with an R? of ~0.64 and ~0.65 for micro
sprinkler and drip irrigation system, respectively (data not shown).

3.3. Evapotranspiration partitioning and soil water content

Detailed measurements of the partitioning of ET were done over a 4-
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Fig. 4. Cumulative transpiration and irrigation of (a) drip irrigated trees and
(b) micro-sprinkler irrigated trees in the 2019/20 growing season.

day period in summer from 22 to 25 January 2019. During this period
evapotranspiration (ET), transpiration (T), soil evaporation (Es), and
cover crop transpiration (Tc) were all quantified in detail. For the drip
irrigated trees, irrigation was applied daily for about 3 h at a time
(Fig. 5a). For trees under the micro sprinkler system, irrigation was
applied once every two to three days for about 1.5 h at a time. The re-
sults from the study show that tree transpiration contributed ~85% of
the total ET under drip irrigation, while the second highest contribution
was from soil evaporation at ~10% and cover crop transpiration (grass
growing in-between trees and not interrow spacing) only contributed
~5% to the total ET. On the micro sprinkler irrigated side of the orchard
row, tree transpiration contributed ~72% to the total ET, while the
cover crop transpiration was the second largest contributor at ~19%;
soil evaporation had the least contribution at ~9%.

Over the three days when irrigation was not applied under micro
sprinklers, Fig. 5d shows that there was a decline in all the measured
fluxes (transpiration, soil evaporation and cover crop transpiration),
showing the dependence of all the fluxes on applied irrigation. For the
micro sprinkler irrigated side of the orchard row, the highest soil
moisture content recorded was roughly 0.17 cm®/cm? (Fig. 6a), with the
highest soil water content recorded by the shallower sensors (Fig. 5c),
the deepest sensor was in relatively drier conditions indicating that there
was no deep percolation beyond the root zone. For the drip irrigated
trees, the highest soil water content recorded was roughly 0.2 cm®/cm?®
(Fig. 6b), with sensors at all depths recording moisture content of more
than 0.19 ¢cm®/cm?® (Fig. 5a). There was little fluctuation in soil water
content in the deeper sensor at 1.0 m depth. This suggests that the
applied water seeped beyond the rootzone in the wetted soil bulb with
little to no water uptake at that depth.

3.4. Tree water relations

The stomatal conductance of the micro sprinkler irrigated trees
ranged from 0.1 + 0.2 to 0.9 £ 0.2 cm/s while that of the drip irrigated
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trees ranged from 0.16+0.2 to 0.5 + 0.2 cm/s (Fig. 7a&b). The stomatal
conductance was maximum at mid-day while lower values were recor-
ded in the early morning and late evening. The leaf water potential
(LWP) of the well-watered micro sprinkler irrigated trees was higher
ranging from -0.4 + 0.2 to -1.2 + 0.2 MPa (Fig. 7c) while that of drip
irrigated trees ranged from -0.5 + 0.2 in the morning to -1.8 + 0.2 MPa
at midday when the transpiration pull was strongest (Fig. 7d).

A curvilinear relationship was observed between the diurnal trend in
the stomatal conductance (Gs) and tree transpiration for both micro
sprinkler and drip irrigation systems (Fig. 8a and b). There was a time
lag of at least an hour between stomatal opening (in response to light
stimuli) and the commencement of transpiration for trees grown under
both irrigation systems (data not shown). There exists a linear rela-
tionship between tree transpiration and leaf water potential with the
coefficient of determination (R%) of 0.69 for micro sprinkler and 0.66 for
drip irrigated trees (Fig. 9a and b). A curvilinear and stronger rela-
tionship was observed between the stomatal conductance and leaf water
potential for trees grown under both irrigation systems. The coefficients
of determination were ~0. 81 and ~0.74 for micro-irrigated and drip
irrigated trees, respectively (Fig. 9c and d).

