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Abstract

Crop failures are common in rain-fed farming in sub-Saharan Africa, especially in water-
scarce South Africa. Inadequate rainfall necessitates innovative solutions to enhance food
production. Water-saving irrigation technologies can significantly reduce crop failures,
particularly for smallholder farms with limited access to irrigation water. This study
evaluated the effects of Self-Regulating, Low-Energy, Clay-Based Irrigation System (SLECI),
subsurface (SDI) and surface drip (DI) on the performance of moringa (Moringa oleifera)
and cowpea (Vigna unguiculata), cultivated either as mono (sole) crops or in intercropping
systems, in an open experimental field in South Africa. The experimental design was a
factorial Randomized Complete Block Design (RCBD) replicated three times. The main
aim was to assess water productivity and yield performance in different irrigation systems
over two growing seasons. The results showed that the SLECI irrigation system was more
suitable for M. oleifera, while V. unguiculata performed best with standard drip irrigation.
Moringa oleifera fresh leaf biomass was higher under SLECI with sand around the clay
element and surface drip irrigation with 1.42 t/ha, followed by the SLECI treatment without
sand with 1.25 t/ha, while the least yield was noted in subsurface drip irrigation treatment
with 1.18 t/ha. Vigna unguiculata (a dual-purpose crop for grain and leaves) produced
higher total fresh biomass yield under subsurface drip irrigation treatment with 66.26 t/ha,
followed by the SLECI treatment without sand (61.51 t/ha), while drip and SLECI with sand
showed similar yield with 52.34 and 52.31 t/ha, respectively. In M. oleifera, the irrigation
water productivity (IWP) varied from 0.26 kg/m3 below the surface to 0.65 kg/m3 after the
SLECI treatment with sand. IWP in V. unguiculata treatments ranged from 27.52 kg/m3 in
SLECI without sand to 9.52 kg/m3 under surface drip irrigation. In addition, chlorophyll
content and stem diameter were elevated under SLECI, reflecting enhanced nutrient and
water availability. The findings have important implications for sustainable agriculture
under water-limited conditions.
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1. Introduction
One of the most pressing challenges for agricultural production in semiarid and arid

regions is water scarcity [1,2]. The phenomena related to water scarcity are increasing
freshwater consumption and the depletion of available freshwater supplies, leading to
water stress. South Africa is among the driest countries, with evaporation exceeding rainfall
by a factor of three due to high temperatures, limited precipitation, and an uneven rainfall
distribution, with some regions receiving less than 100 mm per year. Efficient irrigation
methods are required to achieve sustainable crop yields while preserving limited water
resources [3–5]. Several studies have indicated that subsurface irrigation can enhance
irrigation water productivity (IWP) by reducing evaporative losses and better targeting soil
moisture in crop root zones [6,7].

Subsurface, Low-Energy Clay Irrigation represents an innovative climate-smart tech-
nology designed to optimize water use efficiency [1,8]. By delivering water gradually
through clay emitters buried below the soil surface, SLECI reduces water loss from evap-
oration and deep percolation, compared to surface irrigation techniques [9,10]. Several
studies have demonstrated the benefits of the SLECI irrigation technologies on diverse
crops, including cucumber and mango [11], cherry orchards [8], pepper [12], lavender,
rosemary, maize, gem squash, and tomato [13]. Additionally, in a study using wolfberries
and apples, subsurface irrigation with ceramic emitters (SICE) performed better in terms
of water use and crop output than drip irrigation and subsurface drip irrigation [14,15].
However, the responses vary depending on the type of soil and crop [16]. Sechube et al. [17]
evaluated the economic cost of the SLECI system as a climate-smart agricultural innovation
for smallholder farmers in South Africa.

Mahler [18] provided a thorough analysis of advances in clay-based irrigation tech-
nology used in agricultural production. This study evaluated the performance of SLECI
compared with conventional surface and subsurface drip irrigation for two crops with
contrasting root architectures and water requirements: Moringa (M. oleifera), a deep-rooted
perennial tree harvested for vitamin-rich leaves, and cowpea (V. unguiculata), a short-
season legume valued for its protein-dense pods. The study hypothesized that subsurface
irrigation systems would increase crop yield, irrigation water productivity (IWP), and
nutrient uptake while decreasing water consumption and evaporation. Therefore, the main
objective was to evaluate the effects of SLECI on yield and crop performance, water use,
and irrigation water productivity and to compare the results with those from conventional
surface and subsurface irrigation systems and with relevant findings from the literature.
Furthermore, this study aims to advance understanding of SLECI efficacy for smallholder
farmers in semiarid Africa and in similar regions and conditions worldwide.

2. Materials and Methods
2.1. The Experimental Site and Research Design

Moringa (Moringa oleifera) and cowpea (Vigna unguiculata) crops were grown on open
fields for two growing seasons (October 2022–September 2024) at the Agricultural Research
Council Vegetable, Industrial and Medicinal Plants (ARC-VIMP) pilot site, which is located
36 km from Pretoria, South Africa. The pilot site is located at a latitude of 25◦35′ S,
a longitude of 28◦21′ E, and 1165 m above sea level. The study was conducted in a
3 × 3 Factorial Randomized Complete Block Design (RCBD), replicated three times to
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ensure statistical headers. The layout consisted of three distinct blocks (replications) to
account for field gradients. The field was divided into 27 individual plots (3 Cropping
Systems × 3 Irrigation Systems × 3 Replications). Each block contained a complete set of
nine treatment combinations.

