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Background: Increasing irrigation water productivity is a key strategy for
achieving sustainable agricultural production. This study evaluated the
performance of self-regulating low-energy clay-based irrigation (SLECI) as
a sustainable alternative to surface and subsurface drip irrigation under water-
scarce sandy field conditions, with a particular focus on quantifying the trade-off
between irrigation water productivity and fresh biomass yield. SLECI system is
a subsurface irrigation technology that uses microporous clay emitters buried
within the crop root zone. Water is released passively in response to soil moisture
deficits, as water flows through the clay pores only when soil suction exceeds
the retention force of the emitter. This self-regulating mechanism delivers
water directly to plant roots without the need for pumps, sensors, or external
control systems.
Methods: The experiment was conducted on newly established, 1-year
plantings of rosemary (Salvia rosmarinus, Tuscan Blue variety) and lavender
(Lavandula stoechas, Hollandia variety) grown under open-field conditions at
the Welgevallen Experimental Farm, Stellenbosch, South Africa (33◦56

′
33

′′
S,

18◦51
′
52

′′
E), from November 2023 to February 2024, during the hot-dry

summer season.
Results: The highest fresh marketable yield of rosemary was obtained under
subsurface drip irrigation (906 kg/ha), while lavender achieved its highest yield
under conventional surface drip irrigation (3,625 kg/ha). Although yields under
SLECI were lower, this system used substantially less irrigation water (533.2
m3/ha) over the 3-month period, compared with surface drip (6,800 m3/ha)
and subsurface drip irrigation (3,060 m3/ha). Irrigation water productivity (IWP)
demonstrated the water-saving efficiency of SLECI, producing 0.529 kg of fresh
marketable rosemary per m3 of applied water, nearly 4.5 times higher than
surface drip irrigation. Similarly, SLECI achieved an IWP of 1.467 kg/m3 for
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lavender, representing a more than 2.7-fold increase compared to surface
drip irrigation (0.115 kg/m3). Irrigation technique significantly affected fresh
marketable yield. Subsurface drip irrigation and SLECI increased rosemary plant
diameter relative to surface drip, whereas subsurface and surface drip irrigation
promoted larger lavender plant diameters.
Conclusion: This study contributes to understanding how clay-based irrigation
systems perform under severe sandy soil conditions and provides practical
insights into the trade-off between water saving and crop productivity in semi-
arid environments.

KEYWORDS

deficit irrigation, drip irrigation, sandy soils, SLECI, water efficiency

1 Introduction

Water security is a hot topic all over the world, due to global
warming, climate change, natural calamities such as droughts and
floods, overuse of water, and other factors (Mohtar and Fares,
2022). Many arid and semi-arid regions in the world are recognized
as global hotspots for climate change, facing projections of
increased temperatures, reduced rainfall, and more frequent and
severe droughts (IPCC, 2021). These changes place immense
pressure on freshwater resources, with the agricultural sector, the
largest consumer of water, being particularly vulnerable. In such
water-scarce environments, the sustainability of agriculture hinges
on the adoption of irrigation technologies that maximize water
productivity—achieving “more crop per drop” (Soria-Lopez et al.,
2023).

High-value aromatic crops like rosemary and lavender
are well-suited to their native Mediterranean climates (semi-
arid conditions) due to inherent drought tolerance. However,
while they can survive dry spells, their commercial yield and
quality are significantly enhanced by supplemental irrigation
(Singh, 2004; Sałata, 2020; Sałata et al., 2020; La Bella et al., 2021;
Ghamarnia et al., 2022; Cáceres-Cevallos et al., 2023). Climate
change can have a significant impact on lavender plantations and
their irrigation practices, resulting in increased water stress and
potential challenges for lavender cultivation (Akçay et al., 2023).
Therefore, in the changing climate, plants that previously survived
under rainfed conditions are now dependent on irrigation.

Irrigation optimization is critical for sustainable agriculture
in water-scarce regions, particularly for drought-tolerant crops
like lavender (Lavandula angustifolia Mill.), where strategic
water management can enhance productivity (Saunier et al., 2022;
Hosseini and Heidari, 2025). A study by Yetik and Sen (2025)
found that while rainfed lavender yields were significantly reduced,
moderate deficit irrigation (33% water deficit) could achieve yields
comparable to full irrigation, highlighting the crop’s suitability for
water-saving strategies (Hassan et al., 2013). In addition, deficit
irrigation can improve water use efficiency despite reduced growth,
as demonstrated in Salvia splendens and Antirrhinum majus
(Sezen et al., 2023; 2024). Similarly, in lavender, moderate deficit
irrigation maintains acceptable yields while significantly increasing
water productivity (Akçay et al., 2023).

Ghamarnia et al. (2022) reported that increasing water deficit
significantly reduced rosemary growth parameters and essential

oil content, making 50% irrigation unsuitable. For dry matter
production, 75% deficit irrigation is acceptable, but full irrigation
is necessary for maximum essential oil yield. Furthermore, many
other studies have evaluated the positive effect of irrigation on yield
and quality characteristics in different herbs and aromatic plants
(Pejić et al., 2017; Ekren et al., 2012; Azizi et al., 2009; Baher et al.,
2002).

Irrigation is fundamental to global agriculture, accounting
for about 70% of freshwater withdrawals worldwide. The water
scarcity influenced by climate change and increasing food demand
highlights the need for sustainable irrigation (FAO, 2023).
Therefore, innovations for saving water in irrigated agriculture
and thereby improving water use efficiency are of paramount
importance in water-scarce regions (Yazar et al., 2009), often
necessitating a shift in focus from maximizing absolute yield
to maximizing the efficiency of water use (Yetik and Sen, 2025).
Zhang et al. (2025) reported that improved irrigation management
can enhance water productivity, even when yield responses
are variable.