3.5. Fruit yield and quality

The micro sprinkler irrigated trees produced on average 143 fruit per
tree with an average fruit weight of 125.6 g for the 2017/2018 season.
This translated to an average yield of about 18 kg per tree. Drip irrigated
trees, on the other hand, produced an average of 192 fruit per tree which
were lighter weighing about 87.2 g per fruit. This resulted in a lower
yield of about 16.7 kg per tree, also for the 2017,/2018 season, the same
trend is seen in the seasons that followed. The drip irrigated trees also
produced smaller fruit with an average size of about 60 mm in diameter
for all the seasons while the micro sprinkler irrigated trees produced
larger fruit with an average size of ~70 mm. The fruit size and soluble
sugars of the micro sprinkler irrigated fruit showed an increasing trend
over the three-year study period (Table 3) possibly due to the trees
adapting to the introduced irrigation system. The quality of the fruit
from the drip irrigation system was poor as compared to that t from the
micro sprinkler irrigated trees.

4. Discussion

The availability of adequate water for irrigation is one of the major
threats to sustainable fruit production in key growing areas in the arid
and semi-arid regions (Midgley and Lotze, 2008; Reinders et al., 2013;
Reddick and Kruger, 2019). Drip and micro sprinkler systems are the
most widely used irrigation methods in fruit orchards (Stevens and van
Koppen, 2015). Yet no studies have directly quantified, in detail, the
effect of these systems on tree water status, tree and orchard water use,
fruit yield and quality over many years under semi-arid conditions. This
study aimed to close these important information gaps using detailed
measurements of the soil-plant-atmosphere interactions in a commercial
apple orchard subjected to the two irrigation systems.

Many studies have demonstrated that the size of the wetted area
affects the development of the tree root system (Sokalska et al., 2009;
Zegada-Lizarazu and Berliner, 2011; Sakai et al., 2015), and the distri-
bution and type of understorey vegetation that grows between the rows
(Dzikiti et al., 2018; Gush and Taylor, 2014; Ntshidi et al., 2021a). These
factors affect the rate of water consumption by individual trees and by
the entire orchard. Trees under drip irrigation tend to develop a narrow
root system that is concentrated in the irrigated zone (Gush and Taylor,
2014) while those under micro sprinklers spread their roots over wider
areas. This study demonstrated that trees under a single line drip system
grown on sandy soils tend to experience considerable water deficit stress
even when irrigation is scheduled optimally. This culminated in
comparatively lower tree water status, reduced tree and orchard level
transpiration rates, and lower fruit quality. Similar results were
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observed in apple orchards in the USA by Fallahi et al. (2010) who
observed that apple trees under drip irrigation received about half of the
water applied under micro sprinkler irrigation. However, their trees
were subjected to the partial root zone drying and regulated deficit
irrigation treatments under both micro sprinkler and drip systems. In the
USA study, yield of the trees under drip and subjected to water deficit

stress increased in the first year possibly due to a larger number of spurs
produced in response to the water stress. But the yield declined in
subsequent years compared to the well-watered control treatments. In
this study we provide a direct comparison of the drip vs micro sprinkler
systems without the deliberate introduction of water stress. The sto-
matal conductance and leaf water potential were consistently lower
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Fig. 6. Average soil water dynamics taken from depths of 25, 50, and 100 cm

three seasons.

under drip than micro sprinkler indicating the occurrence of sustained
levels of water deficit stress. The order of magnitude of the stomatal
conductance measured here are consistent with those observed by
Massonnet et al. (2007) when they studied the stomatal regulation of
two apple cultivars grafted on the M9 rootstocks in the South of France.

While low orchard water use rates under drip are desirable especially
in water scarce production areas as in the Mediterranean regions, it is
important that fruit quality is not compromised as this affects the selling
price (Dzikiti et al., 2018; Hortgro, 2021). Fruit quality is one complex
subject and can be explained from an external or internal point of view
(Musacchi and Seera, 2018). Fruit quality can be affected by (1) envi-
ronmental factors, (2) orchard design, and (3) management practices
amongst others. We found that the quality of apple fruit for trees con-
verted from drip to micro sprinkler gradually improved in successive
seasons as the root system of the trees adapted to a different, albeit
optimal, watering pattern. The fruit size improved gradually under
micro sprinkler irrigation, though higher crop load recorded under drip