The experimental site was 54 m × 40 m, giving a total area of 2160 m2. For cowpea,
the spacing was 0.3 m between intra-rows and 0.6 m between inter-rows. Moringa was
planted at 2 m × 2 m between inter-row and intra-row spacing. Both moringa and cowpea
were grown in a zigzag pattern (Figure 1).

 

0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Moringa

Cowpea Section sole

Section
Meter

Section 
intercropping

Figure 1. Experimental design: cowpea and moringa intercropped or sole-planted.

Standard drip irrigation, subsurface drip irrigation, SLECI irrigation with sand (SWS),
and SLECI irrigation without sand (SWOS) were the treatments that were tested. The
standard and subsurface irrigation systems used pressure-regulated drip tubes with an
application rate of 2.3 L/h and emitters spaced at 30 cm. The SLECI emitter’s application
rate was 0.8–1.2 L/day at 1-bar of pressure, installed 30 cm below ground level (Figure 2).
SLECI is an innovative and clay-based micro-irrigation system with significant potential to
efficiently deliver water to plant roots, increasing crop yields while conserving water and
energy. This subsurface irrigation system was developed by Prof. Dr. Harald Hansmann at
the Institute for Polymer- and Produktionstechnologies (IPT) and was patented by Wismar
University of Applied Sciences (HSW) in Germany (patent number: DE 102019005311.7).
The system can meet crop water demands under all conditions without the need for
external water management systems, irrigation plans, or soil moisture measurements.
SLECI irrigation was automated based on atmospheric evaporative demand, whereas
surface stand drip and subsurface drip irrigation were scheduled according to crop water
requirements. Soil water content (m3/m3) was measured using a HOBO MX2307 Soil
Moisture and Temperature Data Logger (Onset Computer Corporation, Bourne, MA, USA).

Figure 2. Subsurface Low-Energy Clay Irrigation line and installation of tubes.
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The three middle rows per treatment were used for data collection. The data collected
included, but was not limited to, plant height, leaf area, plant spread, fresh mass, and dry
mass (Figure 3). The samples were then partitioned into leaves and stems.

  
Figure 3. Data collection on the novel ethnobotanical intercropping and SLECI field trial at ARC-VIMP.

The dry mass of the different plant parts was determined after oven drying to a
constant mass at 65 ◦C. A ceptometer (AccuPAR model LP-80, Pullman, WA, USA) was
used to measure the leaf area index (LAI) and fractional interception of photosynthetically
active radiation (PAR). Using GenSTAT 10, data on water use, crop growth, yield, and
physiological parameters were collected and subjected to ANOVA.

2.2. The Meteorological Conditions and Soil Characteristics

The experimental site is located in South Africa’s summer rainfall (October–March)
agro-climate zone, with a mean annual rainfall of 550 mm (Figure 4), but a notoriously
erratic distribution. The average maximum temperature in January is 30 ◦C, while the
average minimum temperature in July is 1.5 ◦C (Figure 4). The ideal temperature range
for the tree is 25–35 ◦C [19]. However, research has shown that moringa is well-suited to
temperatures between 20 and 40 ◦C and can withstand temperatures up to 48 ◦C during
the summer months of May and June, which are common in the northwest region of
India [20]. Additionally, it has been noted that the tree can withstand winter frost, has
adapted to loose leaves, and remains dormant until optimal growth conditions appear in
the spring [19]. Moringa is a drought-tolerant crop that can be grown with annual rainfall of
250–1500 mm [19] and under both rainfed and irrigated conditions [21]. According to Melo
et al. [22], cowpeas are extremely tolerant to unfavorable weather conditions, including
those seen in semiarid locations. Ramos et al. [23] state that although cowpea is well-suited
to a variety of soil and climatic conditions, poor management may limit the crop’s yield
because it is susceptible to both excesses and shortages in water.

The long-term trend in our investigation indicates that average monthly reference
evapotranspiration exceeds monthly precipitation, resulting in a water deficit that cannot
meet the region’s crop water requirements. However, the average monthly rainfall is much
closer to the reference evapotranspiration in November and January, whereas it exceeds
ETo in December. From February to July, precipitation gradually decreases, and from
August to January, it gradually increases. Mabhaudhi et al. [24] reported that the region
receives an average annual rainfall of 650 mm, with most occurring during the summer.
Average daily air temperatures range from 8 to 34 ◦C in summer and from 4 to 23 ◦C in
winter. Accordingly, January and July are the hottest and coldest months, respectively [25].
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Figure 4. Long-term weather information of the study site for the period 2007–2023. Eto: Evapo-
transpiration; Tx = maximum temperature; Tn = minimum temperature; RHx = maximum relative
humidity; RHn = Minimum relative humidity.

