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Abstract 

Improving irrigation efficiency is essential for sustaining greenhouse cucumber produc-

tion in Saudi Arabia, where agriculture relies heavily on limited non-renewable ground-

water resources. This study evaluated the combined effects of subsurface drip irrigation 

(SSDI) and regulated deficit irrigation on hydraulic performance, soil-water distribution, 

cucumber productivity, water-use efficiency, physiological response and economic re-

turn. A split-plot experiment with three replicates was conducted during a single growing 

season in greenhouses without supplemental lighting, using sandy soil containing 88.4–

95.0% sand. Three irrigation levels (100%, 80%, and 60% of crop evapotranspiration, ETc) 

and three dripline types (XFD, UNIRAM, and REIN) were evaluated. Irrigation water had 

an ECw of 0.91 dS m−1 and a SAR of 4.5. Seasonal irrigation depths were 363, 294, and 226 

mm, saving 18.8% and 37.7% water. Marketable yield declined from 99.5 t ha−1 at 100% 

ETc to 80.6 and 65.1 t ha−1 at 80% and 60% ETc, respectively, whereas irrigation water-use 

efficiency reached 72.0 kg m−3 at 60% ETc. XFD showed the highest hydraulic uniformity 

and generally maintained better crop performance. Leaf proline responses were dripline-

dependent, with the highest concentration under XFD at 60% ETc. Under the experimental 

conditions, 80% ETc offered a practical compromise between yield maintenance and water 

saving. Under a fixed-water-budget scenario, reallocating water saved at 60% ETc in-

creased the potential cultivated area and improved overall economic return, although this 

benefit was conditional on the availability of additional production capacity. 
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1. Introduction 

Water scarcity is not only a national concern but also a global challenge, with nearly 

40% of the world’s population experiencing serious water shortages [1]. In the Kingdom 

of Saudi Arabia (KSA), irrigation depends predominantly on non-renewable groundwa-

ter resources that have experienced severe depletion over recent decades [2]. With an av-

erage annual precipitation of only about 50 mm and agriculture accounting for more than 

80% of national water withdrawals, pressure on groundwater resources continues to in-

tensify [3]. Groundwater levels are projected to decline by approximately 0.181 m 
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annually through 2050, while rising temperatures, population growth, urban expansion, 

and increasing agricultural water demand are expected to further exacerbate pressure on 

the Kingdom’s freshwater resources [4–6]. 

Climate change and the continued expansion of irrigated agriculture are expected to 

exacerbate water scarcity, particularly in arid and semi-arid regions. Although irrigation 

is essential for agricultural productivity and food security, intensive groundwater abstrac-

tion has raised serious concerns about the long-term sustainability of irrigated agriculture 

[7,8]. In Saudi Arabia, regional warming has occurred at nearly twice the global average, 

accompanied by a decline in annual precipitation of approximately 6.3 mm decade−1, fur-

ther increasing crop water requirements [9]. These challenges have prompted national in-

itiatives, including Saudi Vision 2030 and the National Water Strategy 2030, to reduce de-

pendence on non-renewable groundwater and improve agricultural water-use efficiency 

[10]. 

Greenhouse vegetable production represents an important component of Saudi agri-

culture, with cucumber (Cucumis sativus L.) ranking among the country’s major protected 

crops. According to the General Authority for Statistics [11], Saudi Arabia operated more 

than 121,000 greenhouses in 2024, producing approximately 797,000 t of vegetables from 

7800 ha, of which cucumber accounted for nearly 232,000 t. Because cucumber has a shal-

low root system, a high transpiration rate, and moderate sensitivity to water deficit, effi-

cient irrigation management is therefore essential for maintaining yield, fruit quality, and 

water-use efficiency under protected cultivation. 

Subsurface drip irrigation (SSDI) delivers water directly to the active root zone, 

thereby improving soil-moisture conditions, reducing crop water stress, enhancing nutri-

ent delivery, and protecting driplines from surface damage [12,13]. Previous studies have 

shown that burying driplines can reduce evapotranspiration while improving crop 

growth compared with surface drip irrigation [14]. A recent meta-analysis of 145 studies 

reported that SSDI increased crop yield, water productivity, and irrigation water produc-

tivity by 12.3%, 15.3%, and 18.7%, respectively, compared with surface drip irrigation [15]. 

Soil-water distribution plays a key role in irrigation-system performance because it gov-

erns root-zone moisture availability and plant water uptake [16]. Wetting patterns are pri-

marily influenced by soil hydraulic properties and irrigation application characteristics, 

including emitter discharge, spacing, and irrigation frequency [17–19]. 

Deficit irrigation (DI) is widely used to improve water-use efficiency (WUE) by re-

ducing irrigation water during selected growth stages or throughout the growing season 

while minimizing yield losses [20]. Under greenhouse conditions, Ismail [21] reported that 

irrigation at 85% of field capacity saved 15% of irrigation water with a smaller yield pen-

alty than irrigation at 70% of field capacity, which conserved more water but substantially 

reduced yield. Similarly, Rahil and Qanadillo [22] found that irrigation at 70% ETc im-

proved cucumber growth, yield, and WUE while reducing seasonal irrigation water com-

pared with conventional irrigation practices. Patanè et al. [23] reported that full irrigation 

maximized marketable tomato yield under semi-arid conditions, whereas deficit irriga-

tion reduced yield less than proportionally to the applied water deficit and achieved irri-

gation-water savings of up to 48%. Regulated deficit irrigation deliberately applies less 

water than full ETc during drought-tolerant growth stages to improve water productivity 

while limiting yield losses [24,25]. Consistent with these findings, a meta-analysis of 185 

vegetable studies reported an average yield reduction of only 6.9% when irrigation ex-

ceeded 80% of full ETc, with yield losses increasing markedly only below approximately 

35% of full irrigation [26]. 

Beyond its effects on yield and water-use efficiency, deficit irrigation induces 

physiological and biochemical responses that reflect plant exposure to water stress. One 

such response is the accumulation of proline, an amino acid that functions as a compatible 
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osmolyte and contributes to osmotic adjustment, membrane stabilization, and protection 

against oxidative stress under water-limited conditions [27]. Leaf proline concentration is 

therefore widely used as a biochemical indicator of plant water-stress response. However, 

increased proline accumulation should be interpreted as evidence of exposure and 

physiological adjustment to water deficit rather than as direct evidence of improved 

drought tolerance or maintained crop productivity. In the present study, leaf proline was 

therefore measured alongside yield and water-use efficiency to provide a complementary 

physiological indication of cucumber response to the imposed irrigation deficits. 

Despite previous research, important knowledge gaps remain regarding the 

combined application of subsurface drip irrigation (SSDI) and regulated deficit irrigation 

(RDI) for greenhouse cucumber production under arid conditions. First, the extent to 

which dripline hydraulic characteristics, including pressure compensation, 

manufacturing variation, and discharge stability, influence crop performance under 

deficit irrigation remains insufficiently understood, as most studies have evaluated 

emitter performance independently of crop response [28]. Second, the optimal balance 

between productivity, fruit quality, water-use efficiency, and economic return under 

different deficit irrigation levels has not been clearly established. Third, limited 

information is available on how irrigation water savings can be reallocated to increase 

cultivated area and farm profitability under a fixed water budget, consistent with the 

objectives of Saudi Vision 2030 [29]. 

To address these knowledge gaps, a split-plot experiment was conducted using three 

irrigation levels (100%, 80%, and 60% of crop evapotranspiration, ETc) and three 

subsurface driplines (XFD, UNIRAM, and REIN) installed at a depth of 15 cm in sandy 

soil under greenhouse conditions in central Saudi Arabia. The study integrated hydraulic 

performance, soil-water distribution, crop productivity, fruit quality, water-use efficiency, 

physiological response, and economic evaluation within a single experimental 

framework. In addition, it examined whether irrigation water saved through deficit 

irrigation could be reallocated to expand the cultivated area under a fixed water budget. 

Specifically, the objectives were to: (i) evaluate the hydraulic performance and soil-water 

dynamics of different driplines under deficit irrigation; (ii) quantify cucumber yield, fruit 

quality, and water-use efficiency; (iii) assess plant physiological response through leaf 

proline concentration; and (iv) determine the economic implications of alternative 

irrigation strategies under limited water availability. 

2. Materials and Methods 

2.1. Methodological Framework and Experimental Workflow 

Figure 1 presents the integrated methodological framework and operational 

workflow used in this study. The framework links hydraulic, agronomic, and economic 

assessments within a single experimental and analytical sequence, allowing dripline 

performance, soil-water distribution, crop response, water-use efficiency, and economic 

outcomes to be evaluated collectively rather than as separate components. The overall 

procedure comprised nine operational steps, from characterization of the study site, soil, 

and irrigation water to hydraulic testing, field implementation, crop and soil-water 

monitoring, economic evaluation, and statistical analysis. The variables, equations, and 

performance indicators associated with these steps are summarized in Table 1. 
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Figure 1. Integrated methodological framework and operational workflow linking the experimental 

design, hydraulic assessment, agronomic and physiological responses, water-use efficiency, eco-

nomic evaluation, and water-reallocation analysis. Arrows indicate the flow of information among 

the principal components of the study, from irrigation-system evaluation and crop response to the 

integrated assessment of water productivity and economic performance. W100 is the full irrigation 

treatment and WDI is the dificit irrigation treatment. 

Table 1. Methodological framework and nine-step operational workflow used in the integrated 

assessment. 

Assessment Layer/Operational 

Step 
Measurements and Analysis 

Key Equations/Performance 

Indicators 

Step 1. Characterization of the 

study site, soil profile, and irri-

gation water Quality (Section 

2.1 and 2.2) 

Study-site and greenhouse conditions; soil texture, field 

capacity, permanent wilting point, bulk density, pH, EC, 

and soluble ions; irrigation-water quality including ECw 

and SAR 

Soil bulk density (Equation 

(1)); FAO irrigation-water 

quality criteria 

Hydraulic layer 
Characterization of dripline hydraulic performance and water-

application uniformity 
 

Step 2. Laboratory evaluation of 

dripline hydraulic performance 

(Section 2.6) 

XFD, UNIRAM, and REIN tested at 0.5, 1.0, 1.5, and 2.0 

bar using 25 randomly selected emitters per dripline; 

discharge–pressure relationship determined as q = kHˣ 

Qvar, Cv, Ud, Eud, Euf, and 

UC (Equations (4)–(10)) 

Agronomic layer 
Evaluation of soil-water distribution and crop response under 

deficit irrigation 
 

Step 3. Split-plot experimental 

design and SSDI installation 

(Section 2.3) 

Three greenhouse blocks; irrigation levels of 100%, 80%, 

and 60% ETc as main plots; dripline types as subplots; 

laterals installed at 0.15 m depth, with emitters spaced 

0.30 m apart and rows 0.80 m apart 

Split-plot treatment struc-

ture 

Step 4. Uniform crop manage-

ment (Section 2.4) 

Cucumber cv. Quantario RZ F1; identical transplanting, 

fertilization, pest management, and other cultural prac-

tices across treatments 

Standardized crop-manage-

ment conditions 
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Step 5. Crop water requirement 

and irrigation scheduling (Sec-

tion 2.5) 

ETo estimated from pan evaporation; ETc calculated us-

ing crop coefficients; daily irrigation applied at 100%, 

80%, and 60% ETc 

ETo = Kp × Epan; ETc = ETo 

× Kc (Equations (2) and (3)) 

Step 6. Greenhouse microcli-

mate and soil-water monitoring 

(Sections 2.5 and 2.7) 

Air temperature and relative humidity monitored; grav-

imetric soil-water content measured on a 4 × 4 grid 

around the emitter; spatial distribution mapped by ordi-

nary kriging 

Soil-water content and spa-

tial wetting pattern 

Step 7. Crop and physiological 

response assessment (Sections 

2.8 and 2.9) 

Marketable yield; fruit length, diameter, and weight; 

IWUE and WUE; leaf proline concentration as an indica-

tor of plant response to water deficit 

IWUE and WUE (Equations 

(11) and (12)); leaf proline 

concentration 

Economic layer 
Assessment of costs, returns, sensitivity to selling price, and 

value of conserved irrigation water 
 

Step 8. Economic, sensitivity, 

and water-reallocation analysis 

(Section 2.10) 

Annualized fixed and variable costs; gross revenue; net 

profit; net profit-to-cost ratio; cucumber selling-price 

sensitivity at ±10%, ±20%, and ±30%; reallocation of 

saved water under a fixed total irrigation-water budget 

CRF, TC, GR, NP, net profit-

to-cost ratio, water saved, 

additional irrigable area, and 

total production 

Statistical analysis Evaluation of irrigation, dripline, and interaction effects  

Step 9. Statistical analysis (Sec-

tion 2.11) 

Split-plot ANOVA with greenhouse as block, irrigation 

level as main-plot factor, and dripline type as subplot 

factor; treatment means separated by LSD 

Significance at p ≤ 0.05 

The hydraulic layer characterized the three subsurface driplines (XFD, UNIRAM, 

and REIN) under controlled laboratory conditions before field installation. The discharge–

pressure relationship (q = kHx) and six uniformity indices (Qvar, Cv, Ud, Eud, Euf, and 

UC) were determined at operating pressures of 0.5, 1.0, 1.5, and 2.0 bar using 25 randomly 

selected emitters per dripline (Section 2.5; Equations (4)–(10)). These measurements estab-

lished the hydraulic performance of each dripline and provided the basis for interpreting 

subsequent differences in soil-water distribution. 