with applied (a) micro-sprinkler irrigation and (b) drip irrigation over the

irrigation may have contributed to the smaller fruit size (De Salvador
et al., 2006; Dzikiti et al., 2018) harvested from drip irrigated trees. In
terms of fruit firmness, the smaller fruit were firmer as they tend to have
thicker skin (Mpelasoka et al., 2000). Konarska (2015) also found that
smaller fruit tend to be firmer when he studied the fruit quality of
blueberry cultivars in Poland. Smaller apples tend to have sugars more
concentrated, though they are less juicy compared to bigger apples,
however, when it comes to the apples market, the driving factor for fruit
purchases is the appearance (Musacchi and Seera, 2018), hence bigger
fruit will sell faster. Findings made in this study are somewhat contrary
to those reported in other studies in which high yields of good quality
fruit have been found for apple orchards under drip (Fallahi et al., 2007;
Fallahi, 2012; Jiang and He, 2021). Confounding factors that may have
contributed to our observations include: (1) use of a single drip line, (2)
on trees growing on sandy soils, (3) in an environment with a very high
atmospheric evaporative demand (Ntshidi et al., 2018a; Mobe et al.,
2020Db). It appears that the rate of water uptake by the trees did not



Z. Ntshidi et al.

(a) Micro - Gs

0.8

o
=

Gs (cm/s)

N
S

0.2

9:36 14:24 19:12

Time

p8 14:24 19]12

LWP (MPa)

1.5 (c) Micro - LWP

-2

Gs (cm/s)

I
S

LWP (MPa)

Scientia Horticulturae 317 (2023) 112066

(b) Drip - Gs

0.8

o
=)

0.2

14:24 19:12

Time

f8 14:24 12

-1.5

(d) Drip - LWP

-2

Fig. 7. Typical stomatal conductance of (a) micro-sprinkler irrigated trees, (b) drip irrigated trees; also leaf water potential (LWP) of (c) micro trees and (d) drip
trees, over a clear day on 24 January 2019 at Riverside farm. Error bars depict a 10% measurement error for each variable.

0.4
(a) Micro Gs and transpiration
E 03 F y =-0.0953x2 + 0.2183x + 0.0509 %
£ . R? = 0.4946 £
= c
So02 2
s [\
< &
S 0.1 =
0
0 0.5 1 1.5 2 2.5
Gs (cm/s)

0.4

0.3

(b) Drip Gs and transpiration
i y =-0.3503x? + 0.4165x + 0.0374
R?=0.4694
0 0.5 1 1.5 2 2.5
Gs (cm/s)

Fig. 8. Relationship between stomatal opening and transpiration of (a) micro-sprinkler irrigated trees and (b) drip irrigated trees.

match the atmospheric evaporative demand given the limited root sys-
tem due to the smaller wetted area. A lot of the water applied through
the drippers seeped through the rootzone resulting in the region beyond
the root zone being consistently wet. The micro sprinkler system on the
other hand resulted in a more extensive root system and water uptake
was sufficient to meet the atmospheric evaporative demand leading to
less stress on the trees.

In such situations, introducing a second drip line could have some-
what alleviated the water stress by increasing the wetted surface area.
But the water saving benefits of the drip system would diminish. Careful
design and implementation of the drip system is therefore critical to
achieve optimal yields while minimizing water consumption. While
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increasing the size of the wetted area using the micro sprinkler system
led to higher yield of good quality fruit, non-beneficial water losses
through increased orchard floor evaporative fluxes also increased. The
dense understorey vegetation consumed larger quantities of water than
expected emphasizing the need to carefully select the cover crop type in
water scarce production regions. Some cover crop types consume larger
quantities of water than others as demonstrated by Ntshidi et al.
(2021b).