Modern micro-irrigation systems, such as surface and sub-
surface drip, have become standard for improving water efficiency
(Lakhiar et al., 2024; Çetin and Kara, 2019; Tanaskovik et al., 2016;
Mancosu et al., 2015; Tekinel and Kanber, 2002; Papadopoulos,
1996). Sub-surface drip irrigation (SDI) offers a distinct advantage
by delivering water directly to the root zone, thereby eliminating
non-productive losses from surface evaporation (Mahler, 2024;
Guo et al., 2023; Ayars et al., 1999). Other approaches that
optimize water use efficiency while reducing energy demand and
environmental impacts are innovative clay-based technologies
inspired by ancient pitcher irrigation techniques. Among these
is the Self-regulating, Low-Energy, Clay-based Irrigation (SLECI)
system (Mahler, 2024). SLECI utilizes microporous clay emitters
buried underground that release water based on the principle of
soil matric potential. Water seeps out only when the surrounding
soil becomes dry enough to exert a suction force greater than
the water retention capacity of the clay pores, creating a self-
regulating, demand-driven system that operates at very low
pressure and without external energy or controllers (Malchev et al.,
2025, 2022; University of Ss. Cyril Methodius in Skopje, 2025). By
delivering water gradually through clay emitters buried below
the soil surface, SLECI reduces water loss from evaporation and
deep percolation compared to surface irrigation techniques. This
characteristic suggests it could be particularly effective in sandy
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soils by providing a slow, continuous supply of water that matches
the soil’s infiltration rate, potentially minimizing deep percolation
(Agbesi et al., 2025; Elmajetni et al., 2025).

While the conceptual advantages of SLECI are compelling
in several investigations (Chaba et al., 2026; Malchev et al.,
2025; Cukaliev et al., 2025; Osei et al., 2024; Malchev et al., 2022;
Hansmann and Siering, 2018), empirical data on its performance
relative to established high-efficiency systems like drip irrigation,
especially for perennial herbs under extreme sandy soils is scarce.
This study, therefore, aimed to provide a direct comparative
evaluation of SLECI, surface drip, and sub-surface drip irrigation.
The objectives were to quantify and compare these three systems
in terms of (1) fresh yield of lavender and rosemary, (2) seasonal
irrigation water consumption, and (3) irrigation water productivity
(IWP), with a particular emphasis on the trade-off between biomass
production and water-saving potential.

Finally, the findings of this study are expected to provide
valuable insights for optimizing irrigation management and
implementing effective water-saving approaches in rosemary and
lavender production across similar climatic regions.

2 Methodology

2.1 Experimental site design

The study was conducted on newly established, first-year
plantings of Rosemary (Salvia rosmarinus, Tuscan Blue variety)
and Lavender (Lavandula stoechas, Hollandia variety) grown under
open-field conditions at the Welgevallen Experimental Farm, South
Bank Road, Stellenbosch, South Africa (33◦56

′
33

′′
S, 18◦51

′
52

′′

E). The experiment was carried out during the period from 1
November 2023 to 1 February 2024, corresponding to the hot-
dry summer season in the region. For the experimental trial,
a rectangular block 20 m long and 24 m wide was laid out,
giving a cultivated area of 480 m2. Within this block the three
irrigation treatments formed the backbone of the design: (i) the
self-regulating, low-energy, clay-based irrigation (SLECI) system
installed below the surface (20 m long line with clay tubes installed
below the surface), (ii) a conventional drip irrigation (20 m long
drip line installed on soil surface), and (iii) a sub-surface drip
irrigation (20 m long drip line installed with arrow drippers below
surface) (Figure 1).

Each irrigation treatment consisted of four crop rows. Within
each row, plants were arranged in an intercropping sequence of
rosemary and lavender, subdivided into five measurement segments
(blocks) per row, each approximately 4 meters in length, resulting
in 20 measurement segments units per irrigation treatment. Plants
were spaced at 20 cm within rows to accommodate their shrub
growth habit, while the distance between rows was approximately
2 meters.

The experiment was established as a field-scale strip trial,
with each irrigation method applied as a whole irrigation strip.
For statistical analysis of the observed traits, the 20 measurement
segments within each treatment strip were aggregated into three
composite groups, using the same rule for all treatments and crops.
Water use for each irrigation treatment was monitored using one

flowmeter per treatment. Therefore, the measurements of seasonal
irrigation water consumption were considered a treatment-level
values and were summarized descriptively.

2.2 Data collection, calculations and
statistical analyses

The irrigation water quantity applied to each treatment was
continuously monitored using flow meters. Soil moisture content
was logged at a 30 cm depth using soil-moisture sensors to show
soil moisture dynamic through the profile. At the conclusion of
the 3-month experimental period, the above-ground biomass of
all lavender and rosemary plants in each plot was harvested to
determine the total fresh weight yield.

Fresh marketable yield was analyzed separately for rosemary
and lavender using the three composite groups per irrigation
treatment. For each crop treatment means, standard deviations,
standard errors and coefficients of variation were calculated. One-
way analysis of variance was performed on composite group yield
values in order to compare the response of the crops to different
irrigation treatments within the present field layout. Treatment
means were compared by using Tukey HSD pairwise comparisons.