The agronomic layer evaluated the characterized driplines in a split-plot greenhouse 

experiment, with irrigation level (100%, 80%, and 60% ETc) as the main-plot factor and 

dripline type as the subplot factor (Section 2.2). Irrigation requirements were determined 

from pan evaporation through ETo and ETc (Section 2.4; Equations (2) and (3)). Soil-water 

distribution around the emitters was quantified using gravimetric measurements on a 4 × 

4 sampling grid and mapped by ordinary kriging (Section 2.6). Crop responses included 

marketable yield, irrigation water-use efficiency, water-use efficiency, physical fruit char-

acteristics, and leaf proline concentration as an indicator of plant response to water deficit 

(Sections 2.7 and 2.8). 

The economic layer used the measured irrigation and yield data to calculate annual-

ized fixed and variable costs, gross revenue, net profit, and the net profit-to-cost ratio for 

each irrigation level × dripline combination (Section 2.9). It also included a selling-price 

sensitivity analysis and a water-reallocation scenario to examine the potential value of 

conserved irrigation water under a fixed total water budget. Statistical analysis consti-

tuted the final step of the workflow and was used to evaluate treatment effects within the 

split-plot design (Section 2.10). 

The framework was structured to facilitate application beyond the specific driplines 

and irrigation levels evaluated here. Alternative dripline designs, deficit-irrigation levels, 

and local cost and price structures can be incorporated while retaining the same sequence 

of hydraulic characterization, agronomic assessment, and economic evaluation. This 

structure provides a reproducible basis for examining how irrigation-system performance 

and water-saving strategies translate into crop and economic outcomes under different 

production conditions. 

https://doi.org/10.3390/su182111226


Sustainability 2026, 18, 11226 6 of 39 
 

https://doi.org/10.3390/su182111226 

2.2. Study Site and Soil Characterization 

The experiment was conducted during the 2021–2022 growing season at the Educa-

tional Farm of King Saud University (24°43′ N, 46°37′ E; 612 m a.s.l.) in Riyadh, central 

Saudi Arabia. The region has a hyper-arid climate. Mean annual rainfall in the Riyadh 

region is approximately 90 mm, which is above the national average of about 50 mm re-

ported for the Kingdom as a whole. Reference evapotranspiration is approximately 2300 

mm yr−1 [30], and summer air temperatures frequently exceed 45 °C [30]. Regional warm-

ing has proceeded at nearly twice the global average, accompanied by a decline in annual 

precipitation of approximately 6.3 mm decade−1 [9]. All treatments were carried out under 

identical greenhouse conditions to ensure uniform environmental exposure and minimize 

the influence of climatic variation on treatment responses. 

Soil physical and chemical properties were determined following standard proce-

dures [31]. Soil samples were collected to a depth of 45 cm to determine soil texture, field 

capacity (FC), permanent wilting point (PWP), bulk density, pH, electrical conductivity 

(EC), and the concentrations of major cations and anions. Soil texture was classified ac-

cording to the USDA textural classification system. Field capacity (at 0.33 bar) and perma-

nent wilting point (at 15 bar) were determined using a pressure membrane apparatus in 

the Soil Physics Laboratory, Department of Soil Science, King Saud University. Bulk den-

sity was determined from undisturbed soil cores (5.4 cm in diameter and 6.6 cm in height; 

volume = 151.1 cm3) using Equation (1). 

Bulk density was calculated as follows: 

𝜌𝑏   =  
M

V
 (1) 

where ρb is the soil bulk density (g/cm3), M is the oven-dry soil mass (g), and V is the 

volume of the soil core (cm3). The measured physical and chemical properties of the ex-

perimental soil are presented in Table 1. 

Irrigation Water Quality 

Irrigation water was supplied from a single freshwater source at the Educational 

Farm of King Saud University and was distributed to all treatments through a common 

mainline. Water samples were collected during the growing season and analysed using 

standard laboratory procedures. Electrical conductivity (ECw) and pH were measured 

directly, while soluble cations and anions were determined according to standard meth-

ods [32] and APHA [31]. The measured chemical characteristics of the irrigation water are 

presented in Table 2. 

Table 2. Physical and chemical parameters of the soil. 

Parameters 0–15 cm 15–30 cm 30–45 cm 

Particle size (%) 

Sand 88.4 93 95 

Silt 3.0 2.0 3.0 

Clay 8.1 5.0 2.0 

Textural class Loamy sand Sandy Sandy 

FC (%) 24.6 25.8 22.6 

PWP (%) 13.5 13.6 11.9 

𝜌𝑏  (g cm−3) 1.6 1.6 1.6 

pH
 

8.0 8.0 8.1 

EC (dS m−1)
 

0.4 0.6 1.3 

Cations, meq/L 

Ca2+ 2.0 2.0 2.0 
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Mg2+ 4.0 4.7 4.0 

Na+ 1.1 0.4 0.9 

K+ 0.6 0.4 0.5 

Anions, meq/L 

CO32− 6.7 6.2 5.8 

HCO3− Tr. Tr. Tr. 

SO42− 0.7 0.8 1.0 

Cl− 0.5 0.4 0.6 

Tr. = trace; FC, field capacity; PWP, permanent wilting point; 𝜌𝑏 , bulk density; EC, electrical con-

ductivity. Cations and anions were determined in the soil saturated-paste extract. Irrigation-water 

composition is presented separately in Table 2. 

The suitability of the water for irrigation was assessed according to the guidelines of 

Ayers and Westcot [32]. The irrigation water had an ECw of 0.91 dS m−1, a pH of 8.0, and 

an SAR of 4.5. Sodium and chloride concentrations were 118 and 115 mg L−1, respectively. 

Based on the applicable FAO criteria, the water presented a slight-to-moderate restriction 

on use, primarily associated with salinity and the combined effect of ECw and SAR on 

soil-water infiltration. Because water was applied through subsurface drip irrigation, cri-

teria related specifically to foliar injury from sprinkler or overhead application were not 

directly applicable. 

The same water source was used for all irrigation levels and dripline treatments 

throughout the experiment. Consequently, irrigation-water quality remained consistent 

among treatments and was not a source of treatment-to-treatment variation. 

2.3. Experimental Design 

A split-plot experimental design with three greenhouse blocks was used. Each of the 

three identical fibreglass-covered greenhouses (36 m2 each) contained all three irrigation 

levels: I100 (100% ETc), I80 (80% ETc), and I60 (60% ETc). Within each greenhouse, the 

irrigation levels were randomly assigned to the main plots. Each main plot was subse-

quently divided into subplots to which the three dripline types (XFD, UNIRAM, and 

REIN) were randomly assigned. Thus, greenhouse represented the blocking and replica-

tion factor, irrigation level was the main-plot factor, and dripline type was the subplot 

factor. Randomization of both irrigation levels and dripline treatments was conducted in-

dependently within each greenhouse. The experimental layout, including the main-plot 

and subplot structure and replication within each greenhouse, is illustrated in Figure 2. 

The three driplines were selected to represent contrasting hydraulic behaviors 

among commercially available subsurface drip irrigation systems rather than to compare 

specific brands. They differed in pressure-compensating behaviour, sensitivity of emitter 

discharge to operating pressure, manufacturing variation, and discharge uniformity. 

These contrasts provided an experimental basis for examining whether differences in 

emitter hydraulic performance were reflected in soil-water distribution and crop response 

under regulated deficit irrigation. Accordingly, XFD, UNIRAM, and REIN are used 

throughout the manuscript as experimental identifiers, while the broader interpretation 

focuses on their hydraulic characteristics rather than their commercial identity. 

All driplines were installed at a depth of 0.15 m, with emitters spaced 0.30 m apart 

and rows spaced 0.80 m apart. The nominal emitter discharge was 3.5 L h−1 at an operating 

pressure of 100 kPa, following the experimental configuration described by Abedin [33]. 

Each irrigation mainline was controlled by an independent valve, and irrigation schedul-

ing and water application were managed automatically using a Hunter ACC controller. 

Irrigation was applied daily from 21 days after planting until harvest according to the 

irrigation duration and schedule prescribed for each treatment. 
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2.4. Plant Material and Crop Management 

Cucumber (Cucumis sativus L.) cv. Quantario RZ F1 (Rijk Zwaan, The Netherlands) 

was used in the experiment. Seedlings were raised in nursery trays and transplanted 20 

days after sowing at the three-true-leaf stage. Plants were spaced 0.30 m within rows and 

0.8 m between rows. Standard greenhouse cucumber management practices used at the 

KSU Educational Farm, including plant training, fertigation, and pest and disease 

management, were applied uniformly to all treatments following recommended crop-

management practices [34]. All crop-management practices other than the experimental 

irrigation treatments were kept consistent across treatments throughout the growing 

season. 

2.5. Crop Water Requirements and Irrigation Scheduling 

Reference evapotranspiration (ETo) was estimated from evaporation measured using 

a Colorado sunken pan installed inside the greenhouse. A pan coefficient (Kp) of 1.10 was 

used to convert measured pan evaporation (Epan) to ETo. This value is within the range 

reported by FAO for Colorado sunken pans, for which Kp varies according to pan sur-

roundings, wind conditions, relative humidity, and fetch [35]. Crop coefficient (Kc) values 

corresponding to the cucumber growth stages were 0.50 during the initial stage, increas-

ing to 1.15 during the mid-season stage [35]. The mid-season value exceeds the FAO-56 

tabulated value for cucumber (1.00) and was adopted to account for the vertically trained 

canopy and the enclosed greenhouse environment. Because fruits were harvested contin-

uously until the end of the experiment, the late-season reduction in Kc was not applied 

[35,36]. Reference evapotranspiration and crop evapotranspiration were calculated as fol-

lows: 

ETo   =  ETp × Kp  (2) 

ETc   =  ETo × Kc  (3) 

where ETo is the reference evapotranspiration (mm), Kp is the pan coefficient, Epan is the 

measured pan evaporation (mm), ETc is the crop evapotranspiration (mm), and Kc is the 

crop coefficient. The irrigation depth applied to each treatment was determined from the 

calculated ETc for each growth stage at 100%, 80%, or 60% ETc, and the corresponding 

irrigation volume was calculated on an area basis. 

Because the laterals were installed below the soil surface, irrigation was delivered 

only to the wetted soil strip formed around each lateral rather than to the entire soil sur-

face. Accordingly, the seasonal irrigation depths refer to the wetted strip, and the corre-

sponding irrigation volumes per unit land area were obtained by multiplying the applied 

depth by the wetted-area fraction. With a lateral spacing of 0.80 m and a mean wetted strip 

width of 1 m, the wetted-area fraction was 0.40. The seasonal depths of 362.76, 294.17, and 

225.94 mm under 100%, 80%, and 60% ETc therefore corresponded to 1451.1, 1177.9, and 

904.7 m3 ha−1 of land area, respectively, and these volumes were used in the calculation of 

irrigation water-use efficiency and in the economic analysis. 

Throughout the experimental period, air temperature and relative humidity inside 

the greenhouses were continuously recorded at canopy level using digital sensors. Air 

temperature ranged from 12.7 to 35.0 °C, while relative humidity varied from 26 to 80%. 

Solar radiation and vapor pressure deficit were not directly measured inside the green-

houses. The three greenhouses were maintained under comparable environmental and 

management conditions to minimize differences in microclimate among experimental 

blocks. 
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2.6. Laboratory Evaluation of Dripline Hydraulic Performance 

The hydraulic performance of the three driplines was evaluated at the Department 

of Agricultural Engineering, King Saud University. Each dripline was tested at operating 

pressures of 0.5, 1.0, 1.5, and 2.0 bar. The physical and hydraulic characteristics of the 

tested driplines are presented in Table 3. The discharge–pressure relationship was de-

scribed by q = kHx and fitted using least-squares regression, where q is the emitter dis-

charge, H is the operating pressure head, k is the emitter coefficient, and x is the discharge 

exponent. For each dripline, 25 emitters were randomly selected, and emitter discharge 

was measured volumetrically over a 1-min collection period. Emitter discharge was not 

re-measured in situ after installation in the greenhouses. Accordingly, the hydraulic indi-

ces reported in Table 4 represent laboratory-based characterization of the manufacturing 

and pressure-response properties of the evaluated driplines rather than direct measure-

ments of their realized discharge under greenhouse field conditions. 

Table 3. Chemical characteristics and FAO-based interpretation of the irrigation water used in the 

experiment. 

Parameter Unit Measured Value FAO Interpretation for Irrigation Use 

pH — 8.0 Within the normal range (6.5–8.4) 

Electrical conductivity (ECw) dS m−1 0.91 Slight–moderate restriction 

Calcium (Ca2+) mg L−1 13 — 

Magnesium (Mg2+) mg L−1 23.5 — 

Sodium (Na+) mg L−1 118 See note 1 

Potassium (K+) mg L−1 5.7 — 

Carbonate (CO32−) mg L−1 0 — 

Bicarbonate (HCO3−) mg L−1 178 See note 2 

Chloride (Cl−) mg L−1 115 No restriction for root uptake 

Sulphate (SO42−) mg L−1 138 — 

SAR (—) 4.5 Slight–moderate infiltration restriction 3 

Notes: 1 Sodium-related infiltration effects were evaluated using SAR in combination with ECw ra-

ther than Na+ concentration alone. 2 The FAO bicarbonate criterion considered here relates primarily 

to foliar effects under sprinkler irrigation and is therefore not directly applicable to the present SSDI 

system. 3 Infiltration restriction was interpreted from the combined ECw–SAR relationship accord-

ing to Ayers and Westcot [32]. A dash (—) indicates that no specific FAO degree-of-restriction clas-

sification was assigned to the individual parameter. 