Despite the issues associated with drip irrigation highlighted in this
study, the long-term sustainability of irrigated fruit production in semi-
arid environments that are projected to experience drier conditions in
future lies with the successful implementation of technologies that use



Z. Ntshidi et al.

2.5
(a) Micro_T and LWP
2 T - -6.460x +0.1223
y =-6.469x + 0.
o0
R2=0.6914 °
[ ]

LWP (MPa)

Transpiration (mm/h)

(c) Micro Gs and LWP
y = 1.0187x? - 2.2425x - 0.0683
R?=0.8089

LWP (MPa)

Gs (cm/s)

!
N
wn

LWP (MPa)

-0.5

LWP (MPa)

\
=
]

Scientia Horticulturae 317 (2023) 112066

(b) Drip_T and LWP

L o
y=-7.2048x-0.0126 @
R?=0.6583

'
N

'
[y

Transpiration (mm/h)

(d) Drip Gs and LWP

y =3.794x2 - 4.5802x - 0.1158
R?=0.7373

=
"

'
[y

0.5
1.5

Gs (cm/s)

Fig. 9. correlations between (a) transpiration from micro-sprinkler irrigated trees and LWP, (b) drip irrigated trees and LWP, (c) stomatal opening of micro-sprinkler
irrigated trees and LWP, lastly (d) stomatal opening of drip irrigated trees and LWP.

Table 3

Summary of the fruit quality attributes for royal gala apple over three fruit growing seasons. Statistical differences are denoted by letters® and®.

2017/18 growing season

Irrigation system Firmness Diameter Mass Background Colour Red Colour Starch TSS
(kg) (mm) (® (°Brix)
Drip 8.2° 55.5" 87.2" 4 8.7% 65.5% 13.5%
Micro 6.72° 57.6° 125.6 4,02° 8.02° 70.2° 12.15°
Significance * * * ns ns ns *
2018/19 growing season
Drip 8? 57.2" 89.4" 412 8.9° 69.5% 13.6%
Micro 6.85" 67.3° 140.35% 4.03° 8.05° 79% 12.19°
Significance * * ns ns ns *
2019/20 growing season
Drip 8.08° 55° 87.2° 4.15° 8.8% 69° 13.4°
Micro 7.18° 68.2° 142.2% 4.05° 8.1% 81.25° 12.54°
Significance * * ns ns ns

Means in the same column, same year, followed by the same letter are not significantly different at P < 0.05, while means in the same year followed by different letters
are significantly different at P > 0.05. ns = non-significant difference (P < 0.05), while * = significant difference (P > 0.05).

less water such as drip irrigation. In countries like South Africa, for
example, there is currently widespread conversion of drip irrigated or-
chards to micro sprinkler (Shaun Spinnler, pers. comm.) partly because
of the reasons cited in this study. This trend is quite likely problematic in
future as pressure on the limited water resources increases. Further
research is therefore necessary to optimize the performance of drip
irrigation systems and to reduce problems associated with blockages
especially in regions with low quality water. Research into narrower
range micro sprinkler systems is also essential to reduce orchard floor
evaporative losses which reduces the orchard water productivity.

5. Conclusions

This study confirms the water saving benefits of drip irrigation
compared to full surface irrigation systems that have been reported in
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other studies (e.g., Fallahi et al., 2010). However, we also highlight
potential pitfalls and the need for careful design of the drip system to
achieve optimal yields using minimum water resources. This study
directly quantified the transpiration response of trees under drip and
micro sprinkler irrigation in the same orchard and found that: (1) can-
opy growth was slower for the drip compared to micro sprinkler irri-
gated trees, (2) fruit quality was inferior under drip than micro sprinkler
irrigation due to water stress that reduced photosynthesis rates thereby
affecting fruit yield and quality, and; (3) there was more active ground
cover under micro sprinkler than under drip leading to larger orchard
floor evaporative losses. At peak canopy cover in summer, up to 30% of
ET was derived from the orchard floor under micro compared to only
15% under drip. Striking the right balance between achieving optimal
yields and saving water requires a detailed understanding of tree
response to the specific irrigation system. This will be critical in future as
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water resources become increasingly scarce under climate change and
growing competition between different water users.

CRediT authorship contribution statement

Zanele Ntshidi: Conceptualization, Methodology, Investigation,
Formal analysis, Writing — review & editing, Writing — original draft.
Sebinasi Dzikiti: Investigation, Writing — review & editing, Supervi-
sion. Dominic Mazvimavi: Writing — review & editing, Supervision.
Nompumelelo Thelma Mobe: Investigation, Writing — review &
editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

This project would not have been possible without the financial
support from the Council for Scientific & Industrial Research (CSIR)
Young Researcher Establishment Fund (YREF: P4AHS00) and CSIR
parliamentary grant (P1DHSO01). Funding from the NRF Thuthuka in-
strument grant (ECHS100) is also appreciated. Our most sincere grati-
tude goes to the farm owner at Riverside Farm, for letting us use his farm
to carry out our experiments. A word of gratitude to the farm manager
Mr Shaun Spinnler for his enthusiasm about the trial and willingness to
assist. We also gratefully acknowledge assistance from Mr Gustav Lotze
and his staff at Stellenbosch University for help with fruit quality
assessments.