Water saving relative to conventional surface drip irrigation
was calculated as:

Water saving (%) =
Water usesurface drip − Water usetreatment

Water usesurface drip
x100 (1)

Irrigation water productivity (IWP), which measures the mass
of crop produced per unit of irrigation water (Fernández et al.,
2020; Cetin and Kara, 2019), was calculated as follows:

IWP = Ya
Iwa

(2)

Where IWP is irrigation water productivity in kg/m3, Ya is cropping
yield in kg/ha, while Iwa is irrigation water applied, expressed in
m3/ha. As irrigation water use was measured once per treatment,
IWP was treated as a calculated treatment-level indicator and the
values were compared using calculated values, percentage change
and response ratios relative to surface drip irrigation.

Plant height and plant diameter were analyzed separately
for both rosemary and lavender using repeated-measures mixed
models. Irrigation treatment, days after transplantation (DAT),
and the treatment x DAT interaction were included as fixed
effects, in order to evaluate whether growth trajectories differed
between the irrigation treatments over time. The composite group
was used as the repeated observational unit. DAT was treated
as a categorical factor because measurements were taken at four
discrete time points, 1 days, 30 days, 61 days, and 92 days after
transplantation (DAT).

Net growth increase was calculated for each crop, trait and
treatment following the formula: growth increase = final value at 92
DAT—initial value at 1 DAT Additionally, the cumulative growth
was summarized by using the area under the curve for growth
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FIGURE 1

Experimental field layout and composite group structure.

(AUCg), calculated across the four measurement dates (Rodriguez,
2023). Growth increase and AUCg were used as complementary
indicators of seasonal growth performance.

Model assumptions were evaluated before interpretation of
the statistical results. For one-way ANOVA of fresh marketable
yield, the residual normality was checked (Shapiro-Wilk test) and
the homogeneity of variances was assessed (Levene’s test). For the
repeated-measures model for plant height and diameter, model
adequacy was evaluated by visual inspection of residual versus fitted
plots and Q–Q plots. No major deviations from model assumptions
were detected.

All statistical analyses were performed by using the statistical
software R 4.3.3 (R Core Team, 2023).

2.3 Climate conditions and soil
characteristics

The average monthly temperature during the vegetation period
(three active months) varied from 20.12 ◦C and 20.96 ◦C in
November and December 2023, up to 23.89 ◦C in January 2024.
Data for average monthly relative air humidity are in range from
62.1% for December 2023 and January 2024 up to 67.2% for
November 2023. Total precipitation was 10.7 mm in November
2023 and 5.60 mm in January 2024, while no rainfall was recorded
in December. The average ETo in treatments for November and
December 2023 and for January 2024 were 4.48 mm, 3.85 mm, and
3.52 mm, respectively.

According to the climate condition presented in Table 1,
it can be concluded that additional irrigation is needed for
stable lavender and rosemary yield. Although both herbs tolerate
moderate drought, their critical growth stages and responses to
water stress differ. Lavender shows an interesting response to
water deficit. Mild stress can intensify essential oil concentration,
yet severe stress reduces stem length and makes mechanical

harvesting difficult. Lavender is most sensitive from bud formation
through bloom. Therefore, crop needs a gentle but regular trickle
of water during these stages. Despite natural drought tolerance,
lavender can still benefit from controlled irrigation, which has
been shown to enhance yield and oil concentration (Yetik and Sen,
2025). According to Saunier et al. (2022), optimizing irrigation
schedules during key phenological stages, such as pre-flowering
and flowering, is crucial for lavender. Rosemary naturally
resists moderate drought, but its plants demonstrated the best
performances when irrigation was more frequent; vice versa,
the greatest percent content in essential oil was obtained
when irrigation events were less frequent (La Bella et al., 2021).
Akçay et al. (2023) reported that the crop evapotranspiration in
lavender varied between 144–739 mm according to treatments
and used method of ET analysis. Ghamarnia et al. (2022)
presented average water requirement of the rosemary plant
of 486 mm.

Despite the very dry weather during the vegetation period, the
soil’s low water retention capacity further affects the dry season. The
soil at the experimental site is characterized by a high percentage
of sand and little organic matter. Laboratory analyses show that
92% of the mineral fraction is sand, only 4% is silt, and 4%
clay (Table 2). According to texture classification (USDA-NRCS,
2025), the soil at experimental trial is classified as sandy. In such
soils, water applied by irrigation or during precipitation quickly
infiltrates and seeps downwards, and the topsoil dries out quickly.
With such low water-holding capacity, frequent irrigation with
low water portions is better than infrequent irrigation with large
portions. The pH of 7.9 places the soil in the mildly alkaline
range. Both crops tolerate—indeed, rosemary often prefers—such
conditions, yet some micronutrients (iron, manganese, and zinc)
become less soluble. Electrical conductivity in the analyzed soil
of the experimental trial is just 0.123 dS/m. According to the
classification of soil based on the electrical conductivity (EC)
classification supplied by Durand (1983), soil at the field trial is
non-saline, meaning there is no salinity hazard.
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TABLE 1 Monthly average air temperature (◦C), monthly average relative humidity (%), monthly precipitation (mm) and monthly average ETo (mm).

Month Average

temperature (◦C)

Average relative air

humidity (%)

Precipitation (mm) Average ETo (mm)

November 2023 20.12 67.2 10.7 4.48

December 2023 20.96 62.1 0.0 3.85

January 2024 23.89 62.1 5.60 3.52

TABLE 2 Chemical and physical characteristics of the experimental soil (0–60 cm).

Parameter Value

pH (H2O) 7.87

Electrical conductivity (dS/m) 0.123

Organic matter (%) 0.347

Available nitrogen (mg/100 g soil) 0.8

Sand (%) 92

Silt (%) 4

Clay (%) 4

3 Results

3.1 Effect of irrigation techniques on fresh
rosemary and lavender marketable yield

The results presented in Figure 2 for fresh marketable rosemary
leaves yield in 1 year of vegetation (after transplanting) show
different responses of the same young crop because of the applied
irrigation methods. When the self-regulating clay lines (SLECI)
were the only source of water, the rosemary produced the lowest
fresh marketable yield (282 kg per hectare). Under conventional
surface drip irrigation, the fresh marketable rosemary leaves yield
increased (781 kg/ha), while the highest yield (906 kg/ha) was
obtained under sub-surface drip irrigation.