Hydraulic performance was assessed using emitter discharge variation (Qvar) [36], the 

manufacturer’s coefficient of variation (CV) [37], statistical uniformity (Ud), design emis-

sion uniformity (Eud), field emission uniformity (Euf), and Christiansen’s uniformity coef-

ficient (UC). These indices were calculated using Equations (4)–(10). 

𝑄𝑣𝑎𝑟 =
𝑞𝑚𝑎𝑥− 𝑞𝑚𝑖𝑛

𝑞𝑚𝑎𝑥
× 100, (4) 

where qmax and qmin are the maximum and minimum emitter flow (m3/s) along the line, 

respectively. 

𝐶𝑣 =
𝑆𝑑

𝑞̅
× 100, (5) 
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𝑆𝑑 = √
∑ (𝑞𝑖−𝑞̅)2𝑛

𝑖=1

𝑛−1
 , (6) 

where Sd is the standard deviation of the emitter discharge rate, 𝑞̅ is the average value of 

the emitter discharge rate, 𝑛 is the total number of emitters along the lateral line, and qi 

is the discharge rate of the emitter. In Equations (7) and (8), Cv is expressed as a fraction 

rather than as a percentage. 

𝑈𝑑 = (1 − 𝐶𝑣) × 100, (7) 

Eud = (1 −
1.27𝐶𝑣

√Np
) ×

qmin

q̅
× 100, (8) 

where qmin is the minimum emitter discharge rate and Np is the number of emitters per 

plant. In Equation (10), qi is the discharge of the i-th emitter and qa is the mean emitter 

discharge, equivalent to the average discharge rate defined above. 

Euf describes how uniformly the overall system can distribute water from each emit-

ter [38] and could be estimated from: 

Euf =
qmin

q̅
× 100, (9) 

𝑈𝑐 = 100 [1 −
1

𝑛q̅
  ∑|qi −  qa|

𝑛

𝑖=1

] (10) 

Table 4. Physical and hydraulic characteristics of the tested driplines. 

Dripper 

Lines 

Nominal Di-

ameter (mm) 

Discharge 

(L/h) 

Wall Thick-

ness (mm) 

x: Emitter 

Exponent 

Pressure 

Range (bar) 

Pressure 

Compensat-

ing 

Emitter 

Spacing 

(cm) 

A Picture for Emit-

ters 

XFD 16.6 3.5 1.2 0.034 0.5–4.0 Yes 30 

 

UNI-

RAM 
17 3.5 1.2 0.047 0.58–4.14 Yes 30 

 

REIN 16 3.5 1 0.27 0.5–3.5 No 30 

 

2.7. Soil Water Content and Spatial Distribution 

Soil-water distribution was assessed for each irrigation × dripline treatment combi-

nation using three replicate experimental units. In each replicate, soil samples were col-

lected on a 4 × 4 spatial grid comprising 16 sampling points positioned consistently rela-

tive to the nearest emitter (Figure 3). Samples were collected at four lateral distances from 

the emitter (0, 15, 30, and 45 cm) and four soil depths (5, 20, 35, and 50 cm), and the same 

sampling coordinates were used for all treatments. Measurements were conducted on a 

single occasion during the late growth stage, 24 h after irrigation and immediately before 

the subsequent daily irrigation event. Soil water content (SWC) was determined gravi-

metrically, and the resulting measurements were used to characterize the spatial distribu-

tion of water within the soil profile. Two-dimensional soil-water distribution maps were 

generated by ordinary kriging using Surfer v.15 (Golden Software) with a spherical 
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variogram model. Horizontal distance from the emitter and soil depth were used as the 

spatial coordinates, while measured SWC was used as the interpolation variable [39]. 

 

Figure 2. Experimental layout of the split-plot design showing the three irrigation levels (100%, 80%, 

and 60% ETc) as main plots and the three subsurface dripline types (XFD, UNIRAM, and REIN) as 

subplots within each of the three greenhouse blocks. Each irrigation × dripline combination included 

three replicate subplots within each greenhouse. 

2.8. Yield, Water-Use Efficiency, and Physical Fruit Quality 

Irrigation water-use efficiency (IWUE) was defined as the marketable yield produced 

per unit of irrigation water applied, whereas crop water-use efficiency (WUE) was defined 

as the marketable yield produced per unit of crop evapotranspiration (ETc). These indices 

were used to evaluate crop productivity relative to irrigation supply and crop water use, 

respectively. IWUE and WUE were calculated according to Howell [40] using Equations 

(11) and (12), respectively: 

IWUE (kg m⁻³) =
Y

IWA
, (11) 

WUE (kg m⁻³) =
Y

ETc
 (12) 

where Y is the total marketable yield (kg ha−1), IWA is the irrigation water applied per unit 

cropped area (m3 ha−1), and ETc is crop evapotranspiration expressed as the equivalent 

water volume per hectare (m3 ha−1). Physical fruit quality was evaluated using a repre-

sentative subsample of 30 fruits from each subplot, pooled across three harvests. Fruits 

were randomly selected from the harvested lot at a uniform marketable maturity stage to 

minimize variation associated with developmental stage and harvest timing. Fruit length 

(L), fruit diameter (D), and individual fruit weight (W) were measured for each sampled 

fruit. The resulting values are presented as treatment means with standard deviations. 

2.9. Leaf Proline Analysis 

Proline is an amino acid that commonly accumulates in plant tissues in response to 

water deficit and is widely used as a biochemical indicator of plant water-stress response. 
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In the present study, free proline content was measured in fully expanded leaves as an 

indicator of the physiological response to the imposed irrigation treatments, rather than 

as a quality attribute of the harvested fruit. Free proline was determined using the acid-

ninhydrin method described by Bates et al. [41]. Fresh leaf tissue (0.5 g) was homogenized 

in 5 mL of 3% sulfosalicylic acid and centrifuged at 12,000× g for 10 min. One millilitre of 

the supernatant was mixed with 1 mL of acid-ninhydrin reagent (1.25 g ninhydrin dis-

solved in 30 mL glacial acetic acid and 20 mL of 6 M H3PO4) and 1 mL of glacial acetic 

acid. The reaction mixture was heated at 100 °C for 1 h and then cooled in an ice bath. 

Proline was extracted with 4 mL of toluene, and absorbance was measured at 520 nm 

against a toluene blank. Proline concentration was determined from an L-proline standard 

curve and expressed as µmol g−1 fresh weight (FW). 

2.10. Economic Analysis 

An economic analysis was conducted following the approaches described by 

Amosson et al. [41] and Lamm and Trooien [42]. The analysis was structured to compare 

the economic performance of the irrigation level × dripline combinations and to assess the 

potential economic value of irrigation water conserved through deficit irrigation. 

2.10.1. Economic Indicators and Cost Boundary 

The economic assessment was conducted as a partial-budget analysis restricted to 

costs that differed among the irrigation level × dripline combinations and to seasonal pro-

duction costs directly attributable to crop production. Costs common to all treatments and 

invariant among them, including the greenhouse structure and land, were excluded from 

the cost boundary because they did not affect the relative comparison among treatments. 

The economic indicators considered were annualized fixed cost, seasonal variable cost, 

total production cost, gross revenue, net profit, net profit-to-cost ratio, and irrigation wa-

ter required per unit of production. 

2.10.2. Data Sources and Parameter Selection 

The purchase costs of the XFD, UNIRAM, and REIN driplines were 0.23, 0.22, and 

0.15 USD m−1, respectively, and the manifold cost was 0.34 USD m−1; these values were 

obtained from the respective suppliers. Fittings and other installation expenses were esti-

mated at 30% of the total pipeline cost, while trenching and lateral installation costs were 

approximately 0.23 USD m−1, following Amosson et al. [41] and Lamm and Trooien [42]. 

An economic life of eight years and an annual interest rate of 4% were assumed for the 

irrigation system. 

Fixed costs included the annualized irrigation-system investment, whereas variable 

costs included irrigation water, energy at 0.07 USD kWh−1, labor, fertilizers, pesticides, 

and other directly attributable seasonal production costs. Costs originally expressed in US 

dollars were converted to Saudi riyals (SAR) at an exchange rate of 3.75 SAR USD−1. A 

baseline cucumber selling price of 3.5 SAR kg−1 (approximately 0.93 USD kg−1) was used 

for the revenue calculations. This value was treated as an analytical baseline rather than 

as a fixed or nationally representative market price because cucumber prices may vary 

with season, market supply, and marketing channel. Its influence on the economic results 

was therefore examined separately through sensitivity analysis. 

For the economic calculations, postharvest and transport losses were assumed to ac-

count for 10% of total production. Of the production remaining after these losses, 70% was 

assumed to meet marketable grade and was valued at the baseline cucumber selling price, 

while the remaining 30% was classified as non-graded production and was not included 

in gross revenue. These assumptions were applied consistently across all irrigation level 

× dripline combinations. 
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2.10.3. Calculation Procedure 

For each irrigation level × dripline combination, annualized fixed cost was calculated 

from the initial irrigation-system investment using the assumed economic life and annual 

interest rate. Seasonal variable cost was obtained by summing the directly attributable 

costs of irrigation water, energy, labor, fertilizers, pesticides, and other seasonal produc-

tion inputs. Total production cost was calculated as the sum of annualized fixed and sea-

sonal variable costs. 

For the production-side calculations, the 10% allowance for postharvest and 

transport losses was first deducted from total production. Of the remaining production, 

70% was classified as graded marketable production and used to calculate gross revenue 

at the baseline cucumber selling price of 3.5 SAR kg−1. Net profit was calculated as gross 

revenue minus total production cost, and the net profit-to-cost ratio was calculated as net 

profit divided by total production cost. Irrigation water required per unit of production 

was calculated by dividing the seasonal irrigation volume by the corresponding total pro-

duction. All calculations were performed separately for each irrigation level × dripline 

combination. 

2.10.4. Water-Reallocation Scenario 

A hypothetical water-reallocation scenario was developed to assess the potential use 

of irrigation water conserved through deficit irrigation to expand the cultivated area while 

maintaining the same total irrigation-water budget. The analysis assumed that: (i) the wa-

ter saved per unit area was fully available for irrigation elsewhere; (ii) suitable additional 

land was available for expansion; (iii) sufficient capital was available for additional green-

house structures, irrigation infrastructure, and land preparation; (iv) labor, energy, and 

other production inputs could be scaled in proportion to the expanded area; (v) the addi-

tional production could be absorbed by the market at the assumed selling price; and (vi) 

yield per unit area on the additional land was equivalent to that measured experimentally 

under the corresponding irrigation treatment. 

The additional irrigable area, expressed as a fraction of the originally irrigated area, 

was calculated as 

𝑓 =
𝑉100 − 𝑉𝑑

𝑉𝑑
 (13) 

where 𝑉100 and 𝑉𝑑 are the seasonal irrigation volumes under full and deficit irrigation 

(m3 ha−1), respectively. Total production obtainable under the fixed water budget was then 

calculated as 

𝑃𝑡 = 𝑌𝑑(1 + 𝑓) (14) 

where 𝑃𝑡 is the total production (t) and 𝑌𝑑 is the yield obtained under the deficit treat-

ment (t ha−1). 

The operational feasibility of this scenario depends on the availability of suitable ad-

ditional land, sufficient capital for greenhouse and irrigation infrastructure, the ability to 

scale labor and other production inputs, and market capacity to absorb the additional pro-

duction. The reported costs correspond to the originally equipped area and do not include 

the incremental capital and operating expenditures required to bring the additional area 

into production. Consequently, the net profit and net profit-to-cost ratio derived from the 

reallocation scenario represent upper-bound estimates of the potential economic value of 

conserved irrigation water, rather than realized whole-farm returns. The scenario should 

therefore be interpreted as a resource-allocation exercise rather than as a prediction of 

commercial farm profitability. 
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2.10.5. Sensitivity Analysis 

The sensitivity of the economic results to cucumber selling price was evaluated using 

a one-way sensitivity analysis. The baseline selling price of 3.5 SAR kg−1 was varied by 

±10%, ±20%, and ±30%, while treatment yields and production costs were held constant. 

Gross revenue and net profit were recalculated for each irrigation level × dripline combi-

nation at each price level. The analysis was used to determine the extent to which variation 

in cucumber selling price affected absolute profitability and whether it altered the relative 

economic ranking of the treatment combinations. 

2.11. Statistical Analysis 

Data were analyzed using analysis of variance (ANOVA) according to the split-plot 

experimental design. Greenhouse was treated as the blocking and replication factor, irri-

gation level (100%, 80%, and 60% ETc) as the main-plot factor, and dripline type (XFD, 

UNIRAM, and REIN) as the subplot factor. The irrigation level × dripline interaction was 

also included in the analysis. The effect of irrigation level was tested against the green-

house × irrigation level interaction as the main-plot error term, whereas the effects of 

dripline type and the irrigation level × dripline interaction were tested against the subplot 

error. When significant differences were detected, treatment means were separated using 

the least significant difference (LSD) test at p ≤ 0.05. Statistical analyses were performed 

using CoStat software, version 6.303 (CoHort Software, Monterey, CA, USA). 