References

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration-guidelines
for computing crop water requirements-FAO irrigation and drainage paper 56. FAO
Rome 300, D05109.

Burgess, S.S.0., Adams, M.A., Turner, N.C., Beverly, C.R., Ong, C.K., Khan, A.A.-H,,
Bleby, T.M., 2001. An improved heat pulse method to measure low and reverse rates
of sap flow in woody plants. Tree Physiol. 21, 589-598.

Chen, Y., Zhang, J., Xu, X., Qu, H., Hou, M., Zhou, K., Jiao, X., Sui, Y., 2018. Effects of
different irrigation and fertilization practices on nitrogen leaching in facility
vegetable production in northeastern China. Agric. Water Manag. 210, 165-170.

De Salvador, F.R., Fisichella, M., Fontanari, M., 2006. Correlations between fruit size and
fruit quality in apple trees with high and standard crop load levels. J. Fruit Ornam.
Plant Res. 14, 113.

Dzikiti, S., Ntuli, N.R., Nkosi, N.N., Ntshidi, Z., Ncapai, L., Gush, M.B., Mostert, T.H.C.,
Du Preez, R., Mpandeli, N.T.M.S., Pienaar, H.H., 2022. Contrasting water use
patterns of two drought adapted native fruit tree species growing on nutrient poor
sandy soils in northern KwaZulu-Natal. S. Afr. J. Bot. 147, 197-207.

Dzikiti, S., Volschenk, T., Midgley, S.J.E., Lotze, E., Taylor, N.J., Gush, M.B., Ntshidi, Z.,
Zirebwa, S.F., Doko, Q., Schmeisser, M., Jarmain, C., Steyn, W.J., Pienaar, H.H.,
2018. Estimating the water requirements of high yielding and young apple orchards
in the winter rainfall areas of South Africa using a dual source evapotranspiration
model. Agric. Water Manag. 208 https://doi.org/10.1016/j.agwat.2018.06.017.

Fallahi, E., 2012. Influence of rootstock and irrigation methods on water use, mineral
nutrition, growth, fruit yield, and quality in ‘Gala’apple. Horttechnology 22,
731-737.

Fallahi, E., Neilsen, D., Neilsen, G.H., Fallahi, B., Shafii, B., 2010. Efficient irrigation for
optimum fruit quality and yield in apples. Hortscience 45, 1616-1625.

Fallahi, E., Ratnaprabha, R., Tripepi, R., Shafii, B., Fallahi, B., 2007. Tree growth, yield,
fruit quality, and mineral partitioning in ‘Pacific Gala’apple as affected by rootstocks
and irrigation methods. Int. J. Fruit Sci. 7, 3-24.

Fereres, E., Soriano, M.A., 2007. Deficit irrigation for reducing agricultural water use.
J. Exp. Bot. 58, 147-159. https://doi.org/10.1093/jxb/erl165.

Fernandez, J.E., Alcon, F., Diaz-Espejo, A., Hernandez-Santana, V., Cuevas, M.V., 2020.
Water use indicators and economic analysis for on-farm irrigation decision: A case
study of a super high density olive tree orchard. Agric. Water Manag. 237, 106074.

12

Scientia Horticulturae 317 (2023) 112066

Gomez, K.A., Gomez, A.A., 1984. Statistical Procedures For Agricultural Research. John
Wiley & Sons.

Gush, M., Dzikiti, S., van Der Laan, M., Steyn, M., Manamathela, S., Pienaar, H., 2019.
Field quantification of the water footprint of an apple orchard, and extrapolation to
watershed scale within a winter rainfall mediterranean climate zone. Agric. For.
Meteorol. 271, 135-147.