Lavender showed a different response pattern. The highest fresh
marketable lavender yield was obtained under the surface drip
irrigation treatment with 3625 kg/ha, followed by 2188 kg/ha under
sub-surface drip irrigation treatment, whereas the lowest yield of
782 kg/ha was obtained under SLECI. The Both crops showed
lower fresh biomass production under SLECI, the sub-surface drip
treatment was the most favorable for rosemary yield, while surface
drip resulted in highest lavender yield.

Based on the ANOVA applied to the composite groups per
treatment, the irrigation method had a significant effect on the fresh
marketable yield in both rosemary and lavender (Table 3).

3.2 Soil water dynamics and irrigation water
use

According to the data for soil moisture dynamics (content)
presented in Figure 3, it can be concluded that in all 3 months
the highest oscillations were recorded under the treatment with
conventional surface drip irrigation, followed by sub-surface drip

irrigation, while the smallest oscillations were recorded under
SLECI treatment, where the least water was actually applied. This
indicates that SLECI provided more gradual water release, although
with substantially lower total application of water.

The results about irrigation water use during the first vegetation
season in the experimental trial are presented in Table 4. Irrigation
records show a different use of water between the irrigation
treatments during the season. The SLECI system delivered only
533.2 m3/ha over the 3-month period. In stark contrast, the surface
drip system used 6800 m3/ha, while the sub surface drip irrigation
treatment ranged between the SLECI and surface drip treatment
with 3060 m3 used water per hectare. Relative to surface drip
irrigation, SLECI reduced irrigation water use by 92.2% and sub-
surface drip irrigation by 55.0%, meaning that surface drip method
used approximately 12.8 times more water than SLECI, while sub-
surface drip method used approximately 5.7 times more water
than SLECI.

3.3 Irrigation water productivity

Irrigation-water productivity is a simple ratio of crop yield
for every cubic meter of water applied. Unlike absolute yield,
which rewards sheer tonnage, water-productivity highlights how
efficiently a production system turns a scarce water resource
into food or other agricultural product. It is often expressed to
emphasize maximizing crop production under water constrained
conditions (Ali and Talukder, 2008), but also, to compare irrigation
techniques or irrigation methods used in agricultural production
(Gang Wang et al., 1998).

The results for irrigation water productivity for fresh
marketable rosemary leaves and fresh lavender under SLECI,
surface drip and sub-drip irrigation are presented in Table 5 and
Figures 4 and 5. When the fresh marketable rosemary yield was
divided by the season’s irrigation volume, the self-regulating clay
tubes (SLECI) reached the highest calculated IWP, with 0.529
kg/m3, more than four and a half times in comparison by the
surface drip irrigation treatment (0.115 kg/m3). The sub-surface
drip irrigation treatment reached 0.296 kg/m3, which corresponds
to 2.58 times the IWP of surface drip irrigation This indicates that
despite the lower absolute rosemary yield than the drip irrigation
methods, SLECI converted more efficiently each cubic meter of
applied irrigation water into fresh biomass. Comparing the drip
irrigation methods, the sub surface drip irrigation treatment shared
the advantage of its installation in the soil in comparison with the
surface drip irrigation treatment.

At the lavender experimental sites, SLECI also showed the
highest calculated IWP for lavender yield, with 1.467 kg/m3, 2.7
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FIGURE 2

Fresh marketable yield of rosemary and lavender under different irrigation treatments (colored points represent the composite groups, black
diamonds represent mean value ± SE). Different letters within the same crop indicate significant differences between irrigation treatments at p-value
of 0.05.

TABLE 3 One-way ANOVA for fresh marketable yield.

Crop Source df Sum Sq F-value p-value

Rosemary Irrigation treatment 2 654,002 103.41 <0.001

Residuals 6 18,974

Lavender Irrigation treatment 2 12,124,454 1,859.39 <0.001

Residuals 6 19,562

TABLE 4 Irrigation water use by treatment.

Treatment Irrigation

water use

(m3/ha)

Water

saving

relative to

surface

drip (%)

Water-

use ratio

relative to

surface

drip

SLECI sub-surface 533.2 92.2 0.08

DRIP surface

irrigation

6,800 0 0

DRIP sub-surface

irrigation

3,060 55.0 0.45

times the value obtained under drip irrigation (0.533 kg/m3). The
sub-surface drip irrigation delivered 0.715 kg/m3, or 1.34 times
the value of surface drip irrigation. These results show that SLECI
had the highest advantage of water productivity, while sub-surface
drip was placed in the intermediate stage, conserving water while
maintaining higher biomass production than SLECI.

Overall, the IWP results demonstrate a clear trade-off between
the absolute fresh yield and irrigation water productivity. Both drip

methods produced higher fresh biomass, depending on the crop,
while SLECI system used substantially less water and therefore
achieved the highest calculated IWP in both rosemary and lavender.

3.4 Effect of irrigation techniques on plant
diameter and height in rosemary and
lavender crops

Plant diameter and height of both rosemary and lavender were
measured at four time points: 1 days, 30 days, 61 days, and 92
days after transplantation (DAT). The obtained results are shown in
Figure 6 and the repeated-measures model results are summarized
in Table 6.