3. Results 

3.1. Hydraulic Performance of the Three Driplines 

Table 5 summarizes the hydraulic performance indices of the three driplines at an 

operating pressure of 100 kPa. XFD showed the lowest manufacturer’s coefficient of vari-

ation (Cv = 0.021) and discharge variation (Qvar = 5.54%), together with the highest Chris-

tiansen’s uniformity coefficient (UC = 98.25%). UNIRAM showed comparable hydraulic 

performance, with a Cv of 0.026, Qvar of 7.08%, and UC of 97.83%. In contrast, REIN had the 

highest Cv (0.077) and Qvar (14.70%) and the lowest statistical uniformity (Ud = 92.38%) 

among the tested driplines. Overall, XFD and UNIRAM exhibited more uniform emitter 

discharge than REIN. 

Table 5. Hydraulic performance indices of the tested driplines at an operating pressure of 100 kPa 

(mean of 25 emitters per dripline). 

Performance Parameter Symbol XFD UNIRAM REIN ASABE [37] Class 

Variance of discharge Qvar (%) 5.5 7.1 14.7 Qvar < 10 = desirable 

Manufacturer’s coefficient of 

variation 
Cv 0.021 0.026 0.077 Cv < 0.05 = excellent 

The statistical uniformity co-

efficient 
Ud (%) 97.9 97.4 92.4 Ud ≥ 90 = excellent 

Design emission uniformity Eud (%) 96.7 96.2 90.3 Eud ≥ 90 = excellent 

Field emission uniformity Euf (%) 97.4 97 92.4 Euf ≥ 87 = good 

The water application uni-

formity Christiansen’s 
UC (%) 98.2 97.8 94.7 UC ≥ 90 = excellent 

Discharge exponent x 0.034 0.047 0.27 x ≈ 0 = full PC 

3.2. Irrigation Water Applied and Water Savings 

The establishment period was excluded from deficit irrigation. All treatments re-

ceived the same irrigation for the first three weeks after transplanting, with deficit treat-

ments imposed from Week 4 until harvest. Thus, I100, I80, and I60 represent 100%, 80%, 
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and 60% of ETc applied from Week 4 onward. Consequently, seasonal irrigation reduc-

tions were 18.8% and 37.7%, rather than 20% and 40%. 

As shown in Table 6, all treatments received the same irrigation depth during the 

first three weeks after transplanting, and the deficit-irrigation treatments were imposed 

from Week 4 onward. Seasonal irrigation depth was 362.76 mm under 100% ETc and de-

creased to 294.17 and 225.94 mm under 80% and 60% ETc, respectively. These reductions 

corresponded to irrigation-water savings of 18.8% and 37.7% relative to full irrigation. 

Weekly irrigation requirements generally increased with crop development and reached 

a maximum of 48.32 mm at Week 12 under the 100% ETc treatment. 

Table 6. Weekly crop evapotranspiration and irrigation water applied during the cucumber grow-

ing season. 

Growth Stage   
Epan Kc Kp ETo ETC IWA 100% 80% 60% 

(mm)     (mm) (mm) (mm) (mm) (mm) (mm) 

Initial 

Week 1 12.2 0.5 1.10 13.42 6.71 7.77 7.77 7.77 7.77 

Week 2 9.2 0.5 1.1 10.12 5.06 5.86 5.86 5.86 5.86 

Week 3 11.9 0.5 1.1 13.09 6.6 7.64 7.64 7.64 7.64 

Development 

Week 4 21.90 0.61 1.1 24.09 14.79 17.11 17.11 13.69 10.27 

Week 5 16.50 0.76 1.1 18.15 13.8 15.97 15.97 12.77 9.58 

Week 6 27.2 0.89 1.1 29.92 26.7 30.91 30.9 24.72 18.54 

Week 7 26.0 1.04 1.1 28.6 29.84 34.54 34.54 27.63 20.72 

Mid-Season and 

Late 

Week 8 23.0 1.15 1.1 25.3 29.04 33.61 33.61 26.89 20.16 

Week 9 26.5 1.15 1.1 29.15 33.5 38.8 38.8 30.75 23.06 

Week 10 27.50 1.15 1.1 30.25 34.79 40.26 40.26 32.2 24.16 

Week 11 27.80 1.15 1.1 30.58 35.17 40.7 40.70 32.56 24.42 

Week 12 33.00 1.15 1.1 36.30 41.75 48.32 48.32 38.65 28.99 

Week 13 28.20 1.15 1.1 31.02 35.67 41.29 41.29 33.03 24.77 

  Total 290.9     319.99 313.43 362.76 362.76 294.17 225.94 

Epan is evaporation from the pan, Kc is a crop coefficient, Kp is a pan coefficient, ETo is the reference 

evapotranspiration, ETc is crop evapotranspiration, and IWA is the irrigation water applied. 

3.3. Soil Water Distribution 

The kriged soil-water distribution maps showed clear differences in soil water con-

tent (SWC) with irrigation level, soil depth, and dripline type (Figures 4–6). Under 100% 

ETc, the wetting pattern extended farther both laterally and vertically than under the def-

icit-irrigation treatments. SWC was generally lower in the upper 0–15 cm soil layer and 

increased at greater depths, particularly below 30 cm. XFD and UNIRAM produced more 

uniform soil-water distribution patterns, whereas REIN showed greater spatial variation 

and locally higher SWC values (Figure 4). For reference, the measured field capacity and 

permanent wilting point of the experimental soil were 24.6–25.8% and 11.9–13.6%, respec-

tively (Table 1). 

At 80% ETc, the wetted zone became smaller than under full irrigation (Figure 5). For 

XFD, SWC near the emitter reached approximately 14% and gradually decreased with 

increasing distance and depth. UNIRAM showed a similar range of SWC, whereas REIN 

produced a wider range of approximately 8–18% within the upper 30 cm of the soil profile. 

Across the three driplines, soil moisture was highest near the emitter and generally de-

creased with increasing horizontal distance. 
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Figure 3. Spatial arrangement of the 4 × 4 soil-sampling grid used to determine gravimetric soil-

water content (SWC), showing the 16 sampling points at four lateral distances from the emitter (0, 

15, 30, and 45 cm) and four soil depths (5, 20, 35, and 50 cm). The red point is the emitter. 

 

Figure 4. Kriged soil-water distribution maps under SSDI at 100% ETc. The emitter is located at 15 

cm. 
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Figure 5. Kriged soil-water distribution maps under SSDI at 80% ETc. The emitter is located at 15 

cm. 

Under 60% ETc, the wetting pattern contracted further and water remained concen-

trated around the emitter (Figure 6). The XFD dripline produced a relatively uniform 

moisture pattern within the 0–30 cm soil layer, whereas greater spatial variation was ob-

served with REIN. Overall, the kriged maps showed that the size and intensity of the wet-

ted zone decreased with irrigation level. The approximate dimensions of the wetted zone 

were 35 × 35 cm under 100% ETc, 28 × 30 cm under 80% ETc, and 22 × 25 cm under 60% 

ETc. No surface ponding was observed during the experiment. 

3.4. Crop Yield 

The effects of irrigation level and dripline type on total yield, early yield, and fruit 

number per plant are presented in Table 6. Irrigation level significantly affected all yield 

components (p < 0.001). Total yield decreased from 99.5 t ha−1 under 100% ETc to 80.6 and 

65.1 t ha−1 under 80% and 60% ETc, respectively, corresponding to reductions of 19.0% 

and 34.6%. Early yield showed a similar response, declining by 18.9% and 34.3% under 

80% and 60% ETc, respectively. Fruit number per plant also decreased from 23.2 under 

full irrigation to 20.0 and 17.1 under 80% and 60% ETc, representing reductions of 13.8% 

and 26.3%, respectively. 

Dripline type also significantly affected cucumber yield. XFD produced the highest 

mean total yield (92.4 t ha−1), followed by UNIRAM (85.6 t ha−1) and REIN (67.1 t ha−1). 

Compared with XFD, total yield was 7.4% lower with UNIRAM and 27.4% lower with 

REIN. A similar pattern was observed for early yield. Fruit number per plant did not differ 

between XFD and UNIRAM (20.5 fruits plant−1) but was significantly lower with REIN 

(19.3 fruits plant−1). 

The irrigation level × dripline interaction was not significant for total yield, early 

yield, or fruit number per plant (p > 0.05). Nevertheless, the highest total yield was rec-

orded for XFD under 100% ETc (110.9 t ha−1), whereas the lowest was obtained for REIN 

under 60% ETc (53.6 t ha−1). 

3.5. Irrigation Water-Use Efficiency (IWUE) and Water-Use Efficiency (WUE) 

Irrigation level significantly affected both IWUE and WUE (Table 7). The highest 

IWUE was recorded under 60% ETc (72.02 kg m−3), which was approximately 5% higher 
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than the values obtained under 100% and 80% ETc (68.5 and 68.4 kg m−3, respectively). 

Similarly, WUE increased to 83.4 kg m−3 under 60% ETc, compared with 79.3 and 79.2 kg 

m−3 under 100% and 80% ETc, respectively. No significant difference in either efficiency 

index was observed between the 100% and 80% ETc treatments. 

Table 7. Effects of irrigation level, dripline type, and their interaction on cucumber yield compo-

nents. 

 
Water Applied 

(m3 ha−1) 

Total Marketable 

Yield (t ha−1) 

Early Marketable 

Yield (t ha−1) 
No. Fruit per Plant 

Irrigation levels     

100% 1451.1 99.5 a 17.5 a 23.2 a 

80% 1177.9 80.6 b 14.2 b 20.0 b 

60% 904.7 65.1 c 11.5 c 17.1 c 

LSD 0.05  3.1 0.6 1.62 

p value  0.0000 *** 0.0000 *** 0.001 ** 

Dripper lines     

XFD  92.4 a 16.1 a 20.5 a 

UNIRAM  85.6 b 15.1 b 20.5 a 

REIN  67.1 c 11.8 c 19.3 b 

LSD 0.05  4.7 0.8 0.6 

p value  0.0000 *** 0.0000 *** 0.001 ** 

Irrigation levels × Dripper lines   

100% 

XFD 110.9 a ± 5.9 19.5 a ± 1.1 24 a ± 2 

UNIRAM 104.1 ab ± 2.83 18.3 ab ± 0.5 24 a ± 2 

REIN 83.5 cd ± 10.5 14.7 cd ± 0.2 21.7 b ± 1.7 

80% 

XFD 93.7 bc ± 5.2 16.5 bc ± 0.9 20.3 b ± 3.1 

UNIRAM 83.6 cd ± 0.8 14.7 cd ± 1.8 20 b ± 2 

REIN 64.4 ef ± 7.2 12.7 de ± 1.3 19.6 bc ± 1.2 

60% 

XFD 72.5de ± 7.5 12.2 e ± 2.8 17.5 cd ± 1 

UNIRAM 69.4 e ± 16.3 11.3 ef ± 1.2 17.2 d ± 1.8 

REIN 53.6 f ± 1.9 9.4 f ± 0.3 16.6 d ± 1.5 

LSD 0.05  _ _ _ 

p value  0.4 ns 0.2 ns 0.1 ns 

The mean values in each column followed by different letters are significantly different at p ≤ 0.05. 

The mean values followed by the same letters within each factor are not significantly different. LSD: 

least significant difference. p value: the probability value. ns: non-significant. ** mean p < 0.01; *** 

mean p < 0.001. 

Dripline type significantly affected both IWUE and WUE (p < 0.001). XFD produced 

the highest mean IWUE and WUE values of 78.7 and 91.1 kg m−3, respectively, followed 

by UNIRAM with 73.1 and 84.7 kg m−3. REIN recorded the lowest values, with an IWUE 

of 57.2 kg m−3 and a WUE of 66.1 kg m−3. Compared with XFD, IWUE was approximately 

7.1% lower with UNIRAM and 27.3% lower with REIN. 

Although water-use efficiency increased as irrigation was reduced, this increase 

should not be interpreted independently as an improvement in overall agricultural per-

formance. IWUE represents yield per unit of irrigation water applied, and in the present 

study the highest value coincided with the lowest absolute marketable yield. Reducing 

irrigation from 100% to 60% ETc increased IWUE from 68.5 to 72.0 kg m−3, an increase of 

approximately 5%, while marketable yield decreased from 99.5 to 65.1 t ha−1, representing 

a reduction of 34.6% as shown in Table 8. Thus, the gain in water productivity was rela-

tively modest compared with the associated yield penalty. Physical fruit attributes 
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showed a similar response: under XFD, mean individual fruit weight decreased from 

201.3 g at 100% ETc to 156.1 g at 60% ETc, accompanied by reductions in fruit length and 

diameter. These changes may have commercial implications because cucumber marketa-

bility is influenced by fruit size and appearance. Accordingly, water-use efficiency should 

be evaluated together with absolute yield, physical fruit attributes, and economic return 

rather than used as an independent criterion for selecting an irrigation strategy. 

Table 8. Effects of irrigation level, dripline type, and their interaction on IWUE and WUE. 