Gush, M.B., Taylor, N.J., 2014. The water use of selected fruit tree orchards (Volume 2):
technical report on measurements and modelling. Water Res. Commun. Rep. 2,
1-285.

Hope, R.A., Gowing, J.W., Jewitt, G.P.W., 2008. The contested future of irrigation in
African rural livelihoods-analysis from a water scarce catchment in South Africa.
Water Policy 10, 173-192.

Hortgro, 2021. Key Deciduous Fruit Statistics 2021. Hortgro. South Africa. https://www.
hortgro.co.za/wp-content/uploads/docs/dlm_uploads/2022/08/key-deciduous
-fruit-statsistics-2021.pdf.

Konarska, A., 2015. Development of fruit quality traits and comparison of the fruit
structure of two Vaccinium corymbosum (L.) cultivars. Sci. Hortic. 194, 79-90.
Amsterdam.

Jiang, X., He, L., 2021. Investigation of effective irrigation strategies for high-density
apple orchards in Pennsylvania. Agronomy 11, 732.

Kadigi, R.M.J., Tesfay, G., Bizoza, A., Zibadou, G., Zilberman, D., 2019. Irrigation and
water use efficiency in Sub-Saharan Africa. Gates Open Res. 3, 587.

Kool, D., Agam, N., Lazarovitch, N., Heitman, J.L., Sauer, T.J., Ben-Gal, A., 2014.

A review of approaches for evapotranspiration partitioning. Agric. For. Meteorol.
184, 56-70. https://doi.org/10.1016/j.agrformet.2013.09.003.

Lado, J., Rodrigo, M.J., Zacarias, L., 2014. Maturity indicators and citrus fruit quality.
Stewart Postharvest Rev. 10, 1-6.

Marshall, D.C., 1958. Measurement of sap flow in conifers by heat transport. Plant
Physiol. 33, 385.

Massonnet, C., Costes, E., Rambal, S., Dreyer, E., Regnard, J.L., 2007. Stomatal
regulation of photosynthesis in apple leaves: evidence for different water-use
strategies between two cultivars. Ann. Bot. 100, 1347-1356. https://doi.org/
10.1093/aob/mem222.

Midgley, S.J.E., Lotze, E., 2008. Climate change in the Western Cape of South Africa:
trends, projections and implications for chill unit accumulation. In: Proceedings of
the IX International Symposium on Integrating Canopy, Rootstock and
Environmental Physiology in Orchard Systems 903, pp. 1127-1134.

Mobe, N.T., Dzikiti, S., Dube, T., Mazvimavi, D., Ntshidi, Z., 2021. Modelling water
utilization patterns in apple orchards with varying canopy sizes and different growth
stages in semi-arid environments. Sci. Hortic. 283, 110051 https://doi.org/10.1016/
j.scienta.2021.110051. Amsterdam.

Mobe, N.T., Dzikiti, S., Zirebwa, S.F., Midgley, S.J.E., von Loeper, W., Mazvimavi, D.,
Ntshidi, Z., Jovanovic, N.Z., 2020a. Estimating crop coefficients for apple orchards
with varying canopy cover using measured data from twelve orchards in the Western
Cape Province. S. Afr. Agric. Water Manag. 233, 106103 https://doi.org/10.1016/j.
agwat.2020.106103.

Mobe, N.T., Dzikiti, S., Volschenk, T., Zirebwa, S.F., Ntshidi, Z., Midgley, S.J.E.,

Steyn, W.J., Lotze, E., Mpandeli, S., Mazvimavi, D., 2020b. Using sap flow data to
assess variations in water use and water status of apple orchards of varying age
groups in the western cape province of South Africa. Water SA 46, 213-224. https://
doi.org/10.17159/wsa/2020.v46.i2.8236.

Mpelasoka, B.S., Behboudian, M.H., Dixon, J., Neal, S.M., Caspari, H.W., 2000.
Improvement of fruit quality and storage potential of ‘Braeburn’apple through
deficit irrigation. J. Hortic. Sci. Biotechnol. 75, 615-621.