In lavender, plant diameter was different among the irrigation
treatments during the experimental period. At the initial
measurement, SLECI and sub-surface drip had similar values,
whereas surface drip had much lower values. During the later
measurements, the strongest diameter enlargement was observed
under sub-surface drip method. At the final measurement, the
highest lavender plant diameter was recorded under sub-surface
drip irrigation (400.3), followed by surface drip (340.0) and SLECI
(300.0). The plant height in lavender strongly increased under
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FIGURE 3

Soil water dynamics (content) for November and December 2023 and January 2024, measured by installed soil sensors at 0–30 cm.

all treatments. At the final measurement, the surface drip and
sub-surface drip produced similar final plant height (350.0 mm and
349.7 mm, subsequently), higher than SLECI (310.3 mm).

In rosemary, both plant diameter and height were also affected
by the irrigation treatment. During the early growth stages, SLECI
produced higher diameter than the two drip treatments, but in the
final measurement sub-surface drip irrigation resulted in largest

diameter (239.7 mm), followed by SLECI (190.3 mm) and surface
drip (170.0 mm). The highest plant height was also achieved with
sub-surface drip irrigation (450.3 mm), followed by sub-surface
(349.7 mm) and SLECI (320.3 mm).

The repeated-measures model showed significant effects of
the irrigation treatment, DAT and treatment × DAT interaction
on diameter and height in both crops (Table 6), indicating that
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TABLE 5 Fresh marketable yield, seasonal use of irrigation water and irrigation water productivity (IWP) of rosemary and lavender under different irrigation treatments.

Crop Treatment Fresh

marketable yield

(kg/ha)

Irrigation

water use

(m3/ha)

IWP (kg/m3) IWP ratio relative

to surface drip

Rosemary SLECI sub-surface 282 533.2 0.529 4.60

DRIP surface irrigation 781 6,800 0.115 1.00

DRIP sub-surface irrigation 906 3,060 0.296 2.57

Lavender SLECI sub-surface 782 533.2 1.467 2.75

DRIP surface irrigation 3,625 6,800 0.533 1.00

DRIP sub-surface irrigation 2,188 3,060 0.715 1.34

FIGURE 4

Relationship between seasonal irrigation water use, fresh marketable yield and IWP under SLECI, surface drip and sub-surface drip irrigation.

the irrigation treatments differed not only in the final plant
diameter and height, but also in its growth trajectories over
time. To further summarize the seasonal growth response, net
growth increase and cumulative growth were calculated and
presented in Figures 7, 8. Net-growth increase confirmed the final
growth pattern, with sub-surface drip generally producing the
highest increase, particularly for rosemary height and diameter and
lavender diameter. The AUCg analysis showed the same trend,
indicating greater cumulative growth under sub-surface drip for the
main growth traits.

4 Discussion

The results show that both drip irrigation methods produced
substantially higher fresh marketable yield of rosemary and
lavender in comparison with SLECI. The explanation is that surface
drip supplied far more water than SLECI. SLECI used only a
thirteenth of the water applied by surface drip and wetted the
soil slowly. That thrift preserved plant through the dry summer

but limited a fresh-herb harvest. Similarly, Malchev et al. (2025)
reported that drip irrigation achieved higher average yields than
SLECI, probably due to supplying more water to deeper soil layers.
Results from similar field experiments within the DIVAGRI project
shows yield reductions in shallow rooted crops such as cowpea,
while combined results were obtained in moringa crop. In addition,
SLECI irrigation delivers higher fresh and dry maize yields than
surface drip systems and performs as well as or better in tomato,
gem-squash and bell pepper, especially when emitters are placed
at shallow depths (Technical Report on SLECI Pilot Sites Installed
within the DIVAGRI Project, 2025; Osei et al., 2024). Broader
studies on related porous-ceramic emitter systems (SICE) also
demonstrate agronomic advantages over surface and subsurface
drip irrigation, including increased yields in greenhouse melons,
wolfberry, and apple (Han et al., 2025, 2023; Cai et al., 2021).

Generally, the lower yields observed in this study are partly
attributable to the use of newly established, first-year plants, which
have not yet reached their full productive potential. In addition,
the underperformance of SLECI in terms of yield can be largely
attributed to the experimental site’s extremely sandy soil (92%
sand). Malchev et al. (2022) noted that the effectiveness of SLECI
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FIGURE 5

Yield, water use and IWP response ratios relative to conventional surface drip irrigation. The dashed line represents the surface drip reference
value of 1.

FIGURE 6

Plant height and diameter dynamics of rosemary and lavender.

in their sweet cherry trial was likely reduced by the sandy nature of
their test field. A laboratory study by Osei et al. (2025) investigating
SLECI in different soil textures provides a compelling explanation.
They found that while the hydraulic conductivity of the SLECI
emitter was highest in sandy soil, the resulting wetting perimeter
was the smallest compared to loam and clay soils. This suggests that
in our sandy soil, water from the emitters moved rapidly downward
due to gravity with limited lateral spread. This would create a
narrow, deep wet column, failing to supply a sufficient volume
of the root zone and leading to plant water stress, even though

water was being supplied continuously. Sałata et al. (2020) have
observed that under fully irrigated conditions, yield of fresh and
air-dried lavender leaves and essential oil content were increased.
Other research on deficit irrigation in lavender shows that while
the crop is drought-tolerant, plant growth-related parameters
and yields decline under water stress (Chrysargyris et al., 2016).
Drug herb yield and yield components were negatively influenced
by decreasing water levels (Akçay et al., 2023). Similarly, a
study on rosemary showed that reducing irrigation to 50% of
the plant’s water requirement was not recommended due to
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TABLE 6 Repeated-measures analysis of plant height and diameter in rosemary and lavender.