  IWUE (kg/m3) 
WUE 

(kg/m3) 

Irrigation levels   

100%  68.5 b 79.3 b 

80%  68.4 b 79.2 b 

60%  72.0 a 83.4 a 

LSD 0.05  2.8 3.26 

p value  0.04 * 0.04 * 

Dripper lines   

XFD  78.7 a 91.1 a 

UNIRAM  73.1 b 84.7 b 

REIN  57.2 c 66.1 c 

LSD 0.05   4.6 5.4 

p value  0.0000 *** 0.0000 *** 

Irrigation levels × Dripper lines   

100% 

XFD 76.4 ab ± 4.1 88.5 ab ± 4.8 

UNIRAM 71.7 b ± 2 82.9 b ± 2.2 

REIN 57.5 c ± 7.3 66.6 c ± 8.5 

80% 

XFD 79.5 a ± 4.5 92.1 a ± 5.2 

UNIRAM 71.1 b ± 0.7 82.2 b ± 0.8 

REIN 54.6 c ± 6.1 63.2 c ± 7.08 

60% 

XFD 80.1 a ± 8.3 92.8 a ± 9.6 

UNIRAM 76.7 ab ± 18 88.7 ab ± 20.8 

REIN 59.2 c ± 2.1 68.6 c ± 2.4 

LSD 0.05  _ _ 

p value  0.76 ns 0.76 ns 

The mean values in each column followed by different letters are significantly different at p ≤ 0.05 

(least significant difference). The mean values followed by the same letters within each factor are 

not significantly different. LSD: least significant difference. p value: the probability value. ns: non-

significant. * mean p < 0.05; *** mean p < 0.001. 

3.6. Leaf Proline Response to Deficit Irrigation 

Leaf proline content varied with irrigation level and dripline type (Figure 7). Mean 

proline concentrations across driplines increased from 12.3 µmol g−1 FW under 100% ETc 

to 14.0 and 14.7 µmol g−1 FW under 80% and 60% ETc, respectively. Under XFD, leaf pro-

line increased progressively as irrigation decreased, from 12.07 to 16.87 to 18.55 µmol g−1 

FW at 100%, 80%, and 60% ETc respectively. However, proline did not increase with def-

icit under UNIRAM. Values were 14.20, 14.05, and 13.15 µmol g−1 FW, which is a slight 

decline. Under REIN, the response was essentially flat, at 10.83, 10.75, and 12.10 µmol g−1 

FW. The increase in the across-dripline mean from 12.4 to 14.6 µmol g−1 FW was therefore 

driven by XFD alone. The highest proline concentration was recorded for XFD under 60% 

ETc (18.5 µmol g−1 FW), approximately 1.7 times the lowest value observed for REIN un-

der 100% ETc. In conclusion, leaf proline concentration increased with increasing water 

https://doi.org/10.3390/su182111226


Sustainability 2026, 18, 11226 20 of 39 
 

https://doi.org/10.3390/su182111226 

deficit under the XFD dripline, indicating exposure to water stress and osmotic adjust-

ment, whereas the response was small under UNIRAM and REIN. 
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Figure 6. Kriged soil-water distribution maps under SSDI at 60% ETc. The emitter is located at 15 

cm. 

3.7. Physical Fruit Characteristics 

Fruit length, diameter, and individual fruit weight varied among irrigation level × 

dripline combinations (Figure 7). Across irrigation levels, XFD and UNIRAM generally 

produced larger fruits than REIN. Fruit length ranged from 13.76 to 14.46 cm with XFD 

and from 13.02 to 14.30 cm with UNIRAM, compared with 11.50–12.88 cm for REIN (Fig-

ure 8A). 

 

Figure 7. Leaf proline content under different irrigation levels and dripline types (µmol g−1 FW). 

A similar pattern was observed for fruit diameter (Figure 8B). XFD produced fruit 

diameters ranging from 27.1 to 30.9 mm, whereas the corresponding ranges were 27.1–

29.0 mm for UNIRAM and 26.8–28.0 mm for REIN. 

Individual fruit weight also varied among treatment combinations (Figure 8C). The 

highest value was recorded with XFD under 100% ETc (201.3 g), followed by UNIRAM 

under 100% ETc (193.7 g). REIN consistently produced the lowest fruit weights across 

irrigation levels. Fruit weight ranged from 156.1 to 201.3 g for XFD, 157.2 to 193.7 g for 
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UNIRAM, and 125.3 to 146.4 g for REIN. Overall, fruit size and weight generally de-

creased as irrigation level was reduced, with the lowest values most frequently observed 

under REIN. 

  

 

Figure 8. Physical fruit characteristics under different irrigation level × dripline combinations: (A) 

fruit length, (B) fruit diameter, and (C) fruit weight. Error bars represent the standard deviation of 

three replicates. The irrigation level × dripline interaction was not statistically significant. Darker 

blue indicates higher treatment intensity, while lighter blue indicates lower intensity. 

3.8. Economic and Water-Reallocation Analysis 

The economic outcomes of the irrigation level × dripline combinations are presented 

in Table 9. Reducing irrigation from 100% ETc to 80% and 60% ETc lowered the amount 

of irrigation water applied by 18.8% and 37.7%, respectively. For XFD, these water savings 

were accompanied by yield reductions of 15.6% and 34.7% at 80% and 60% ETc, respec-

tively. 

When the saved irrigation water was reallocated while maintaining the same total 

water budget, the additional irrigated area increased by 23.2% under 80% ETc and 60.4% 

under 60% ETc. For XFD, water reallocation increased total production by 4.0% under 80% 

a
ab

b

ab ab

b

ab
b

c

4

6

8

10

12

14

16

XFD UNIRAM REIN XFD UNIRAM REIN XFD UNIRAM REIN

100% 80% 60%

F
ru

it
 l

en
g

th
 (

cm
) 

water regimes and dripline treatment 

Fruit length (cm) 

a

ab ab

ab ab

ab

ab ab b

24

25

26

27

28

29

30

31

32

XFD UNIRAM REIN XFD UNIRAM REIN XFD UNIRAM REIN

100% 80% 60%

F
ru

it
 d

ia
m

et
er

(m
m

) 
 

water regimes and dripline treatment 

Fruit diameter (mm)  

a
ab

de

ab
bc

de

cd cd

e

0

50

100

150

200

250

XFD UNIRAM REIN XFD UNIRAM REIN XFD UNIRAM REIN

100% 80% 60%

w
ei

g
h
t 

o
f 

fr
u
it

 (
g
) 

water regimes and dripline treatment 

Fruit weight (g) 

A B 

C 

https://doi.org/10.3390/su182111226


Sustainability 2026, 18, 11226 22 of 39 
 

https://doi.org/10.3390/su182111226 

ETc and 4.8% under 60% ETc relative to full irrigation. The 60% ETc treatment also re-

duced the water required per unit of production, with the lowest value recorded for XFD 

× 60% ETc (7.78 m3 t−1), compared with 17.4 m3 t−1 for REIN × 100% ETc. 

Economic performance differed among treatment combinations. Under the water-re-

allocation scenario, the highest net return was obtained with XFD × 60% ETc, followed by 

XFD × 80% ETc and XFD × 100% ETc, whereas REIN treatments produced lower net re-

turns. For XFD, net profit increased from approximately 237,046 SAR under 100% ETc to 

251,095 SAR under 60% ETc, corresponding to an increase of approximately 5.9%, while 

the net profit-to-cost ratio increased from 30.8 to 47.0 (Table 9). 

The robustness of these economic outcomes to variation in cucumber selling price 

was further evaluated through sensitivity analysis. Varying the baseline selling price of 

3.5 SAR kg−1 by ±10%, ±20%, and ±30% affected the magnitude of net profit but did not 

alter the relative economic ranking of the treatment combinations within the tested price 

range. XFD × 60% ETc remained the highest-return treatment across all price scenarios, 

followed by XFD × 80% ETc and UNIRAM × 60% ETc. These results indicate that the rel-

ative economic advantage observed for XFD under deficit irrigation was robust within the 

evaluated range of cucumber prices, although absolute profitability remained sensitive to 

the assumed selling price. 

Table 9. Economic and water-reallocation outcomes of irrigation level × dripline combinations. 

 Irrigation Systems XFD Dripper Line UNIRAM Dripper Line REIN Dripper Line 

 
Deficit Irrigation 

Treatment 
100% 80% 60% 100% 80% 60% 100% 80% 60% 

(1) 
Irrigation water ap-

plied (m3) 
1451.1 1177.9 904.7 1451.1 1177.9 904.7 1451.1 1177.9 904.7 

(2) Water saved (m3) 0.0 273.2 546.4 0.0 273.2 546.4 0.0 273.2 546.4 

(3) Water saving (%) 0 18.8 37.7 0.0 18.8 37.7 0.0 18.8 37.7 

(4) Actual yield (t ha–1) 111.0 93.7 72.5 104.0 83.5 69.4 83.6 64.3 53.7 

(5) Yield reduction (%) 0.0 −15.6 −34.7 0.0 −19.7 −33.3 0.0 −23.1 −35.8 

[6] 
Additional irrigable 

area (%) 
0.0 23.2 60.4 0.0 23.2 60.4 0.0 23.2 60.4 

(7) 

Additional produc-

tion from reallocated 

water (t) 

0.0 21.7 43.8 0.0 19.4 41.9 0.0 14.9 32.4 

(8) 

Total production un-

der the fixed water 

budget (t) 

111.0 115.4 116.3 104.0 102.9 111.3 83.6 79.2 86.1 

(9) 

Postharvest and 

transport losses (t) 

((8) × 10%) 

11.1 11.5 11.6 10.4 10.3 11.1 8.4 7.9 8.6 

(10) 

Remaining produc-

tion after losses (t) 

((8)−(9)) 

99.9 103.9 104.7 93.6 92.6 100.2 75.2 71.3 77.5 

(11) 

Graded marketable 

production (t) ((10) 

×70%) 

69.9 72.7 73.3 65.5 64.8 70.1 52.7 49.9 54.3 

(12) 
Non-graded produc-

tion (t) ((10) ×30%) 
30.0 31.2 31.4 28.1 27.8 30.1 22.6 21.4 23.3 

(13) 
Change in total pro-

duction (%) 
0.0 4.0 4.8 0.0 −1.1 7.0 0.0 −5.2 3.0 

[14] 

Irrigation and green-

house installation 

costs (SAR) 

6272.8 5091.5 3910.6 6268.5 5088.06 3908.4 6260.4 5081.0 3902.9 

[15] 
Other agriculture 

practices (SAR) 
1435.9 1435.9 1435.9 1435.9 1435.9 1435.9 1435.9 1435.9 1435.9 

(16) 
Original total cost 

(SAR) ((14) + (15)) 
7708.7 6527.4 5346.6 7704.4 6524.4 5344.01 7696.3 6517.6 5338.9 

(17) 

Water required per 

unit production (m3 

t–1) ((1)/(8)) 

13.1 10.2 7.8 13.95 11.5 8.1 17.4 14.9 10.5 
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(18) 

Gross revenue from 

marketable yield 

(SAR) ((11) × 3.5 × 

1000) 

244,755.0 254,457.0 256,441.5 229,320.0 226,894.5 245,416.5 184,338.0 174,636.0 189,850.5 

(19) 
Net profit (SAR) 

((18) – ((16)) 
237,046.3 247,929.6 251,094.9 221,615.6 220,370.1 240,072.5 176,641.7 168,118.4 184,511.6 

(20) 
Net profit-to-cost ra-

tio ((19)/(16)) 
30.8 38.0 47.0 28.8 33.8 44.9 23.0 25.8 34.6 

Note: A baseline cucumber selling price of 3.5 SAR kg−1 (approximately 0.93 USD kg−1) was used to 

calculate gross revenue from graded marketable production. This value was treated as an analytical 

baseline rather than as a fixed or nationally representative market price. The net profit-to-cost ratio 

was calculated as net profit divided by total production cost and is dimensionless. Treatment yields 

in row (4) are the irrigation level × dripline means reported in Table 6, rounded to one decimal place. 

Rows (7)–(12) and (18)–(20) refer to total production over the expanded area under the fixed water-

budget scenario and are therefore expressed in tonnes rather than per hectare. 

The sensitivity analysis showed that variation in cucumber selling price affected the 

magnitude of net profit but did not alter the relative economic ranking of the treatment 

combinations within the evaluated price range (Table 10). When the baseline selling price 

of 3.5 SAR kg−1 was varied by ±10%, ±20%, and ±30%, XFD × 60% ETc consistently pro-

duced the highest net profit, followed by XFD × 80% ETc and UNIRAM × 60% ETc. For 

XFD × 60% ETc, net profit ranged from approximately 174,162 SAR at a 30% reduction in 

selling price to 328,027 SAR at a 30% increase, compared with 251,095 SAR at the baseline 

price. These results indicate that the relative economic ranking was robust within the 

tested price range, although the absolute profitability of all treatments remained sensitive 

to cucumber selling price. 

Table 10. Sensitivity analysis of net profit (SAR) for irrigation level × dripline combinations under 

changes in cucumber selling price. 

Dripline Irrigation Level 
−30% 2.45 SAR 

kg−1 

−20% 2.80 SAR 

kg−1 

−10% 3.15 SAR 

kg−1 

Baseline 3.50 

SAR kg−1 

+10% 3.85 SAR 

kg−1 

+20% 4.20 SAR 

kg−1 

+30% 4.55 SAR 

kg−1 

XFD 

100% ETc 163,619.8 188,095.3 212,570.8 237,046.3 261,521.8 285,997.3 310,472.8 

80% ETc 171,592.5 197,038.2 222,483.9 247,929.6 273,375.3 298,821.0 324,266.7 

60% ETc 174,162.4 199,806.6 225,450.8 251,094.9 276,739.1 302,383.2 328,027.4 

UNIRAM 

100% ETc 152,819.6 175,751.6 198,683.6 221,615.6 244,547.6 267,479.6 290,411.6 

80% ETc 152,301.8 174,991.2 197,680.7 220,370.1 243,059.6 265,749.0 288,438.4 

60% ETc 166,447.5 190,989.2 215,530.8 240,072.5 264,614.1 289,155.8 313,697.4 

REIN 

100% ETc 121,340.3 139,774.1 158,207.9 176,641.7 195,075.5 213,509.3 231,943.1 

80% ETc 115,727.6 133,191.2 150,654.8 168,118.4 185,582.0 203,045.6 220,509.2 

60% ETc 127,556.4 146,541.5 165,526.6 184,511.6 203,496.7 222,481.7 241,466.8 

Note: The baseline cucumber selling price was 3.5 SAR kg−1. Price scenarios represent −30%, −20%, 

−10%, +10%, +20%, and +30% changes relative to the baseline. Treatment yields and production costs 

were held constant. Net profit at each price level was recalculated by proportionally adjusting gross 

revenue relative to the baseline selling price and subtracting the corresponding original total cost. 

