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Considering the global water crisis and agriculture's crucial role in water use, optimizing
irrigation in controlled environments, such as greenhouses, is becoming increasingly
important. Spinach (Spinacia oleracea L.) a leafy vegetable is sensitive to water deficit
and requires precise irrigation management for optimal yield. This study specifically aims
to determine the Critical Saturated Water Accumulation (CSWA) curve and the Water
Deficit Index (WDI) for spinach throughout its growth period under greenhouse
conditions, guiding irrigation strategies. This experiment was conducted in the research
greenhouse of the University of Tehran during two cropping cycles in 2023, using a
completely randomized design with seven irrigation treatments and three replications.
Based on dry matter weight data, the CSWA curve was derived as CSWA = 11.74
DM?-%1, The developed model was subsequently validated using data from the second
cropping cycle. The statistical indicators R2, RRMSE, MBE, and d were 0.97, 8.16, 0.06,
and 0.99, respectively, confirming the high accuracy of the model. The WDI values
ranged from 0.71 to 1.13 in the first cropping cycle and from 0.65 to 1.19 in the second
cycle. The WDI reliably reflected variations in plant water status among different
irrigation treatments, as indicated by its strong correlation with dry biomass yield (R2 =
0.97). These findings suggest that the CSWA and WDI models can be effectively applied
to schedule irrigation with precision in greenhouse spinach production, laying the
groundwork for intelligent irrigation system development.
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EXTENDED ABSTRACT

Introduction

Given the global water crisis and the substantial share of agriculture in water consumption, optimizing irrigation in
controlled environments such as greenhouses has become increasingly critical. Spinach (Spinacia oleracea L.), as a
drought-sensitive leafy vegetable, requires precise water management throughout its growth cycle. This study aims to
enhance irrigation efficiency by determining the Critical Saturated Water Accumulation curve (CSWA) and validating
the Water Deficit Index (WDI) for greenhouse-grown spinach, thereby enabling accurate scheduling and the development
of intelligent irrigation systems.

Objective(s)

This study was conducted to determine the Critical Saturated Water Accumulation curve (CSWA) and the Water
Deficit Index (WDI) throughout the growth period of spinach under greenhouse conditions and various irrigation
treatments.

Material and Methods

The experiment was conducted in the research greenhouse of the College of Agriculture and Natural Resources,
University of Tehran, located in Karaj. During the cultivation period, the average greenhouse temperature was maintained
at 23 °C, while the mean relative humidity was recorded at 48%. Furthermore, the average light intensity measured
throughout the cultivation period was 100 pumol-m™2-s7%, To regulate the ambient temperature, the greenhouse was
equipped with a fan system and central heating. A completely randomized design was employed, consisting of seven
irrigation treatments and three replications. The treatments corresponded to irrigation levels of 40%, 60%, 80%, 100%,
120%, 140%, and 160% of field capacity, respectively. The study was conducted over two successive cultivation periods
using baby spinach (Spinacia oleracea L., cv. Racoon). During the first cultivation cycle, data were collected to establish
the Critical Saturated Water Accumulation curve (CSWA). In the second cycle, the accuracy of the proposed methods
was evaluated using statistical indicators including the coefficient of determination (R?), mean bias error (MBE), relative
RMSE (RRMSE), and Willmott’s index of agreement (d). The Water Deficit Index (WDI) was calculated by dividing the
actual Saturated Water Accumulation (SWA) of the plant by its Critical SWA, based on the corresponding dry matter
content.

Results

Irrigation treatments had a significant effect on the dry biomass production of spinach. Increasing irrigation levels
up to 100% of field capacity led to higher dry matter accumulation, while no statistically significant differences were
observed at higher levels (120-160% of field capacity). The relationship between dry matter and critical saturated water
accumulation (CSWA) was modeled with high accuracy using a power function: CSWA = 11.736 x DM°.°2* with a
coefficient of determination of R2 = 0.99. This curve indicated that as dry matter increased, the critical water accumulation
also rose. Dry matter and saturated water accumulation data from the second cultivation were used to validate the CSWA
model. The high R? value and RRMSE below 10% confirmed the model’s precision and reliability. The Water Deficit
Index (WDI) ranged from 0.71 to 1.13 in the first cultivation and from 0.65 to 1.19 in the second. This index effectively
reflected the plant’s water status and showed a significant correlation with dry biomass yield.

Conclusions

The results of this study demonstrated that the Critical Saturated Water Accumulation curve (CSWA\) and the Water
Deficit Index (WDI) are effective tools for assessing the water status of spinach under greenhouse conditions. The strong
correlation between dry biomass and critical water accumulation indicates that improved water availability enhances
photosynthesis, nutrient uptake, and ultimately biomass production. Model validation during the second cultivation
confirmed the high accuracy of the derived CSWA equation. Moreover, the WDI index successfully distinguished water
status across different irrigation treatments and showed a significant association with dry matter yield. Therefore, the
application of these indices offers a precise and practical approach for irrigation planning and water resource management
in greenhouse spinach cultivation.
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