Moringa’s root architecture includes a taproot that drills down to 2 m or more in light
soils, enabling remarkable drought tolerance once the trunk thickens. On the other hand,
EL-Sayed and Mahmoud [26] reported that higher yields of fresh moringa leaves can be
achieved under intensive management and well-timed irrigation and fertigation. Cowpea
belongs to the broader family of climate-smart legumes. Its prodigious nitrogen-fixing
nodules enrich the soil while the pods reach marketable size within 80 to 90 days. The
optimal temperature for cowpea plants ranges from 28 to 30 ◦C [27], but the plant tolerates
heat above 35 ◦C and suffers flower abortion when topsoil moisture fluctuates wildly.

Key hydrologic, physical, and chemical characteristics of the soil at the pilot site are
summarized in Table 1. In general, a large amount of sand is present in the soil at the
experimental location. According to texture classification (soil texture triangle, USDA-NRCS),
the soil at the pilot site is classified as sandy clay loam, with 66% sand, 26% clay, and 8% silt.
Laboratory tests indicated field capacity at 24.4% and the permanent wilting point at 15.3% by
volume [28,29]. With only 9% of the total available water, the soil’s profile exposes plants to
rapid drying if irrigation intervals are excessively prolonged. The moderate organic matter
(2.1%) and near-neutral pH (7.2) suit both moringa and cowpea. The soil at the study site was
highly saline, according to Duran’s [30] electrical conductivity (EC) classification. Phosphorus
content was moderate, whereas potassium availability was adequate. Both crops in our trial
received a single broadcast of 100 k/ha of an 8-1-1 organic NPK blend.

Table 1. Chemical and physical properties of the 0–30 cm layer of the study site.

Chemical Characteristics

pH in water 7.12
Electrical conductivity in dS/m 2.46–4.8
Organic matter in % 2.1%
Total N (Digestion and Colorimetric) in % 0.051
P (Bray-1) in mg/kg soil 13.2
K (Ammonium acetate) in mg/kg soil 22.5
Ca (Ammonium acetate) in mg/kg soil 1150.0
Mg (Ammonium acetate) in mg/kg soil 418.0
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Table 1. Cont.

Particle Size

Total sand in % 66.0
Silt in % 8.0
Clay in % 26.0

Physical Properties

Permanent wilting point (soil moisture retention at 15 bars) in volume % 15.3
Field capacity (soil moisture retention at 0.33 bars) in volume % 24.4
Bulk density in g/cm3 1.6

3. Results and Discussion
3.1. Effect of Irrigation on Moringa and Cowpea Yield

The results presented in Table 2 show that moringa’s fresh leaf yield ranged from
1.18 t/ha under drip subsurface irrigation to 1.42 t/ha (DI and SLECI with sand), a dif-
ference of just 0.24 t/ha (around 17% of the mean). This yield was typical for a first-year
moringa crop and was likely influenced by multiple factors (e.g., propagation material,
climate, soil conditions, water availability, etc.). According to El-Sayed and Mahmoud [26],
flood irrigation produced the highest moringa yields and yields of its constituent parts,
compared with drip irrigation. In the same context, applying organic fertilizers improved
moringa plant growth by increasing resistance to water stress, compared with chemical fer-
tilization. In addition, when comparing the surface drip irrigation yield with that achieved
in the SLECI plus sand treatment in our investigation, the yields are identical (1.42 t/ha).
The comparison of SLECI with emitters covered by sand and SLECI with emitters not
covered by sand showed a yield increase of 0.17 t/ha (≈12%) by removing the sand.

Table 2. Average fresh moringa leaves and cowpea total biomass yield (Ya) in t/ha and calculated
Land Equivalent Ratio (LER) values.

Treatment
Fresh Weight (t/ha)

Mean LER
Moringa Cowpea

DI 1.42 a 52.34 b 2.40 d

SDI 1.18 a 66.26 a 4.26 c

SWS 1.42 a 52.31 b 5.66 b

SWOS 1.25 a 61.51 a 6.59 a

Values in column followed by the same letter are not significantly different at a p-value greater than 0.05.
LER = Land Equivalent Ratio.

According to Osei et al. [12], the SLECI system performs uniquely across various soil
types with varying hydraulic characteristics, which can affect the amount of water available
for plant absorption. Long-term data are still being collected, but preliminary research
using SLECI in sweet cherry plantations indicates the potential to maintain yields with
lower energy and water inputs than typical drip systems [8].

Furthermore, combined findings under various irrigation methods were obtained
from the experimental research described in Technical Report on SLECI Pilot Sites Installed
within the DIVAGRI Project [13]. Deep or permanent root systems readily adapt to self-
regulated trickle feeding, as evidenced by SLECI yields that were comparable to or exceeded
those of drip treatments across four of the six experimental locations, ranging from 78% in
tomatoes to 7% in maize and nearly equal in gem squash. However, compared with SLECI
irrigation, drip irrigation yielded higher yields of rosemary and lavender. According to
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another study, bell pepper treatment at a burial depth of 5 cm yielded the highest yield in
the SLECI system [12].