Baseline values in this table correspond to row [19] of Table 9. 

Figure 9 illustrates the water-reallocation scenario for the 60% ETc treatment. Under 

full irrigation, seasonal irrigation depth was 362.76 mm and mean cucumber yield was 

99.5 t ha−1. Reducing irrigation to 60% ETc lowered the seasonal irrigation depth to 225.94 

mm and yield to 65.1 t ha−1. Reallocating the 37.7% water savings increased the cultivated 

area from 1.0 to 1.604 ha under the same total water budget, resulting in a total production 

of 104.4 t, which was 4.9% higher than the full-irrigation baseline. The corresponding 

value for the XFD dripline alone was an increase of 4.8% (from 111.0 to 116.3 t). 
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Figure 9. Reallocation arithmetic of the saved irrigation water. Water saved at 60% ETc (37.7%) is 

reallocated to expand the cultivated area by 60.4%, increasing total production from 99.5 to 104.4 t 

(+4.9%) while maintaining the same overall irrigation water budget. For the XFD dripline, net profit 

increased by 5.9% and the net profit-to-cost ratio rose from 30.8 to 47.0. 

These reallocation outcomes are to be interpreted within the cost boundary defined 

in Section 2.10.4. Because the incremental capital and operating expenditure required to 

equip and operate the additional area are not charged against the expanded production, 

the reported increase in net profit represents an upper bound. The magnitude of the gain 

would be reduced, and could be eliminated, if the establishment cost of the additional 

area were internalized over a single season rather than amortized across the economic life 

of the additional infrastructure. 

4. Discussion 

The hydraulic performance of the tested driplines differed considerably, particularly 

in terms of manufacturing variation and discharge stability. XFD and UNIRAM had low 

discharge exponents (x = 0.034 and 0.047, respectively), indicating a strong pressure-com-

pensating response, whereas the higher exponent of REIN (x = 0.27) was associated with 

greater discharge variation. This pattern agrees with previous studies showing that emit-

ter design and pressure-compensation characteristics strongly influence discharge uni-

formity [28,43]. The hydraulic differences observed among the driplines were also re-

flected in crop performance. Across irrigation levels, the mean yield obtained with REIN 

was approximately 27% lower than that with XFD. Although the irrigation level × dripline 

interaction was not significant, the consistent yield ranking among driplines suggests that 

hydraulic uniformity contributed to maintaining more stable water delivery across the 

tested irrigation regimes. The three greenhouses were of identical construction and di-

mensions and were maintained under comparable temperature, relative humidity, and 

radiation conditions. Nevertheless, identical construction does not by itself eliminate a 

possible greenhouse effect; this source of variation was therefore accounted for by treating 

greenhouse as a blocking factor in the split-plot analysis. 

The deficit treatments in this study were imposed only after establishment. This de-

sign isolates the response of an established crop to water deficit and avoids confounding 

treatment effects with differential transplant survival or root development. It also means 

that the reported responses cannot be extrapolated to production systems in which a 
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deficit is applied from transplanting onward. Early water deficit would be expected to 

influence root architecture, canopy expansion, and the timing of flowering, and these ef-

fects would in turn modify both the yield response and the water-use efficiency reported 

here. Evaluation of deficit imposition during establishment is therefore identified as a di-

rection for future work. 

The spatial distribution of SWC differed among the three driplines, indicating that 

emitter characteristics influenced soil-water redistribution within the wetted zone. The 

larger wetted area observed under 100% ETc, in both the vertical and horizontal direc-

tions, was mainly associated with the greater volume of water applied. Goldberg et al. 

[44] similarly reported that horizontal water movement and the final width of the wetted 

zone along a dripline depend on the amount of water applied. In sandy soils, vertical 

water movement generally exceeds lateral redistribution, which emphasizes the im-

portance of appropriate emitter spacing in SSDI systems [45,46]. The lower SWC observed 

near the soil surface may also be related to evaporation and subsequent redistribution of 

water within the soil profile [47]. 

Localized SWC values under REIN exceeded the measured field-capacity range, par-

ticularly at 100% and 80% ETc, whereas the moisture content under XFD and UNIRAM 

remained closer to field capacity at locations farther from the emitter. This difference may 

be associated with the greater discharge variation of REIN and the more uniform water 

application achieved by XFD and UNIRAM. Previous studies have also reported differ-

ences in gravimetric SWC between directions parallel and perpendicular to drip laterals 

[48,49]. At 60% ETc, lower SWC values were observed in the deeper soil layers, indicating 

more limited downward water movement than under the higher irrigation levels. Similar 

responses under reduced irrigation have been associated with changes in water move-

ment and retention within the root zone [50]. 

The decline in soil water content with increasing horizontal distance from the emitter 

reflects the balance between gravitational and capillary forces in a coarse-textured profile. 

Water enters the soil at a point source, so the applied volume per unit soil volume de-

creases with radial distance from that point. In a profile containing 88.4 to 95.0% sand, the 

pore system is coarse. Water therefore moves preferentially downward under gravity ra-

ther than outward under capillary attraction, producing a wetted zone deeper than it is 

wide. After the wetting front has passed, further lateral redistribution towards drier soil 

requires flow through progressively less conductive material, so lateral equalization is 

slow and the gradient established during application persists until the following irriga-

tion. 

This behavior has two consequences relevant to system design. First, emitter spacing 

is a critical variable in subsurface systems installed in sandy soils, because lateral overlap 

between adjacent emitters cannot be relied upon to generate a continuous wetted strip. 

Second, it accounts for the observation that soil water content was generally lower in the 

upper 0–15 cm layer and increased below 30 cm, since water applied at 0.15 m depth 

drains downward more readily than it moves upward against gravity. 

Crop water uptake is closely related to root distribution and the availability of soil 

water within the active root zone [51]. Therefore, the smaller wetted zone and lower SWC 

observed under deficit irrigation may have restricted the volume of soil from which roots 

could readily extract water. Overall, the soil-water distribution patterns were consistent 

with the lower water availability observed under 60% and 80% ETc relative to full irriga-

tion. However, the 80% ETc treatment maintained a comparatively wider wetted root-

zone profile than 60% ETc, which may partly explain its more moderate yield reduction. 

Under severe deficit irrigation (60% ETc), the wetted soil volume became smaller and 

soil water was more concentrated around the emitters. Differences among the driplines 

were also more apparent at this irrigation level. XFD maintained a relatively uniform 
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wetting pattern within the main root-zone depth, whereas UNIRAM showed greater spa-

tial variation in SWC. The moisture pattern under REIN was more irregular, with greater 

vertical concentration and less lateral spread than those observed with XFD. These differ-

ences were consistent with the hydraulic performance of the tested driplines, particularly 

their discharge variation and uniformity. Under limited water application, non-uniform 

emitter discharge may become more evident in the resulting soil-water distribution be-

cause a smaller volume of water is available for redistribution within the soil profile. Thus, 

the more uniform wetting pattern observed with XFD may have contributed to maintain-

ing water availability within a larger portion of the active root zone under 60% ETc. 

Deficit irrigation reduced cucumber yield, with larger reductions observed as the 

amount of applied water decreased. This response agrees with the findings of Ayas and 

Demirtas [52] and Tüzel et al. [53], who reported significant yield reductions in cucumber 

under decreasing irrigation supply. Inadequate soil-water availability can restrict crop 

growth and fruit production, whereas excessive irrigation may also adversely affect yield 

[54]. The strong response of cucumber yield to irrigation amount has been widely reported 

[55]. 

Differences in yield among the tested driplines may also be related to their hydraulic 

performance and the resulting soil-water distribution. Variability in emitter discharge 

along a drip lateral can contribute to spatial differences in plant growth and biomass pro-

duction [56]. In the present study, REIN had the highest manufacturer’s coefficient of var-

iation (Cv = 0.077) and discharge variation (Qvar = 14.7%), together with a less uniform soil-

water distribution pattern. These hydraulic characteristics may partly explain the lower 

yield obtained with REIN compared with XFD and UNIRAM [57]. In contrast, the more 

uniform wetting patterns observed with XFD and UNIRAM may have supported a more 

consistent supply of water within the active root zone. 

The cucumber yields obtained in this study were lower than the range reported by 

Alomran and Luki [20], who recorded total yields of 90–150 t ha−1 during a 140-day green-

house cropping season in Riyadh. The shorter cropping period used in the present exper-

iment (90 days) may partly account for this difference. Nevertheless, the treatment yields, 

which ranged from approximately 53 to 110 t ha−1, were comparable to the average cu-

cumber yield reported by Aly et al. [58]. The reduction in yield under deficit irrigation is 

attributable to the quantity of water applied rather than to its placement or its uniformity 

of delivery. Delivery was not limiting, since XFD and UNIRAM achieved uniformity co-

efficients of 98.3% and 97.8%, classified as excellent, yet yield declined under both 

driplines as irrigation was reduced. Placement was likewise appropriate, since the 

driplines were installed at 0.15 m depth with emitters spaced 0.30 m apart and the kriged 

maps confirm that the wetted zone remained centred within the effective root zone at all 

irrigation levels. The operative constraint was the contraction of the wetted volume itself, 

from approximately 35 × 35 cm under 100% ETc to 28 × 30 cm under 80% ETc and 22 × 25 

cm under 60% ETc. 

The shallow root system of cucumber makes the crop particularly sensitive to this 

contraction. A deeper-rooted species could partly compensate by extracting water stored 

below the wetted bulb, whereas cucumber is largely confined to it. The reduced volume 

of accessible water lowers plant water potential and stomatal conductance, and conse-

quently carbon assimilation. In an indeterminate, continuously fruiting crop, this con-

strains both the number of fruits retained and the growth of individual fruits, and both 

responses were observed. Fruit number per plant declined from 23.2 under full irrigation 

to 17.1 at 60% ETc, and mean individual fruit weight under XFD declined from 201.3 to 

156.1 g over the same range. 

Although yield declined under deficit irrigation, water-use efficiency responded dif-

ferently. The highest IWUE and WUE values were recorded at 60% ETc, in agreement 
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with previous studies reporting improved water productivity as irrigation supply de-

creased [59,60]. This finding shows that the treatment producing the highest yield was not 

necessarily the most efficient in terms of water use. However, the higher water productiv-

ity at 60% ETc should be considered together with the associated yield reduction when 

selecting an irrigation strategy. 

Proline content increased under deficit irrigation, with the highest values recorded 

under the XFD dripline at 60% ETc. This response is consistent with osmotic adjustment 

following exposure to water deficit. Proline accumulation is a marker of plant water status 

and does not, by itself, demonstrate improved drought tolerance or explain the differences 

in yield among treatments. Indeed, the concurrent reduction in yield suggests that the 

observed accumulation primarily reflected greater exposure to water stress rather than 

improved crop productivity. Proline increased progressively with decreasing irrigation 

under XFD, remained approximately constant under UNIRAM, and varied little under 

REIN. The greater accumulation observed under XFD could be associated with its more 

uniform soil-water distribution, which may have imposed a more spatially consistent wa-

ter-deficit condition within the root zone; however, this relationship was not directly 

tested in the present study. Under water stress, proline can contribute to osmotic adjust-

ment, reactive oxygen species (ROS) scavenging, and membrane stabilization [61,62]. 

Thus, the high proline concentration under XFD × 60% ETc provides physiological evi-

dence of crop exposure to water deficit under relatively uniform soil-water conditions. It 

should be emphasized, however, that proline was measured in fully expanded leaves and 

was used solely as an indicator of plant water-stress response. Because proline was not 

measured in the fruits, the present results provide no evidence of changes in the proline 

content, nutritional composition, or safety of the edible portion. 

Fruit physical characteristics were also significantly affected by irrigation level. The 

100% ETc treatment produced the highest values of fruit length, diameter, and weight 

compared with the 80% and 60% ETc treatments. Similar results were reported by Sahin 

et al. [63], who found that increasing irrigation water application improved cucumber 

fruit length, diameter, and weight. The greater fruit diameter observed under full irriga-

tion also agrees with Ayas and Demirtas [52], who reported higher fruit diameter under 

100% irrigation than under deficit-irrigation treatments. Likewise, mean fruit weight was 

higher under the 100% ETc treatment and declined with increasing water deficit. Signifi-

cant positive correlations (p < 0.01) between mean fruit weight and plant water consump-

tion, and between mean fruit weight and yield, have previously been reported, indicating 

that greater water availability promotes the development of heavier cucumber fruits [64]. 

Similarly, Mannini [27] reported that increased irrigation water application and crop wa-

ter consumption enhanced mean fruit weight and consequently contributed to higher 

yield. 

Deficit irrigation also affected the measured physical attributes of cucumber fruits. 

Fruit expansion is strongly dependent on cell turgor, and reduced root-zone water avail-

ability can restrict fruit growth. This is consistent with the reductions in fruit length, di-

ameter, and individual fruit weight observed as irrigation decreased in the present study. 