Crop Trait Effect df∗ Sum Sq Mean Sq F-value p-value

Lavender Diameter Irrigation treatment 2, 6 7,255.33 3,627.67 80.38 < 0.001

DAT 3, 18 400,528.20 133,509.40 2,958.35 < 0.001

Treatment × DAT 6, 18 15,374.44 2,562.41 56.78 < 0.001

Height Irrigation treatment 2, 6 272.90 136.45 8.49 0.018

DAT 3, 18 525,480.44 175,160.15 10,903.34 < 0.001

Treatment × DAT 6, 18 4,314.39 719.06 44.76 < 0.001

Rosemary Diameter Irrigation treatment 2, 6 628.82 314.41 12.06 0.0079

DAT 3, 18 120,431.55 40,143.85 1,539.61 < 0.001

Treatment × DAT 6, 18 9,850.61 1,641.77 62.97 < 0.001

Height Irrigation treatment 2, 6 2,149.80 1,074.90 29.96 < 0.001

DAT 3, 18 649,328.21 216,442.74 6,032.47 < 0.001

Treatment × DAT 6, 18 23,838.94 3,973.16 110.74 < 0.001

∗df are shown as numerator and denominator degrees of freedom.

FIGURE 7

Net growth increase of rosemary and lavender height and diameter under different irrigation treatments.

significant reductions in yield parameters (Ghamarnia et al., 2022).
Furthermore, other evaluation of rosemary under different water
stresses has shown significant positive effects on the quantity and
quality of the resulting (Sarmoum et al., 2019). This confirms that
while aromatic herbs are resilient, their productivity is directly
linked to water availability. Omer et al. (2020) stated that the use
of surface or underground micro-drip irrigation systems does not
exert a significant effect on the characteristics of rosemary plants.
Another study demonstrated that the interval of time between
irrigation events significantly influenced the characteristics of
rosemary (La Bella et al., 2021).

On the other hand, our findings for soil moisture content
(dynamic) are in agreement with other research where SLECI
was compared with surface and subsurface drip irrigation. Field
monitoring within DIVAGRI H2020 project shows that SLECI

maintains more stable soil moisture in moringa and cowpea than
surface drip during hot, dry spells, as well as in tomato and maize
crops during the vegetation (Chaba et al., 2026; Cukaliev et al.,
2025; Technical Report on SLECI pilot sites installed within
the DIVAGRI Project, 2025). Furthermore, in similar research
technology, the variations in soil water contents for subsurface
irrigation with ceramic emitter’s (SICE) were smaller than those
for sub-surface drip irrigation SDI (Cai et al., 2021). According
to Xu and Hsiao (2004), available water in the soil profile and
water use efficiency determines the plant productivity. Sałata (2020)
reported that in the cultivation of L. angustifolia soil moisture
content is one of the factors that may affect yield and raw material
chemical composition. Lower soil moisture content reduced the
leaf area, leaf number, and fresh and dry weights of shoots in
two different English lavender cultivars (Zhen and Burnett, 2015;
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FIGURE 8

Area under the growth curve for rosemary and lavender height and diameter under different irrigation treatments.

Gitelson et al., 2003; Sonobe and Wang, 2017). The findings of the
study in terms of WUE and IWUE shows the sensitivity of the green
herb yield of lavender to soil moisture (Akçay et al., 2023).

SLECI’s system is designed to respond to plant root demand,
delivering water only when suction forces from drying soil trigger
release. The result is a slow, steady seep that matches plant demand
while keeping the soil surface almost dry (Malchev et al., 2025;
Mahler, 2024). In practical terms, the obtained results for water
use in our research illustrate different possibilities for water use
in rosemary and lavender crop production. Similarly, our results
corresponded with those presented across multi crop investigation,
where SLECI was compared with drip irrigation in sweet cherry,
maize, moringa, cowpea, gem squash and tomato (Chaba et al.,
2026; Malchev et al., 2025; Cukaliev et al., 2025; Technical Report
on SLECI Pilot Sites Installed within the DIVAGRI Project,
2025). Our results for water use are lower than those in the
literature, primarily due to the fact that it concerns the 1 year of
vegetation for both crops. In deficit irrigation studies under semi-
arid conditions, Akçay et al. (2023) reported irrigation application
amounts from 197.0 mm to 633.0 mm for lavender cultivation,
while Ghamarnia et al. (2022) in rosemary experiments noted from
473 mm to 498 mm. Additionally, Yetik and Sen (2025) in their
study with deficit irrigation showed irrigation water amounts from
325.5 mm to 1162.4 mm, while Noorollahi et al. (2016) reported
seasonal ET for lavender reaching up to 1191.4 mm.

Irrigation is a valuable agricultural technology, its profitability
and long-term sustainability depend on proper management
practices that enhance efficiency, lower operating costs, and
minimize environmental impacts (Ali and Talukder, 2008;
de Lacerda and de Oliveira, 2007). Since water availability limits
agricultural production in many regions, improving yields with
less water is essential. Consequently, improving the amount of crop
produced per unit of water has become a fundamental requirement