Subsurface irrigation with ceramic emitters was found to significantly increase fruit
yield, compared with subsurface or surface drip irrigation, in a study involving melon,
wolfberry, and apple trees [14,15,31]. Bozkurt and Mansuroglu [32] found that during the
spring growing cycle, varied drip tape insertion depths significantly affected green bean
yields; the best yield was obtained at a buried depth of 10 cm.

Fresh cowpea’s total biomass yields presented in Table 2 range from 52.31 to 66.26 t/ha,
a spread of 13.95 t/ha or around 27% of the mean (58 t/ha). Cowpea performed best under
subsurface drip irrigation, yielding 66.26 t/ha, followed by the SLECI treatment without
sand, yielding 61.51 t/ha. In contrast, drip surface and SLECI with sand showed almost
similar yields of 52.34 and 52.31 t/ha, respectively. The contrasting results for moringa
and cowpea reflect their differing root systems and growth habits. SLECI’s subsurface
clay emitters are suitable for deep-rooted perennials, increasing water-use efficiency and
reducing evaporative losses [8,9,16]. Cowpea, with shallow roots and early-season water
requirements, requires surface or shallow subsurface drip irrigation to ensure seedling
establishment and higher yields.

Furthermore, findings of other studies revealed that the SLECI systems installed at a
depth of 30 cm initially had lower germination and plant emergence than drip irrigation.
The Technical Report on SLECI Pilot Sites Installed within the DIVAGRI Project [13] states
that soil in the SLECI systems should be watered before sowing or planting annual crops
or by another method, until the plant forms a suitable root system. Oliveira et al. [33]
found that daily irrigation was the most effective water regime for cowpea productivity,
compared with 2, 3, and 4-day irrigation intervals in another study investigating drip
irrigation frequencies.

Significant decreases in cowpea production and yield components under water-
deficit conditions and under various irrigation water regimes have been reported [34,35].
Costa et al. [36] argue that reduced production under water-restricted conditions can be
linked to soil moisture scarcity, which induces stomatal closure as a strategy to maintain
cell turgor and prevent water loss through transpiration.

Moringa fresh leaf biomass was significantly higher when intercropped with cowpea
under SLECI without sand (7.73 t/ha), followed by SLECI with sand (6.47 t/ha) over
three harvests (Figure 5A). Legumes, such as cowpea, are known to fix biological nitrogen,
which benefits the growth of intercropped plants. Similarly, moringa dry leaf biomass
ranged from 1.30 to 1.55 t/ha under SLECI with sand and without sand, respectively, when
intercropped with cowpea. On the other hand, cowpea performed best under standard
drip irrigation, followed by subsurface drip irrigation, then SLECI with sand, and lastly
SLECI without sand. This indicates that the SLECI irrigation system is better suited to tree
crops than to annual crops such as cowpea. Generally, moringa performed better under
SLECI than under standard drip irrigation or subsurface drip irrigation.

The Land Equivalent Ratio (LER) was calculated and analyzed (Table 2). The Land
Equivalent Ratio is a measure of land-use efficiency in intercropping, compared to mono-
culture (sole cropping). To account for competition effects and evaluate the efficiency of the
intercropping system, the Land Equivalent Ratio was calculated. The results demonstrated
significant overyielding across all water management regimes, as indicated by total LER
values consistently exceeding the unity threshold. The SWOS treatment achieved the
highest system efficiency, with a total LER of approximately 6.59, primarily due to the
substantial increase in moringa biomass relative to the sole-cropped counterpart. Con-
versely, while the DI system maintained a more balanced competitive relationship between
species (LER approximately 2.40), treatments such as SWOS and SDI exhibited clear inter-

https://doi.org/10.3390/su18041853

https://doi.org/10.3390/su18041853


Sustainability 2026, 18, 1853 8 of 20

specific competition, with moringa’s dominance resulting in a partial LER for cowpea of
less than 1.04. These findings suggest that while intercropping significantly enhances total
biomass production per unit area, the choice of irrigation system fundamentally alters the
competitive balance and resource partitioning between the tree and legume components.

Figure 5. Fresh biomass of (A) moringa leaves, (B) cowpea (total), and (C) pods under different
irrigation and cropping systems; Values in bar chart followed by the same letter are not significantly
different at a p-value greater than 0.05.
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3.2. Irrigation Water Use in Moringa and Cowpea Crops

Table 3 presents findings on irrigation water use at the experimental location during
the vegetative season. Irrigation records in Table 3 indicate that the irrigation water
delivered under the treatment was also affected by the irrigation techniques applied. The
SLECI treatment with sand delivered only 2190 m3/ha of water, while SLECI without sand
delivered 2.1% more irrigation water per season for a total of 2235 m3/ha. The surface
drip irrigation treatment used almost 1.5 times as much irrigation water (5497 m3/ha)
per season as both SLECI treatments. Drip subsurface treatment showed approximately
30% higher irrigation water use than SLECI techniques, totaling 2842 m3/ha for the season.

Table 3. Irrigation water applied (Iwa) per irrigation treatments (m3/ha).