These responses may have implications for marketable quality because fruit size and ap-

pearance are important commercial attributes of cucumber. More broadly, preharvest wa-

ter availability can influence fruit dry matter, firmness, biochemical composition, and 

postharvest behaviour through changes in plant water status, assimilate partitioning, and 

stress responses. However, these responses are strongly dependent on crop species, 

greenhouse environment, and the severity and timing of water limitation [65]. Recent ev-

idence emphasizes that cucumber fruit quality and shelf life are particularly sensitive to 

preharvest water status and epidermal characteristics, highlighting the importance of con-

sidering irrigation management not only in relation to yield but also to postharvest 
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performance [65]. In the present study, dry matter content, firmness, biochemical compo-

sition, and postharvest shelf life were not measured; therefore, no direct conclusions can 

be drawn regarding these attributes. Future studies should combine deficit-irrigation 

treatments with comprehensive fruit-quality and postharvest assessments to determine 

whether the water savings achieved here can be obtained without compromising market-

ability or storage performance. 

The results suggest that the choice of deficit-irrigation strategy depends on the re-

source constraint considered. Under 80% ETc, XFD retained approximately 84.5% of the 

yield obtained under full irrigation while reducing irrigation water use by 18.8%. This 

response is broadly consistent with the meta-analysis of Singh et al. [26], which showed 

relatively small average yield reductions in vegetable crops when irrigation was main-

tained above 80% of full irrigation. Parkash et al. [66] also reported that cucumber yield 

under 80% ETc was statistically comparable to that under full irrigation in greenhouse 

production. In the present study, the 80% ETc treatment therefore provided a compromise 

between water saving and yield maintenance, particularly where the cultivated area is 

limited. 

A different outcome was observed under 60% ETc. Although mean yield decreased 

by approximately 35%, this treatment produced the highest IWUE, reaching 72.0 kg m−3 

across driplines and 80.1 kg m−3 with XFD. The economic implications changed when the 

water saved under deficit irrigation was reallocated within a fixed water budget. Reallo-

cating the 37.7% water saving under 60% ETc increased the potentially irrigated area by 

60.4% and, for XFD, increased total production by 4.8% and net profit by approximately 

5.9% relative to full irrigation, while the net profit-to-cost ratio rose from 30.8 to 47.0. Thus, 

60% ETc may be economically attractive where irrigation water is the principal limiting 

resource and additional land is available for cultivation. 

The economic implications of deficit irrigation change when conserved water is con-

sidered a resource that could potentially be reallocated under a fixed water budget. Under 

the assumptions defined in Section 2.9, reallocating the 37.7% water saving achieved at 

60% ETc would theoretically allow the irrigated area to increase by 60.4%. For XFD, this 

scenario would increase total production by approximately 4.8% relative to full irrigation. 

The corresponding calculated net profit increased from 237,046.3 to 251,094.9 SAR, equiv-

alent to approximately 5.9%, while the net profit-to-cost ratio increased from 30.8 to 47.0. 

These outcomes are conditional on several assumptions that may not hold simultaneously 

in commercial greenhouse production. Expansion would require additional capital for 

greenhouse structures and irrigation infrastructure, sufficient land, proportional increases 

in labour and energy inputs, and a market capable of absorbing the additional production 

at the assumed price. The reallocation analysis should therefore be interpreted as a hypo-

thetical management scenario illustrating the potential value of conserved water under 

idealized conditions, rather than as a direct economic benefit to growers. Moreover, ex-

pansion of the irrigated area could offset field-level water savings at a broader scale, illus-

trating the irrigation-efficiency paradox whereby improved water productivity does not 

necessarily translate into reduced aggregate water abstraction. 

These results should, however, be interpreted in the context of the irrigation-effi-

ciency paradox discussed by Grafton et al. [29] and Pérez-Blanco et al. [67]. Improvements 

in field-scale water efficiency do not necessarily reduce total water abstraction if the saved 

water is used to expand the irrigated area. The reallocation scenario evaluated in this 

study assumes a fixed total water budget; therefore, the increase in cultivated area repre-

sents an alternative use of the same irrigation-water allocation rather than an increase in 

total abstraction. Within such a constraint, reallocation of saved water could increase ag-

ricultural production and farm returns without increasing the initial irrigation-water 

budget. 
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Taken together, the results show that combining high-uniformity subsurface drip ir-

rigation with deficit irrigation can improve the use of limited irrigation water under arid 

conditions. The XFD dripline maintained more uniform water distribution and higher 

crop performance than the other tested driplines, while the 60% ETc treatment achieved 

the highest water-use efficiency. When the water saved at 60% ETc was reallocated under 

a fixed water budget, the additional irrigated area increased total production and farm 

profitability despite the lower yield per unit area. 

The findings of the present study also have relevance to the broader challenge of cli-

mate change adaptation in water-limited greenhouse horticulture. Although the quanti-

tative responses reported here are specific to greenhouse cucumber grown under the ex-

perimental conditions of central Saudi Arabia, increasing temperature, atmospheric evap-

orative demand, and pressure on irrigation-water resources are becoming important con-

straints in many arid and semi-arid production regions [68]. Under these conditions, 

maintaining crop productivity with a limited water supply will require irrigation strate-

gies that improve the precision and uniformity of water delivery while avoiding levels of 

deficit that impose excessive physiological and yield penalties. The present results illus-

trate this trade-off: moderate deficit irrigation reduced water use while maintaining a 

greater proportion of yield, whereas the more severe deficit increased water-use efficiency 

but imposed a substantially larger yield penalty. 

Climate adaptation in protected horticulture, however, cannot rely on irrigation 

management alone. Integrated strategies combining efficient irrigation and improved re-

source-use efficiency with crop- and greenhouse-level adaptation measures, including 

cultivar selection, grafting, and canopy and microclimate management, are increasingly 

important for maintaining productivity under warmer and more water-limited conditions 

[68]. Within such integrated strategies, hydraulic uniformity remains particularly relevant 

because spatially uneven water application may increase variability in root-zone water 

availability when the irrigation supply is restricted. Nevertheless, the interaction among 

increasing evaporative demand, irrigation uniformity, crop physiology, and deficit sever-

ity was not directly evaluated in the present experiment. Multi-season studies incorporat-

ing greenhouse microclimate measurements and contrasting climatic conditions are there-

fore needed to determine whether irrigation thresholds established under current condi-

tions require adjustment as evaporative demand increases. 

The main contribution of this study is the combined evaluation of dripline hydrau-

lics, soil-water distribution, crop response, and economic outcomes within the same ex-

perimental framework. The results indicate that the benefits of deficit irrigation depend 

not only on the amount of water saved but also on emitter performance and how the saved 

water is subsequently used. This integrated approach may support irrigation-manage-

ment decisions in water-limited agricultural systems and is consistent with the water-ef-

ficiency and sustainable agricultural objectives of Saudi Vision 2030 and the National Wa-

ter Strategy. 

Mechanistic Interpretation: From Emitter Hydraulics to Yield Formation 

The observed responses can be interpreted within a mechanistic framework linking 

dripline hydraulics, soil-water distribution, plant water status, and yield formation. Emit-

ter design first determines the uniformity of water application. XFD and UNIRAM are 

pressure-compensating driplines with discharge exponents of 0.034 and 0.047, respec-

tively. In the relationship q = kH^x, an exponent approaching zero indicates relatively low 

sensitivity of emitter discharge to changes in pressure head. In contrast, REIN had a higher 

discharge exponent (0.27), indicating greater sensitivity to pressure variation. REIN also 

showed a higher coefficient of manufacturing variation (Cv = 0.077) and discharge varia-

tion (Qvar = 14.7%) than XFD (Cv = 0.021; Qvar = 5.5%) and UNIRAM (Cv = 0.026; Qvar = 
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7.1%). These hydraulic differences provide a plausible explanation for the greater spatial 

variation in soil water observed under REIN and the more uniform patterns under XFD 

and UNIRAM. In the predominantly sandy experimental soil, limited lateral redistribu-

tion would be less able to compensate for differences in the volume delivered by neigh-

bouring emitters [14]. Consequently, local differences in emitter discharge could remain 

evident in the resulting wetting pattern, contributing to the locally higher soil-water con-

tents observed under REIN. The broader implication of this comparison therefore lies in 

hydraulic performance rather than product identity: SSDI systems with lower pressure 

sensitivity and discharge variation are expected to provide more spatially consistent wa-

ter application, although the resulting soil-water distribution will also depend on soil hy-

draulic properties and field operating conditions. 

The decrease in soil water content with increasing horizontal distance from the emit-

ter can be explained by the same soil hydraulic characteristics. Water is introduced locally 

at each buried emitter and subsequently redistributes through the surrounding soil. In the 

predominantly sandy profile, gravitational drainage is relatively strong, whereas lateral 

capillary redistribution is limited [18]. Consequently, water tends to move preferentially 

downward from the emitter, while progressively less water reaches soil located farther 

away in the horizontal direction. This produces the observed gradient of higher soil water 

content near the emitter and lower values with increasing horizontal distance. The same 

process also helps explain the greater water contents observed at deeper positions in the 

soil profile. 

The resulting geometry and persistence of the wetted zone can, in turn, influence the 

volume of soil from which roots can extract readily available water. Root water uptake 

under drip irrigation depends on the spatial relationship among root distribution, soil-

water availability, and the wetted volume [45,52]. The decline in cucumber yield with de-

creasing irrigation is therefore more consistently explained by a reduction in readily avail-

able root-zone water than by inadequate placement of the driplines. The driplines were 

installed at a depth of 0.15 m with emitters spaced 0.30 m apart, and the soil-water maps 

showed that water remained distributed around the emitter position under all irrigation 

levels. Moreover, yield declined with decreasing irrigation even under XFD and UNI-

RAM, which exhibited high discharge uniformity, indicating that hydraulic non-uni-

formity alone cannot explain the response to irrigation level. Instead, the wetted zone pro-

gressively contracted from approximately 35 × 35 cm under 100% ETc to 28 × 30 cm under 

80% ETc and 22 × 25 cm under 60% ETc. For a relatively shallow-rooted crop such as cu-

cumber, this contraction would reduce the soil volume from which readily available water 

can be extracted and increase the likelihood of transient root-zone water deficits between 

irrigation events. Under such conditions, plants typically regulate water loss through 

changes in stomatal behaviour, with consequent limitations on transpiration and carbon 

assimilation; however, stomatal conductance, leaf water potential, and photosynthetic 

rate were not directly measured in the present experiment [48,69]. 

The observed proline response provides complementary physiological evidence of 

plant exposure to water deficit. Proline can contribute to osmotic adjustment, membrane 

stabilization, and protection against oxidative stress under water-limited conditions 

[63,64]. The highest leaf proline concentration (18.55 µmol g−1 FW) occurred under XFD at 

60% ETc. As discussed above, this accumulation should be interpreted as a stress-response 

indicator rather than direct evidence of enhanced drought tolerance or maintained carbon 

assimilation. 

These hydraulic and physiological responses provide a plausible framework for in-

terpreting the observed changes in reproductive performance. Restricted water availabil-

ity and associated limitations on carbon assimilation can constrain fruit set and fruit 

growth in cucumber [48,69]. In the present study, fruit number per plant declined from 
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23.2 under full irrigation to 17.1 at 60% ETc, while mean individual fruit weight under 

XFD decreased from 201.3 to 156.1 g. The simultaneous reductions in fruit number and 

individual fruit growth were therefore consistent with the observed decline in marketable 

yield under severe deficit irrigation. Nevertheless, root distribution, plant hydraulic con-

ductance, stomatal conductance, photosynthetic carbon assimilation, and assimilate par-

titioning were not directly quantified. The relationships proposed here should therefore 

be regarded as a mechanistic interpretation consistent with the measured hydraulic, soil-

water, physiological, and yield responses rather than as a directly demonstrated causal 

pathway. Future studies incorporating root-system characterization, leaf water potential, 

gas exchange, and carbon-allocation measurements would allow these mechanisms to be 

tested directly. 

5. Practical Implications, Commercialization and Adoption 

5.1. Practical Implications and Significance 

The results of this study have direct implications for irrigation management in water-

limited greenhouse production. The superior hydraulic performance of XFD, together 

with its more uniform soil-water distribution and higher crop performance, shows the 

importance of dripline selection when deficit irrigation is applied. Irrigation scheduling 

alone may therefore be insufficient to achieve the expected water savings if emitter dis-

charge is not sufficiently uniform. For sandy soils, where water redistribution is limited 

by rapid vertical movement, the hydraulic characteristics of the dripline become particu-

larly important for maintaining water availability within the active root zone. 

The water-reallocation analysis also provides a practical perspective on the use of 

water saved through deficit irrigation. Under a fixed water budget, applying 60% ETc 

reduced irrigation water use by 37.7% and allowed the potentially irrigated area to in-

crease by 60.4%. For XFD, this scenario increased total production by 4.8% and net profit 

by approximately 5.9% relative to full irrigation, while the net profit-to-cost ratio rose 

from 30.8 to 47.0. These results indicate that the value of deficit irrigation depends not 

only on field-scale water productivity but also on how the saved water is managed. Where 

additional land is available and total water use remains constrained, reallocating saved 

water may partly offset the yield reduction per unit area and improve overall farm re-

turns. 