for sustainable agriculture, especially given that farming accounts
for roughly 70% of global freshwater use (FAO, 2023). The results
in our study present a clear trade-off between maximizing crop
biomass and optimizing water use efficiency in a challenging
agricultural setting. The SLECI system’s performance underscores
both its profound potential for water conservation and the critical
need to tailor its design to specific environmental conditions.
Our experimental results demonstrate that calculated irrigation
water productivity (IWP), an important criterion for assessing
agricultural sustainability and efficiency, showed clear differences
among the irrigation treatments applied across the experiment.
The obtained results are in agreement with findings with other
different crops as maize, tomato, gem squash, cowpea and moringa
(Chaba et al., 2026; Cukaliev et al., 2025; Technical Report on
SLECI Pilot Sites Installed within the DIVAGRI Project, 2025),
where SLECI treatments showed better IWP compared than surface
or subsurface drip irrigation with different crops established across
Africa. In other study with sweet cherry field experiments, the
average water productivity in case of SLECI irrigation is more than
12 times higher compared with the average IWP for drip irrigation.
The apparent water-productivity advantage stems from two factors:
first, SLECI delivered only the water that root tension demanded,
and second, there is almost no loss of water to evaporation and
deep percolation (Malchev et al., 2025). Results from our report
showed that sub surface drip is more productive than surface drip
irrigation, mainly due to advantage of drip line installation in
the soil in comparison with the surface drip irrigation treatment,
similarly like in results presented by Technical Report on SLECI
Pilot Sites Installed within the DIVAGRI Project (2025) and
results reported by Malchev et al. (2025). Additionally, Osei et al.
(2025) in their investigation with bell pepper crop presented
better water use efficiency of SLECI irrigation lines in burying
depth of 15 cm compared lower depth (5 cm and 10 cm). Across
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studies in apples (Cai et al., 2021), wolfberry (Han et al., 2023),
and melon (Han et al., 2025), subsurface irrigation with ceramic
emitters (SICE) consistently outperformed drip and subsurface
drip irrigation, providing measurable improvements in water use
efficiency and overall water productivity for each crop. In addition,
our findings are consistent with recent experimental and meta-
analytical studies showing that optimizing irrigation practices and
resource inputs can substantially improve water productivity, even
when yield responses are variable or moderately reduced under
constrained conditions (Zhang et al., 2024, 2025). Despite the low
fresh marketable yield, the IWP of the SLECI treatment in our
investigation are relatively high. SLECI, functioning almost as
a plant-controlled water system, showed the highest calculated
conversion of applied irrigation water into fresh plant biomass.
Additionally, the consistency of these findings with broader deficit
irrigation literature suggests that the observed performance of
SLECI is not solely system-specific but also reflects general plant
responses to limited water availability. This observed trade-off
between reduced yield and increased irrigation water productivity
is consistent with findings from deficit irrigation studies under
comparable agro-climatic conditions. Sezen et al. (2023) reported
that although vegetative growth in Salvia splendens was reduced
under deficit irrigation, plants exhibited improved water-use
efficiency, reflecting a similar shift toward resource optimization.
Furthermore, Sezen et al. (2024) showed that Antirrhinum majus
adapted to limited water supply by reducing growth intensity while
maintaining physiological functionality. Such responses confirm
that under water-limited environments, plants may prioritize
survival and efficient resource use over maximum biomass
production. In aromatic crops, this trade-off is well documented.
Akçay et al. (2023) demonstrated that in lavender, moderate deficit
irrigation strategies can significantly increase water productivity
while maintaining relatively stable yields, supporting the patterns
observed in the present study.

In a study, four levels of irrigation (100, 85%, 70%, and
55%) were applied to rosemary and the results showed that
treatment with 85% saved 348 m3 of water and increased water
use efficiency by 11.3% compared to treatment 100% of irrigation
(Rigi Karvandri et al., 2020). In other research, deficit irrigation
reduced seed yield, biological yield and water use significantly,
but water use efficiency (WUE) was significantly increased in
Isabgol and French psyllium (Rahimi et al., 2011). The findings of
Yetik and Sen (2025) emphasize that improving water productivity
through moderate to severe deficit irrigation strategies can support
sustainable lavender production under semi-arid conditions, even
when absolute yields are partially compromised. Results indicated
that treatment with moderate deficit (33% water deficit) is
recommended for optimizing water productivity with minimal
yield reduction. However, in water-limited regions, 66% water
deficit provided viable productivity, offering a suitable balance
for sustainable lavender production in semi-arid climates. Similar
results are reported by Singh (2004) in rosemary crops with
moderate soil moisture regime. For growers who sell essential oil
rather than fresh biomass, that water-sparing trait could offset
the smaller mass because oil content often rises under mild
stress (Yetik and Sen, 2025; Pirzad and Mohammadzadeh, 2018).
La Bella et al. (2021) found that less frequent irrigation of potted

rosemary led to the highest percentage of essential oil. On the
other hand, the results from the other study showed that water
stress, especially when occurring over a long period of time, could
reduce the essential oil yield (in addition to the decrease in floral
biomass production), but also alter its quality (Chrysargyris et al.,
2016). In the study of Ghamarnia et al. (2022), irrigation at 75% and
50% of the rosemary plant’s water requirement produced similar
essential oil yields (0.3 cm3/plant), while full irrigation achieved
the highest yield (0.4 cm3/plant). This indicates that the reduction
of water requirement from 100% to 75% has a direct effect on
the amount of essential oil. However, there are no significant
differences in the essential oils of 75% and 50% water requirements,
but this difference was significant in the treatment of 25% of
water requirement. For dry matter production, 75% irrigation is
acceptable, but full irrigation is necessary for maximum essential
oil yield.