Treatment Applied Irrigation Water Per Season (m3/ha)

DI 5497 c

SDI 2842 b

SWS 2190 a

SWOS 2235 a

Values in column followed by the same letter are not significantly different at a p-value greater than 0.05.

The results corroborate those of Hansmann and Siering [11] and Malchev et al. [8],
showing that SLECI is highly water-efficient and provides a comparatively low but steady
water supply. According to the Technical Report on SLECI Pilot Sites Installed within the
DIVAGRI Project [13], SLECI uses less irrigation water than drip irrigation for lavender,
rosemary, maize, gem squash, and tomatoes. Additionally, drip irrigation used the most
irrigation water for apple fruits and wolfberries [14], compared with alternative systems
(subsurface irrigation with ceramic emitters or SICE) [15]. EL-Sayed and Mahmoud [26]
reported irrigation water use ranging from 470 mm for drip irrigation to 630 mm for flood
irrigation in their investigation of the moringa crop. Cowpea is a short-season summer
crop that requires 250–360 mm of irrigation during the growing season. Krishna [37] stated
that cowpeas need 360–450 mm of water each season for maximum productivity, whether
it is fully irrigated, partially irrigated, or rainfed. Moringa and cowpea’s seasonal water
use under subsurface drip irrigation in our investigation is lower than that reported by
EL-Sayed and Mahmoud [26] and Krishna [37]. In contrast, the results for drip surface
irrigation showed higher use.

3.3. Soil Water Content

An essential tool for understanding soil moisture dynamics throughout the season
and creating a suitable irrigation schedule is soil moisture monitoring and analysis [4].
Soil water content was measured using a HOBO MX2307 Soil Moisture (Volumetric Wa-
ter Content, m3/m3) and Temperature (◦C) Data Logger (Onset Computer Corporation,
Bourne, MA, USA). Figure 6 presents soil water content over the first 60 days after planting;
the damped oscillation in SLECI traces illustrates how gentle seepage stabilizes the soil
moisture content. Furthermore, subsurface drip irrigation maintained stable water content
throughout most of the recording period. In contrast, SLECI eliminates peaks and troughs
by offering a slow, continuous delivery. According to Malchev et al. [8], fruit trees and other
perennials with deep roots require this stability to reduce stress cycles and promote more
consistent growth. Compared with surface drip irrigation and subsurface drip irrigation,
SLECI continuously maintained a more consistent soil water content with less moisture
fluctuations [13].
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Figure 6. Soil water content (m3/m3) during the growing season.

According to the report’s findings [13], in experiments with lavender and rosemary,
the conventional drip irrigation treatment exhibited the greatest oscillation, followed by
the subsurface drip irrigation treatment. In contrast, the SLECI treatment exhibits the least
oscillation. Additionally, subsurface SLECI irrigation at 0–15 and 15–30 cm resulted in
higher soil moisture content in maize crops, followed by surface drip and surface SLECI
irrigation. In a study on apple trees, the difference in soil water levels between subsurface
irrigation with ceramic emitters (SICE) and SDI was smaller than that for DI [15].

3.4. Irrigation Water Productivity in Moringa and Cowpea Under Different Irrigation Techniques

Irrigation water productivity, or IWP, is a widely used metric for evaluating irrigation
schemes that use various water application quantities and procedures in agricultural output.
It determines how many kilograms of commodities are produced per cubic meter of water.
IWP, which reflects the degree of irrigation and agricultural technology management, is
defined by Gang et al. [38] as the crop yield per unit of irrigation water consumption.
The ratio of actual crop yield per unit of water used, expressed in kg/m3, is known as
irrigation water productivity in agriculture [39,40]. In addition to comparing irrigation
techniques or procedures used in agricultural production, it is sometimes said to highlight
maximizing crop yield under conditions of water scarcity [41]. Cetin et al. [42] found that
irrigation water productivity research indicated that the quantity of water utilized in a
farm and/or irrigation scheme is more significant to farmers and authorities. Lastly, IWP
is crucial for sustaining agricultural output, especially in light of the anticipated climate
change. Therefore, understanding the elements that affect IWP and developing measures
to improve it are crucial scientific subjects. We estimated IWP in our analysis using the
following equation:

IWP =
Ya
Iwa

(1)

where Ya is crop fresh yield in kg/ha, IWP is irrigation water productivity in kg/m3, and
IWP is irrigation water applied in m3/ha. The results for irrigation water productivity
of moringa and cowpea are presented in Tables 4 and 5, respectively. Irrigation water
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productivity for moringa crops ranged from 0.26 kg/m3 under the surface to 0.65 kg/m3

when treated with sand for SLECI.

Table 4. Irrigation water productivity in moringa by different irrigation treatments (kg/m3).

Treatment Ya in kg Iwa in m3 IWP in kg/m3 % from Surface Drip

DI 1420 a 5497 c 0.258 c 100.00
SDI 1180 a 2842 b 0.415 b 160.73
SWS 1420 a 2190 a 0.648 a 251.05

SWOS 1250 a 2235 a 0.559 a 216.51
Values in column followed by the same letter are not significantly different at a p-value greater than 0.05.