From a practical standpoint, the results support the use of high-uniformity SSDI com-

bined with deficit irrigation according to the main resource constraint. An irrigation level 

of 80% ETc may be more suitable where cultivated area is limited and maintaining yield 

per unit area is a priority, whereas 60% ETc combined with water reallocation may offer 

greater economic benefits where water is the principal constraint and additional land is 

available. These findings are relevant to efforts to improve agricultural water-use effi-

ciency and are consistent with the water-conservation objectives of Saudi Vision 2030 and 

the National Water Strategy. 

5.2. Cost, Maintenance, and Adoption Considerations 

Practical adoption of subsurface drip irrigation depends on factors beyond agro-

nomic performance. The driplines evaluated in this study cost 0.23, 0.22, and 0.15 USD m−1 

for XFD, UNIRAM, and REIN, respectively. Thus, XFD had a purchase cost approximately 

53% higher than REIN, but it also produced substantially higher mean yield and irrigation 

water-use efficiency under the conditions of this study. Over the assumed eight-year eco-

nomic life of the system, the initial dripline cost should therefore be considered together 

with its hydraulic performance and potential effects on crop productivity rather than used 

as the sole criterion for system selection. Trenching and lateral installation added 
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approximately 0.23 USD m−1, making installation an additional consideration when eval-

uating the initial investment in SSDI [42]. 

Maintenance is particularly important in SSDI because buried emitters cannot be vis-

ually inspected during normal operation. Adequate filtration, periodic flushing, monitor-

ing of system pressure and discharge, and appropriate water-quality management are 

therefore important for limiting clogging and maintaining hydraulic performance [12,43]. 

Root intrusion and soil entry around emitter outlets may present additional maintenance 

concerns in buried systems [12,43]. Burial can protect laterals from ultraviolet exposure 

and some forms of mechanical damage, but locating faults and replacing buried compo-

nents can be more difficult than in surface drip systems [12,43]. Reliable pressure regula-

tion and appropriate irrigation scheduling are also important for maintaining the ex-

pected hydraulic and water-saving performance of the system [27,43]. 

For small- and medium-scale greenhouse growers, adoption will therefore depend 

on whether the expected water and productivity benefits justify the additional initial in-

vestment and maintenance requirements. Economic assessments of irrigation technolo-

gies should account for investment, operating, and system-life considerations rather than 

initial equipment cost alone [42]. Access to technical support, appropriate filtration and 

maintenance facilities, and suitable financing mechanisms may facilitate adoption. How-

ever, grower adoption, financing constraints, maintenance costs over the system life, and 

long-term durability were not directly evaluated in the present study. These considera-

tions should therefore be interpreted as practical implications of the experimental and 

economic results rather than as demonstrated adoption outcomes. Future multi-season 

studies should include life-cycle cost analysis, field monitoring of clogging and system 

durability, and grower-scale evaluations to determine the commercial feasibility of SSDI 

under different farm sizes and management capacities. 

Management option for greenhouse cucumber production in arid environments. The 

proposed approach may assist growers and irrigation managers in selecting irrigation 

strategies 

5.3. Future Water-Supply Pathways for Water-Limited Greenhouse Production 

Improving irrigation efficiency can reduce agricultural water demand, but long-term 

water sustainability in arid regions also requires consideration of alternative and supple-

mentary water sources. In the present study, regulated deficit irrigation reduced seasonal 

irrigation requirements by 18.8% and 37.7% under 80% and 60% ETc, respectively. Such 

demand-side savings could reduce the volume of water that must be supplied from con-

ventional or alternative sources and may therefore facilitate the integration of water-sav-

ing irrigation with broader water-resource strategies. 

Several emerging approaches may have potential under Saudi conditions. Seawater-

based controlled-environment systems, such as the Sahara Forest concept, integrate saline 

water, renewable energy, and protected horticulture and may be particularly relevant to 

the Red Sea and Arabian Gulf coastal regions, where seawater conveyance requirements 

are comparatively low [69]. In inland areas, atmospheric water harvesting may be con-

strained by low ambient humidity; however, recovering water vapour generated by crop 

transpiration within closed or semi-closed greenhouses could provide a more favourable 

opportunity for water recycling [70–72]. 

Treated wastewater and brackish groundwater also represent potential supplemen-

tary sources for irrigation in water-limited regions. Their use with SSDI may reduce direct 

contact between irrigation water and the crop canopy and limit surface evaporation, alt-

hough salinity management, adequate filtration, and emitter clogging become increas-

ingly important when marginal-quality water is used. Emerging water-conditioning ap-

proaches, including electro-agric and magnetic-field treatments, have also been proposed 
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for improving the usability of marginal water, but their effectiveness and economic feasi-

bility under subsurface drip irrigation require further experimental evaluation [73]. Man-

aged aquifer recharge using treated wastewater or captured runoff may provide an addi-

tional longer-term option for supporting groundwater-resource sustainability [74]. 

These technologies were not evaluated experimentally in the present study. They are 

therefore considered here as potential future pathways through which the demand-side 

water savings achieved with high-uniformity SSDI and regulated deficit irrigation could 

be integrated into a broader water-management strategy for arid and semi-arid agricul-

ture. 

6. Limitations of the Study 

Soil organic matter was not characterized in the present study, which should be con-

sidered when interpreting the soil-water and plant-response results. This limitation is par-

ticularly relevant to the predominantly sandy experimental soil, where organic matter can 

improve water and nutrient retention and may slow water movement below the effective 

root zone. Such changes could influence the geometry and persistence of the wetted zone 

and, consequently, root-zone water availability under deficit SSDI. This consideration is 

especially important in the present experiment because the coarse-textured soil promoted 

relatively rapid vertical redistribution, while the different driplines produced distinct 

wetting patterns. Improved root-zone water retention associated with higher native or-

ganic matter content or organic amendments could also modify the intensity of crop water 

stress and, potentially, the associated proline response. The physiological responses ob-

served in this study should therefore be interpreted within the specific soil conditions un-

der which the experiment was conducted. Future studies should quantify soil organic 

matter and examine its interaction with dripline hydraulic performance, soil-water redis-

tribution, and plant water-stress responses under deficit irrigation. 

Crop evapotranspiration in this study was estimated from pan evaporation. Under 

protected cultivation, incoming solar radiation is attenuated by the greenhouse cover, air 

movement is strongly reduced, and vapor pressure deficit is influenced by both the en-

closed environment and crop transpiration. Air temperature and relative humidity alone 

therefore do not fully characterize greenhouse evaporative demand. Because the same 

ETo estimate was used to derive all irrigation treatments, any systematic bias in the pan-

based estimate would have affected the absolute irrigation depths in a similar manner 

across treatments, while preserving the intended relative differences among irrigation lev-

els. Nevertheless, the absolute irrigation depths reported here should be interpreted with 

this limitation in mind. Future studies should employ greenhouse-calibrated radiation-

based or combination methods supported by direct measurements of solar radiation and 

vapor pressure deficit within the greenhouse. 

The soil-water distribution maps presented in this study represent the redistributed 

wetting pattern measured 24 h after irrigation. Because irrigation was applied daily, this 

sampling time corresponded to the condition immediately preceding the subsequent irri-

gation event and therefore represented the driest measured state of the irrigation cycle. 

Although this provides a conservative characterization of the wetted zone, a single spatial 

assessment cannot describe soil-water depletion and redistribution dynamics between ir-

rigation events or short-term variations in root-zone water availability. Future studies 

should therefore incorporate continuous soil-moisture monitoring at multiple depths and 

lateral distances from the emitter to characterize the temporal as well as spatial dynamics 

of water within the root zone. 

The hydraulic indices reported in this study were determined under controlled la-

boratory conditions and were not verified by direct in-situ discharge measurements after 

installation. Actual emitter performance under greenhouse conditions may be influenced 
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by water temperature, pressure variation along the laterals, emitter clogging, and instal-

lation-related effects such as soil or root intrusion. These factors may affect pressure-com-

pensating and non-compensating emitters differently and could alter the discharge char-

acteristics observed under laboratory conditions. Although the soil-water distribution 

patterns were generally consistent with the laboratory hydraulic ranking, particularly the 

greater spatial variability associated with REIN, these patterns provide only indirect evi-

dence and cannot substitute for direct field measurement of emitter discharge. Future 

studies should therefore monitor in-situ emitter discharge, pressure variation, and clog-

ging development over multiple growing seasons to determine whether the laboratory 

hydraulic characteristics are maintained under operational SSDI conditions. 

The present study evaluated a single cucumber cultivar during a single growing sea-

son, which limits the transferability of the quantitative crop-response results to other ge-

netic backgrounds. Cucumber cultivars can differ in rooting characteristics, transpiration 

and stomatal responses to water deficit, growth and fruiting patterns, and physiological 

responses to water stress, resulting in cultivar-dependent responses to deficit irrigation 

Parkash et al. [66]. Consequently, the yield response, water-use efficiency, fruit character-

istics, and physiological responses reported here should be interpreted as specific to the 

cultivar and growing conditions evaluated. In contrast, the hydraulic characteristics of the 

driplines and their influence on soil-water distribution are expected to be less cultivar-

dependent, although their interaction with crop root distribution may still affect actual 

root-zone water availability. Future studies should therefore evaluate multiple cucumber 

cultivars across growing seasons to determine the robustness of the irrigation recommen-

dations and to identify cultivar × irrigation interactions under deficit SSDI. 

The applicability of the present findings is also bounded by crop species, soil prop-

erties, and growing environment. The hydraulic characteristics of the evaluated driplines 

are system-specific, whereas their effects on root-zone water availability and crop perfor-

mance depend on interactions among emitter discharge, soil hydraulic properties, root 

distribution, and crop water uptake [18,52]. Consequently, the yield response to deficit 

irrigation, water-use efficiency, fruit characteristics, and proline response observed for cu-

cumber should not be extrapolated directly to other greenhouse crops with different root-

ing patterns, transpiration characteristics, growth cycles, or harvest strategies. The soil-

water distribution results are also conditional on the predominantly sandy experimental 

profile, which contained 88.4–95.0% sand and promoted relatively rapid vertical redistri-

bution. Finer-textured soils may produce different wetting geometries because of greater 

lateral water redistribution. Accordingly, the quantitative conclusions of this study are 

most directly applicable to greenhouse cucumber grown in predominantly sandy soil un-

der the arid conditions evaluated here, and their extension to other crop species, soil tex-

tures, or growing environments requires independent validation. 

7. Conclusions and Recommendations 

This study demonstrated that the response of greenhouse cucumber to deficit irriga-

tion depended not only on the amount of water applied but also on the hydraulic perfor-

mance of the subsurface dripline. The high-uniformity (XFD), pressure-compensating 

dripline provided more uniform soil-water distribution and consistently improved crop 

and water-use performance compared with UNIRAM and REIN. Moderate deficit irriga-

tion at 80% ETc provided a practical balance between water saving and yield maintenance, 

whereas 60% ETc achieved the highest water-use efficiency but was associated with a 

greater reduction in yield. 

The economic value of deficit irrigation changed when the saved irrigation water was 

considered as a resource that could be reallocated under a fixed water budget. Under this 

scenario, the lower yield per unit area at 60% ETc could be partly offset by expanding the 

https://doi.org/10.3390/su182111226


Sustainability 2026, 18, 11226 35 of 39 
 

https://doi.org/10.3390/su182111226 

cultivated area, resulting in higher overall production and farm returns. This finding em-

phasizes that the practical benefit of water-saving irrigation depends not only on field-

level irrigation performance but also on how the conserved water is subsequently man-

aged. Overall, combining high-uniformity SSDI with an irrigation strategy selected ac-

cording to the principal resource constraint can improve water productivity and economic 

performance in arid greenhouse production. Under the cultivar and experimental condi-

tions evaluated, the results support the use of 80% ETc where maintaining yield per unit 

area is a priority, while a more severe deficit combined with controlled water reallocation 

may be considered where water is the main limiting resource and additional cultivated 

land is available. 

The present study evaluated a single cucumber cultivar during a single growing sea-

son, which limits the transferability of the quantitative crop-response results to other cul-

tivars and production conditions. Consequently, the yield response, water-use efficiency, 

fruit characteristics, and physiological responses reported here should be interpreted 

within the specific cultivar and growing conditions evaluated. The hydraulic characteris-

tics of the driplines are expected to be more transferable than the crop-response findings, 

although their effects on root-zone water availability may still interact with crop rooting 

and water-uptake patterns. Future studies should evaluate multiple cucumber cultivars 

across growing seasons and contrasting soil and environmental conditions to validate the 

irrigation recommendations and identify cultivar × irrigation interactions under deficit 

SSDI. Long-term studies should also assess SSDI performance, emitter clogging, system 

durability, and the economic feasibility of water-reallocation strategies under commercial 

greenhouse conditions. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Abbreviation Definition 

SSDI Subsurface drip irrigation 

DI Deficit irrigation 

RDI Regulated deficit irrigation 

ETc Crop evapotranspiration 

ETo Reference evapotranspiration 
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SWC Soil water content 

IWUE Irrigation water-use efficiency 

WUE Water-use efficiency 

IWA Irrigation water applied 

FC Field capacity 

PWP Permanent wilting point 

CV/Cᵥ Coefficient of variation 

UC Christiansen’s uniformity coefficient 

KSA Kingdom of Saudi Arabia 

MEWA Ministry of Environment, Water and Agriculture 

PC Pressure compensating 

ASABE American Society of Agricultural and Biological Engineers 

ROS Reactive oxygen species 

ECw Electrical conductivity of irrigation water 

SAR Sodium adsorption ratio 

Kc Crop coefficient 

Kp Pan coefficient 

LSD Least significant difference 
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