Musacchi, S., Serra, S., 2018. Apple fruit quality: overview on pre-harvest factors. Sci.
Hortic. 234, 409-430. Amsterdam.

Ntshidi, Z., Dzikiti, S., Mazvimavi, D., 2018a. Water use dynamics of young and mature
apple trees planted in South African orchards: a case study of the golden delicious
and cripps’ pink cultivars. In: Proceedings of the International Association of
Hydrological Sciences. https://doi.org/10.5194/piahs-378-79-2018.

Ntshidi, Z., Dzikiti, S., Mazvimavi, D., Mobe, N.T., 2021a. Contribution of understorey
vegetation to evapotranspiration partitioning in apple orchards under Mediterranean
climatic conditions in South Africa. Agric. Water Manag. 245, 106627 https://doi.
0rg/10.1016/j.agwat.2020.106627.

Ntshidi, Z., Dzikiti, S., Mazvimavi, D., Mobe, N.T., Mkunyana, Y.P., 2021b. Water use of
selected cover crop species commonly grown in South African fruit orchards and
their response to drought stress. Phys. Chem. Earth 124, 103070, 1-10 Parts A/B/C.

Ntshidi, Z., Gush, M.B., Dzikiti, S., Maitre, D.L., 2018b. Characterising the water use and
hydraulic properties of riparian tree invasions: a case study of populus canescens in
south africa. Water SA 44. https://doi.org/10.4314/wsa.v44i2.18.

Rao, K.V.R., Gangwar, S., Bajpai, A., Keshri, R., Chourasia, L., Soni, K., 2017.
Performance of pea under different irrigation systems. Legum. Res. 40, 559-561.
https://doi.org/10.18805/1r.vOiOF.4482.

Reddick, J., Kruger, R., 2019. GreenCape 2019 Market Intelligence report. Greencape, 1,
pp. 1-58. https://green-cape.co.za/assets/Uploads/energy-services-market-intellige
nce-report-final-web2.pdf.

Reinders, F.B., van der Stoep, L., Backeberg, G.R., 2013. Improved efficiency of irrigation
water use: a South African framework. Irrig. Drain. 62, 262-272.

Sakai, E., Barbosa, E.A.A., de Carvalho Silveira, J.M., de Matos Pires, R.C., 2015. Coffee
productivity and root systems in cultivation schemes with different population
arrangements and with and without drip irrigation. Agric. Water Manag. 148, 16-23.

Sokalska, D.I., Haman, D.Z., Szewczuk, A., Sobota, J., Deren, D., 2009. Spatial root
distribution of mature apple trees under drip irrigation system. Agric. Water Manag.
96, 917-924.

Stevens, J., van Koppen, B., 2015, Trends and outlook: agricultural water management in
Southern Africa; country report South Africa. USAID report, Southern Africa,


http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0001
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0001
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0001
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0004
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0004
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0004
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0005
https://doi.org/10.1016/j.agwat.2018.06.017
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0007
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0007
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0007
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0008
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0008
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0009
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0009
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0009
https://doi.org/10.1093/jxb/erl165
http://refhub.elsevier.com/S0304-4238(23)00238-8/optflHFlp08G9
http://refhub.elsevier.com/S0304-4238(23)00238-8/optflHFlp08G9
http://refhub.elsevier.com/S0304-4238(23)00238-8/optflHFlp08G9
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0011
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0011
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0012
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0012
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0012
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0012
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0013
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0013
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0013
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0014
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0014
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0014
https://www.hortgro.co.za/wp-content/uploads/docs/dlm_uploads/2022/08/key-deciduous-fruit-statsistics-2021.pdf
https://www.hortgro.co.za/wp-content/uploads/docs/dlm_uploads/2022/08/key-deciduous-fruit-statsistics-2021.pdf
https://www.hortgro.co.za/wp-content/uploads/docs/dlm_uploads/2022/08/key-deciduous-fruit-statsistics-2021.pdf
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0016
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0016
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0016
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0017
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0017
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0018
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0018
https://doi.org/10.1016/j.agrformet.2013.09.003
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0020
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0020
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0021
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0021
https://doi.org/10.1093/aob/mcm222
https://doi.org/10.1093/aob/mcm222
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0023
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0023
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0023
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0023
https://doi.org/10.1016/j.scienta.2021.110051
https://doi.org/10.1016/j.scienta.2021.110051
https://doi.org/10.1016/j.agwat.2020.106103
https://doi.org/10.1016/j.agwat.2020.106103
https://doi.org/10.17159/wsa/2020.v46.i2.8236
https://doi.org/10.17159/wsa/2020.v46.i2.8236
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0027
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0027
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0027
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0028
https://doi.org/10.5194/piahs-378-79-2018
https://doi.org/10.1016/j.agwat.2020.106627
https://doi.org/10.1016/j.agwat.2020.106627
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0031
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0031
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0031
https://doi.org/10.4314/wsa.v44i2.18
https://doi.org/10.18805/lr.v0iOF.4482
https://green-cape.co.za/assets/Uploads/energy-services-market-intelligence-report-final-web2.pdf
https://green-cape.co.za/assets/Uploads/energy-services-market-intelligence-report-final-web2.pdf
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0035
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0035
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0036
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0036
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0036
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0037
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0037
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0037