Table 5. Irrigation water productivity in cowpea by different irrigation treatments (kg/m3).

Treatment Fresh Weight in kg Irrigation Water
Use in m3 IWP in kg/m3 % from

Surface Drip

DI 52,340 b 5497 c 9.52 c 100.00
SDI 66,260 a 2842 b 23.32 b 244.86
SWS 53,210 b 2190 a 24.30 b 255.18

SWOS 61,510 a 2235 a 27.52 a 289.04
Values in column followed by the same letter are not significantly different at a p-value greater than 0.05.

The highest water productivity was obtained in the SLECI treatment with sand
(0.65 kg/m3), which was more than two and a half times that of the surface drip irrigation
treatment (0.26 kg/m3). SLECI without sand reached 0.56 kg/m3, which is more than twice
that of DI. The results (Table 5) indicated that SLECI without sand produced almost three
times better IWP in cowpea in comparison with the surface drip treatment or 27.52 vs.
9.52 kg/m3, followed by SLECI with sand, with around two and a half times (23.13 kg/m3)
and subsurface drip irrigation treatment with 23.32 kg/m3. Compared with the most
efficient and widely used surface or subsurface drip irrigation technique, IWP results
are similar to those reported for SLECI technology applied to rosemary, lavender, maize,
tomato, and gem squash [13]. Furthermore, compared with subsurface drip-irrigated ap-
ples, subsurface irrigation with ceramic emitters at a depth of 40 cm resulted in considerably
higher WUE and IWUE, by 14.8% and 6.5%, respectively [15].

The same system (SICE) demonstrated greater water-use efficiency in a separate
wolfberry trial, outperforming drip irrigation by 14.6% and subsurface drip irrigation
by 4.5%, respectively [14]. Compared with subsurface drip irrigation, SICE increased water
production in melon crops by 13% [14]. Osei et al. [12] found that SLECI irrigation lines
used less water when buried 10 cm deeper than at 5 or 10 cm in their investigation of bell
pepper crops.

Additionally, our investigation’s findings demonstrate that drip subsurface is more
productive than surface drip, with over 60% of water consumed being productive. This
is mainly because installing drip lines in the soil offers greater benefits than surface drip
irrigation. In this context, El-Sayed and Mahmoud [26] reported higher field water use
efficiency (FWUE) in moringa trees under drip irrigation than under flood irrigation. It
can be stated that drip irrigation offers the advantages of uniform water distribution,
reduced percolation, and less water applied during the growing season. According to
Oliveira et al. [33], daily irrigation not only increased cowpea productivity compared to
irrigation intervals of two, three, and four days, but also improved water use efficiency,
making it a practical method for maximizing water application in semiarid areas where
water availability is frequently scarce. According to Pimenta et al. [43], depending on
the cowpea cultivars, WUE decreased from 0.24 to 0.49 kg/m3 for every 1% increase in
water application.
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Generally, our investigation showed that the SLECI system produces the same fresh
yield with half to about one and a half times less water in the moringa crop, or with about
one and a half to two times less water use in the cowpea crop. Therefore, when the goal is
maximum biomass per liter rather than absolute tonnage, SLECI offers the most significant
advantage. Growers under irrigation would double or even triple economic returns per
cubic meter by adopting the SLECI treatment, with or without sand.

3.5. The Effect of Irrigation Techniques on Plant Height, Leaf Area Index, Chlorophyll Content, and
Stem Diameter

The effect of irrigation techniques on moringa and cowpea is presented in Figure 7.
According to the results, different irrigation systems had no significant effect on moringa
height (Figure 7A). However, significant differences were recorded on sole cowpeas with
taller plants under a subsurface irrigation system (Figure 7B). In other research on irrigation
systems for the moringa tree, El-Sayed and Mahmoud [26] reported higher plant height
under drip irrigation (136 and 160 cm) than under flood irrigation (84 and 91 cm in the 1st
and 2nd cut back, respectively).
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Figure 7. Plant height response in moringa (A) and cowpea (B) to different irrigation systems.
DI = surface drip irrigation. SDI = subsurface drip irrigation; SWS = SLECI with sand and
SWOS = SLECI without sand; Values in bar chart followed by the same letter are not significantly
different at a p-value greater than 0.05.

The leaf area index (LAI) of cowpea and moringa was measured using a ceptometer
(AccuPAR model LP-80, Pullman, WA, USA). The LAI of moringa was higher when it
was intercropped with cowpea under a standard drip irrigation system (Figure 8A). The
other treatments, however, were not significantly different. Similarly, cowpea LAI was
higher under a standard drip irrigation system, whether in sole cropping or intercropping
(Figure 8B). However, other irrigation treatments had no significant effect on cowpea
LAI (Figure 8B). A study of tomato and cucumber plants under full irrigation showed
higher LAI and canopy cover than those under deficit irrigation [44]. An expanded canopy
enables greater light interception and carbon assimilation, thereby enhancing biomass
accumulation. A plant’s ability to photosynthesize is directly correlated with the leaf area
index, which is the percentage of total leaf area to ground area [45]. Well-irrigated plants
typically exhibit a higher LAI due to increased leaf expansion and delayed senescence.
Conversely, drought stress reduces LAI by causing leaf rolling, abscission, or stunted leaf
growth [46].
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Figure 8. Leaf area index (LAI) of moringa (A) and cowpea (B) under different irrigation systems;
Values in bar chart followed by the same letter are not significantly different at a p-value greater
than 0.05.