Overall, our results at the harvest time showed that rosemary
responded best to subsurface drip and SLECI irrigation, with
greater plant diameter than under conventional surface drip,
while lavender performed better under subsurface and surface
drip than with SLECI. In contrast, crops such as maize, tomato,
moringa, cowpea and pepper showed more mixed or crop-
specific responses on SLECI irrigation in other research studies.
In Technical Report on SLECI pilot sites installed within the
DIVAGRI Project (2025), irrigation techniques show very small
variation between the maize irrigation treatments. Namely, sub-
surface SLECI irrigation treatments show better results for plant
height (186.3 cm) in comparison with surface SLECI (185.7 cm)
and conventional surface drip irrigation treatment (185.2 cm).
SLECI produced smaller plants and thicker stems in tomato
crops, reported Cukaliev et al. (2025). In addition, SLECI and drip
irrigation had no significant effect on the height of the moringa,
while significant differences were recorded on sole cowpeas
with taller plants under a subsurface irrigation system. Moringa
and cowpea generally exhibited thicker stems under SLECI
(Chaba et al., 2026). In the study with bell peppers (Osei et al.,
2025), the best growth parameters were achieved with a burying
depth of SLECI lines at 10 cm and 80% recommended application
fertilizer dosage. This combination resulted in the highest plant
height and leaf area. Together, these comparisons indicate that
rosemary aligns more closely with crops benefiting from SLECI
or subsurface irrigation, whereas lavender behaves more like
tomato in showing limited or weaker positive response to SLECI.
La Bella et al. (2020) reported significant differences in plant height
and diameter and better results in 2 days irrigated rosemary in
comparison with 4 days. In other study, full irrigation in the
subsurface drip method caused the highest plant height and the
results showed that irrigation at 75% of the water requirement
in the subsurface irrigation method caused a 32.3% reduction in
plant height compared to full irrigation (Asadi et al., 2019). Plant
height has also been significantly affected by deficit irrigation.
The maximum average plant height obtained in 100% and 25%
irrigation is 40 cm and 14 cm, respectively (Ghamarnia et al., 2022).
Additionally, an observed decrease in plant height, stem diameter,
leaf length, and fresh biomass of lavender is associated with
increasing water deficit (Chrysargyris et al., 2016). Yetik and Sen
(2025) in their study with deficit irrigation showed clear irrigation-
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related differences in plant diameter during the early years, with
fully irrigated plants outperforming rain-fed ones, and the 66%
water deficit treatment matching full irrigation. However, by
2022 these differences disappeared, indicating the crop’s growing
adaptation to water-limited conditions. Plant height followed a
similar pattern: 100% (full irrigated), 33% and 66% water deficit,
consistently produced comparable and taller plants, while the rain-
fed treatment remained significantly shorter across most years.
Overall, lavender demonstrated resilience under moderate water
stress but remained sensitive to complete lack of irrigation. In
addition, different irrigation water levels influenced the green herb
yield, drug herb yield, drug leaf yield and plant height of purple basil
(Ekren et al., 2012; Palta, 1990; Croft et al., 2017). The yield, main
stem length, and main stem weight of dill plants exposed to three
different irrigation levels showed a significant change at p < 0.001
(El-Zaeddi et al., 2017).

4.1 Pathways for system optimization

The study’s findings do not invalidate the SLECI technology
itself but rather point to a mismatch between the system’s
configuration and the site’s conditions. The solution lies in
increasing the water delivery rate to a level that supports
productive growth without sacrificing efficiency. This can be
achieved through several engineering and agronomic adjustments.
The field report recommends closer spacing of plants to the
emitters, but a more scalable solution involves redesigning the
irrigation layout. This could include reducing the distance between
individual clay emitters along the lateral line or installing multiple
parallel SLECI lines per crop row to enlarge the total wetted
volume. Another crucial avenue for optimization is modifying the
emitters themselves. Elmajetni et al. (2025) conducted a hydraulic
characterization of different SLECI emitters, showing that discharge
rates vary based on clay properties and operating pressure. Similar
research results are presented. Selecting emitters with higher
hydraulic conductivity would be a direct way to increase water
delivery and would be a key area for future research, as supported
by the systematic review of clay-based technologies by Mahler
(2024). According to Agbesi et al. (2025) the burial depth had
a minimal effect on the emitter discharge but notably affected
the advancement and time at which wetting fronts reached the
soil surface and bottom boundaries. Operating the SLECI emitter
at a higher operating pressure head and shallower burial depth
could degrade irrigation water application and water use efficiency,
reported same authors. Anyhow, future research should expand
to other soil textures, rooting depths and clay dripper installation
distance (in the row and in soil depth) enabling the optimal
design of the SLECI system for a wider range of crops and
environmental conditions.

5 Conclusion

This study showed that, in the highly permeable sandy soils
of South Africa’s semi-arid climate, the Self-regulating, Low-
Energy, Clay-based Irrigation (SLECI) system substantially reduced

irrigation water consumption (by more than 90% compared to
surface drip irrigation), but this high water-saving efficiency
was accompanied by significantly lower fresh marketable yields
of lavender and rosemary, with reductions reaching up to 4–5
times depending on the crop and compared to both surface and
subsurface drip systems. The sub-surface drip irrigation system
offered the best compromise, providing high yields with moderate
water savings.

The key conclusion is that the low water delivery rate of the
SLECI emitters, combined with the rapid drainage of the sandy soil,
created a state of severe deficit irrigation that hindered biomass
accumulation. However, the system’s high calculated irrigation
water productivity (IWP) highlights its water-saving potential. The
path forward for making SLECI a viable production technology in
such environments lies in optimizing its water delivery rate. Future
research must focus on engineering solutions, such as selecting
emitters with higher hydraulic conductivity and designing field
layouts with closer emitter spacing, to better match the water supply
with crop demand and soil hydraulic properties.

Finally, it should be noted that the results obtained from our
research relate to 1-year-old lavender and rosemary, which leaves
room in the following years to provide additional information on
the impact of SLECI on older plantations of these crops, as well as
its influence on soil–plant–water interactions. Furthermore, future
studies should include independently replicated irrigation units
and multi-season measurements to confirm the observed yield and
water-productivity patterns.
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