Z. Ntshidi et al.

http://www.iwmi.cgiar.org/Publications/Other/Reports/PDF/country_report_south
_africa.pdf.

Steyn, N., 2020. Red Colour Improvement in Apple Fruit (Malus Domestica Borkh.).
Department Horticultural Science, Stellenbosch University, South Africa. MSc thesis.

Swanson, R.H., Whitfield, D.W.A., 1981. A numerical analysis of heat pulse velocity
theory and practice. J. Exp. Bot. 32, 221-239.

Taiz, L., Zeiger, E., Mgller, .M., Murphy, A., 2015. Plant Physiology and Development.
Sinauer Associates Incorporated.

Testi, L., Villalobos, F.J., Orgaz, F., 2004. Evapotranspiration of a young irrigated olive
orchard in southern Spain. Agric. For. Meteorol. 121, 1-18.

13

Scientia Horticulturae 317 (2023) 112066

Van Bavel, M.G., Van Bavel, C.H.M., 1990. Dynagage Installation and Operation Manual.
Dynamax Inc., Houston, TX.

Volschenk, T., De Villiers, J.F., Beukes, O., 2003. The selection and calibration of a model
for irrigation scheduling of deciduous fruit orchards. Water Res. Commission. https
://www.wrc.org.za/wp-content/uploads/mdocs/892-1-03.pdf.

Woaullschleger, S.D., King, A.W., 2000. Radial variation in sap velocity as a function of
stem diameter and sapwood thickness in yellow-poplar trees. Tree Physiol. 20,
511-518.

Zegada-Lizarazu, W., Berliner, P.R., 2011. The effects of the degree of soil cover with an
impervious sheet on the establishment of tree seedlings in an arid environment. New
For. 42, 1-17.


http://www.iwmi.cgiar.org/Publications/Other/Reports/PDF/country_report_south_africa.pdf
http://www.iwmi.cgiar.org/Publications/Other/Reports/PDF/country_report_south_africa.pdf
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0039
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0039
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0040
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0040
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0041
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0041
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0042
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0042
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0043
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0043
https://www.wrc.org.za/wp-content/uploads/mdocs/892-1-03.pdf
https://www.wrc.org.za/wp-content/uploads/mdocs/892-1-03.pdf
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0045
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0045
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0045
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0046
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0046
http://refhub.elsevier.com/S0304-4238(23)00238-8/sbref0046

	Effect of different irrigation systems on water use partitioning and plant water relations of apple trees growing on deep s ...
	1 Introduction
	2 Materials and methods
	2.1 Study site description
	2.2 Data collection
	2.2.1 Site microclimate, soil water content, and irrigation measurements
	2.2.2 Tree transpiration and water status measurements
	2.2.3 Soil evaporation and understorey vegetation transpiration
	2.2.4 Tree and cover crop leaf area index measurements

	2.3 Fruit yield and quality
	2.4 Statistical analyses

	3 Results
	3.1 Microclimate
	3.2 Plant water use and its drivers
	3.3 Evapotranspiration partitioning and soil water content
	3.4 Tree water relations
	3.5 Fruit yield and quality

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