The chlorophyll content of moringa and cowpea was measured using a SPAD-502Plus
(units) (Konica Minolta, Tokyo, Japan) chlorophyll meter. The collected data indicated that
the chlorophyll content of both moringa and cowpea was higher during the active growth
stage (22-Mar-23) than during the early and late growth stages (Figure 9). Chlorophyll
content reflects the photosynthetic efficiency and health of plants. A comprehensive review
showed that chlorophyll biosynthesis and photosystem performance are strongly affected
by multiple abiotic stresses. The chlorophyll content is tightly linked to photosynthetic
efficiency because stresses (such as drought or nutrient deficiency) reduce pigment synthesis
and damage photosynthetic machinery [47]. Water deficit induces chlorophyll degradation
through oxidative stress, limiting light capture and reducing photosynthetic rates.

The SLECI irrigation system, with or without sand, generally resulted in higher
chlorophyll content in both crops. This could be related to the irrigation system’s potential
to reduce leaching of mobile mineral nutrients, such as nitrogen (N), since nitrogen is known
to improve crop chlorophyll content. In this context, El-Sayed and Mahmoud [26] reported
that moringa plants under drip irrigation had higher chlorophyll levels than those under
flood irrigation. Furthermore, fertilizers (compost/organic fertilizer and rock phosphate)
tended to increase total chlorophyll a and b content, as reported by the same authors.

The stem diameter (mm) of moringa was measured using a Digital Vernier Calliper
(Mitutoyo 500-737-20CAL, Mitutoyo Corporation, Kawasaki, Japan) at ≈ 10 cm above
ground. The data indicated that moringa intercropped with cowpea under SLECI without
sand had thicker stems than the other treatments (Figure 10). The increase in stem thickness
under the SLECI irrigation system may support enhanced biomass growth. However,
moringa trees under standard drip irrigation had thinner stems than those under other
treatments. Stem diameter indicates a plant’s structural strength and assimilate allocation.
In another study with tomato crop, the SLECI irrigation treatment produced thicker stems
in comparison with conventional surface drip irrigation [48]. Under water stress, reduced
turgor and assimilate supply resulted in thinner stems, lower mechanical strength, and
decreased hydraulic conductance. El-Sayed and Mahmoud [26] reported that drip irrigation
treatments yielded higher stem diameter values than flood irrigation treatments.
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Figure 9. Chlorophyll content response of moringa (A) and cowpea (B) to different irrigation systems.
The SPAD values were significant (p-value = 0.0006) on 22 March 23; Values in bar chart followed by
the same letter are not significantly different at a p-value greater than 0.05.
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Figure 10. Stem diameter of moringa in response to different irrigation systems; Values in bar chart
followed by the same letter are not significantly different at a p-value greater than 0.05.
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3.6. The Effect of Irrigation Techniques on the Nutritional Quality of Moringa Leaves and
Cowpea Seeds

Global demand for nutritious food is rising alongside population growth, while
climate-driven water scarcity, droughts, and environmental degradation simultaneously
reduce agricultural productivity. Irrigation, which is the artificial application of water to
crops, has traditionally aimed to maximize yield. However, recent research indicates that
irrigation strategies significantly influence the nutrient composition and the production of
bioactive compounds in plants. Plants require enough water for photosynthesis, nutrient
transport, and metabolic processes. Water shortages or excesses can disrupt these functions,
leading to issues with nutrient uptake, enzyme activity, and the production of secondary
metabolites such as phenolics and carotenoids [49,50]. As a result, irrigation techniques
significantly impact both biomass and nutritional value.

SLECI with sand tended to increase total sugars and total non-structural carbohydrates
(TNC %) in cowpea (e.g., up to 11.62%). In comparison, subsurface drip irrigation main-
tained more stable protein levels (≈24–26%) and energy stability (≈1395–1419 kJ/100 g)
in both crops (Tables 6 and 7). SLECI without sand also increased fat content (≈3.5–4.2%)
and slightly higher energy levels, possibly due to better aeration and nutrient delivery.
Traditional drip irrigation preferred a protein–carbohydrate balance with lower variability
among samples, resulting in better field control of moisture and nutrient application. Sand
addition to SLECI reduced ash by a small margin but increased total sugars and starch,
indicating enhanced carbohydrate translocation under moderate substrate aeration. On
the other hand, SLECI without sand enhanced protein and fat retention, perhaps due to
improved retention of the soil nutrient solution.

Table 6. Cowpea nutritional quality as influenced by different irrigation treatments.

Treatment Ash
(%)

Carbohydrates
Calculated (%)

Dry
Matter

(%)

Moisture
(%)

Energy
Calculated
(kJ/100 g)

Fat
(%)

Protein
(%)

Starch
(%)

Total
Sugars

(%)

Total
Non-Structural

Carbohydrates (%)

DI 8.3 55.5 91.8 8.2 1443.5 1.2 25.0 16.7 7.3 24.1
SDI 8.3 58.5 91.5 8.5 1442.8 1.4 23.2 15.4 8.7 24.1
SWS 8.1 60.9 91.7 8.3 1454.5 1.7 21.0 17.2 9.6 26.9

SWOS 8.2 60.0 91.7 8.3 1456.0 1.8 21.8 17.7 7.2 24.9

Table 7. Moringa leaf nutritional quality as influenced by different irrigation treatments.

Treatment Ash
(%)

Carbohydrates
Calculated (%)

Dry Matter
(%)

Moisture
(%)

Energy
Calculated
(kJ/100 g)

Fat
(%)

Protein
(%)

Total Sugars
(%)

Total
Non-Structural

Carbohydrates (%)

DI 12.4 51.3 91.4 8.6 1414.0 3.6 24.2 15.2 15.3
SDI 12.5 49.9 91.3 8.7 1411.0 3.6 25.3 13.9 13.9
SWS 12.3 51.5 91.8 8.2 1417.0 3.3 24.6 13.9 13.9

SWOS 13.4 50.2 91.4 8.6 1407.0 4.0 23.8 12.3 12.3

Pearson correlation analysis (Figure 11) identified clear correlations among the mea-
sured nutritional parameters, reflecting the biochemistry and physiology of the interactions
that underlie nutrient forms in foods and plant tissues. Energy content, as expected,
correlated strongly and positively with proteins and carbohydrates, as these are largely
responsible for the calorie content in plant tissue [51,52]. Carbohydrates provide the bulk
of metabolizable energy via glycolytic and oxidative pathways, with proteins serving as
a caloric source after deamination and oxidation [53]. These samples are rich in carbohy-
drates, protein, and energy, a characteristic often observed in legumes, cereals, and leafy
vegetables [54,55]. Conversely, there was a negative correlation between energy content
and moisture, as moisture primarily dilutes energy content. In other words, increased
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water content reduces the relative dry matter concentration and, accordingly, caloric den-
sity [51,56]. Higher-nutrient samples with more moisture contain less dry matter per
unit weight and therefore lower the net yield of energy when oxidized metabolically or
burned [57]. For example, freshly picked leafy greens have a high water content (>85%) and
thus have a lower energy density than dehydrated or starchy plant foods such as legumes
or grains [58].

 

Figure 11. Pearson correlations heat map of nutritional components.

There are strong positive correlations between protein and ash content, suggesting that
increased protein content is associated with increased mineral content, since some impor-
tant minerals (e.g., Fe, Zn, Mg, and K) coexist with protein molecules, such as enzymes and
structural proteins [55,59]. Similarly, fat content is directly related to energy and negatively
or weakly related to moisture, since lipids are hydrophobic, high-energy molecules that
accumulate in drier plant material [60]. Furthermore, carbohydrates inversely correlate
with crude fiber in legumes and leafy vegetables. This is because structural carbohydrates
(hemicellulose, cellulose, and lignin) increase with plant maturity, typically at the expense
of soluble carbohydrates such as starches and sugars [61]. On the contrary, those with
higher fiber content have lower digestible carbohydrate and energy values.
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Protein–fat relationships vary according to crop and environmental conditions.
Oilseeds such as groundnut, soybean, and moringa often exhibit positive correlations
between fat and protein, as both are deposited in the seeds during maturation [60,62]. Leafy
vegetables generally exhibit low or negative correlations between fat and protein because
nitrogenous and lipid compounds are distributed differently within leafy tissues [63,64].
Overall, the nutrient correlation pattern indicates the interrelatedness of plant biochemical
composition, such that increases in one component could influence others through common
biosynthetic pathways or compositional demands. Such correlation studies are significant
for nutritional characterization, food product design, and breeding programs aimed at
improving energy and nutrient content [51,56,59].

4. Conclusions
This study demonstrated that SLECI can substantially reduce irrigation water use

(>60%) while maintaining or increasing crop yields, particularly for perennial crops such as
moringa. This was prevalent when moringa was intercropped with cowpea under SWOS
and SWS irrigation treatments. Cowpea, in contrast, performed better under subsurface
drip irrigation due to its shallow root system; therefore, SLECI was installed at a depth
of 30 cm. However, SLECI significantly improved irrigation water productivity for both
crops, achieving 2- to 3-fold improvements over surface drip irrigation, making it an ideal
irrigation system in water-scarce areas such as semiarid regions. Similarly, physiological
parameters such as chlorophyll content and stem diameter were enhanced under SLECI,
consistent with improved nutrient and water availability, which optimize the retention of
simple carbohydrates (sugars), which are most ideal for flavor- and energy-dense foods.
Future research should explore optimized emitter depths for annual crops, evaluate long-
term impacts on soil salinity, and test the system across different soil types and climates.
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