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Abstract: A dynamic management strategy for water and fertilizer application based on 

morphological characteristics was developed to enhance water use efficiency (WUE) and 

fruit yield in greenhouse-cultivated tomato (Solanum lycopersicum L.). Multivariate 

regression analysis was employed to determine the baseline water and fertilizer 

requirements and to evaluate the effects of varying irrigation and fertilization regimes on 

fruit yield and WUE. A coupled irrigation–fertilization experiment was conducted, and 

regression models were established to describe the changes in stem diameter and plant 

height under these regimes. These models were validated experimentally. The results 

showed that irrigation significantly influenced both tomato fruit yield and WUE, while 

fertilization significantly impacted yield, but not WUE. No interactive effects between 

irrigation and fertilization were observed for either parameter. Stem diameter and plant 

height were positively correlated with the irrigation and fertilization levels. The proposed 

dynamic management strategy improved fruit yield by 6.9% and 14.7% under the basic 

and well-irrigated/fertilized conditions, respectively, compared to that of the fixed 

regime. Furthermore, model implementation increased WUE by 6.93% and 43.17% and 

improved the economic benefits by 4.9% and 20.6% under the respective conditions. This 

provides a practical and effective tool for optimizing water and fertilizer management in 

greenhouse tomato production, contributing to resource-efficient and high-yield farming 

practices. 

Keywords: irrigation; fertilization; water use efficiency; stem diameter; plant height; yield 
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1. Introduction 

Irrigation and fertilization are important for the growth of greenhouse tomato 

(Solanum lycopersicum L.) [1,2]. With the increasing production of greenhouse tomato in 

China, traditional irrigation and excessive fertilization are becoming serious problems. 

Such phenomena not only cause the waste of resources and environmental pollution, but 

also decrease crop yield and quality [3–5]. Therefore, optimizing the irrigation and 

fertilization strategies is crucial for improving tomato productivity, enhancing the fruits’ 

quality, and maximizing water use efficiency (WUE) [6–8]. 
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Recognizing the significant coupled effects of irrigation and fertilization on 

greenhouse tomato growth [9–11], it is essential to develop integrated management 

strategies that optimize both these inputs. Previous research has explored various 

approaches to address this challenge. For example, Ramachandran et al. [12] developed 

an intelligent automatic irrigation system based on the ThingSpeak cloud platform 

utilizing sensor data to inform irrigation scheduling. Sun Ya’nan et al. [1] evaluated the 

effects of different irrigation, fertilization, and aeration levels on tomato yield and quality 

employing Principal Component Analysis (PCA) and the Technique for Order Preference 

by Similarity to Ideal Solution (TOPSIS) to identify the optimal treatment combinations. 

Mingzhi et al. [13–16] investigated the relationship between water–fertilizer regimes and 

greenhouse tomato growth and yield using multiple regression analysis. While these 

studies provide valuable insights into optimizing water and fertilizer management, they 

often rely on indirect indicators or predefined schedules, lacking direct feedback from the 

real-time crop growth status [17]. This can lead to either water and nutrient deficits or 

over-application, ultimately hindering the yield potential and reducing WUE [18]. 

To address this limitation, a novel dynamic water and fertilizer management strategy 

for greenhouse tomato production is proposed based on direct feedback from key plant 

growth parameters. Compared to phenotypic information, such as images [19,20] or plant 

electrical characteristics [21,22], plant height and stem diameter are more reliable 

indicators of real-time growth and reflect the overall physiological status of tomato plants 

more accurately [23–25]. In this study, plant height and stem diameter changes are used 

as the key indicators of tomato growth. The Penman–Monteith model, a widely accepted 

standard for estimating crop water requirements, is utilized to determine the baseline 

daily water needs, while a tailored approach is used to define the basal fertilizer 

application amount. The interactive effects of irrigation and fertilization on yield and 

WUE are then analyzed to refine these baseline inputs. Furthermore, the changes in plant 

height and stem diameter in response to different irrigation and fertilization regimes are 

quantified, and the deviation between the observed growth rate and the predefined 

standard growth rate is used to characterize the real-time water and nutrient status. This 

information is then integrated into the dynamic management strategy to adjust the water 

and fertilizer applications, ensuring that they are precisely tailored to meet the evolving 

needs of the plants throughout their growth cycle. 

The primary objectives of this study are to (1) investigate the impact of different 

irrigation and fertilization regimes on the WUE and fruit yield of greenhouse tomatoes 

and (2) develop and validate a dynamic water and fertilizer application decision model 

based on real-time plant growth parameters, specifically plant height and stem diameter, 

to optimize resource use and improve tomato production in greenhouse environments. 

2. Materials and Methods 

2.1. Experimental Site and Plant Material 

This experiment was conducted in a Venlo-type glass greenhouse located at Jiangsu 

University (Figure 1) in Zhenjiang (119°10′ E, 31°56′ N, 23 m a.s.l.), China. The 

experimental greenhouse, a rectangular structure with a footprint of 32 m by 20 m, was 

oriented with its long axis running north–south to align with prevailing winds. This 3.8 

m high greenhouse relied solely on passive ventilation; side panels and roof vents were 

opened to allow for natural air exchange. No artificial heating was employed during this 

study. 
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Figure 1. Experimental setup of tomato plants in greenhouse. 

Tomato cultivar ‘903 Red’ (Shanghai Long Seed Tomato Seed Co., Ltd., Shanghai, 

China) was selected for the study. The plants were grown hydroponically using a 

standard Yamazaki tomato nutrient solution formulated for optimal tomato growth [26]. 

To ensure independent water and nutrient supplies, each tomato plant was grown in its 

own pot with perlite as the substrate. Excess nutrient solutions were collected in a 

drainage tray under each pot, preventing any exchange between the plants. 

2.2. Nutrient Solution Composition 

The nutrient solution was maintained at a pH of 6.5–6.8. The standard nutrient 

solution formulation (denoted as F0) contained the following components: 354 mg/L 

calcium nitrate, 404 mg/L potassium nitrate, 77 mg/L potassium dihydrogen phosphate, 

246 mg/L manganese sulfate, 40 mg/L NaFeEDTA, 2.86 mg/L boric acid, 2.13 mg/L 

manganese sulfate, 0.22 mg/L zinc sulfate, 0.08 mg/L copper sulfate, and 0.02 mg/L 

ammonium molybdate. 

2.3. Greenhouse Environmental Monitoring and Plant Growth Measurements 

2.3.1. Environmental Data Acquisition 

An automatic weather station (SP200, LSI LASTEM, Milan, Italy) was used to monitor 

and record environmental parameters inside the greenhouse. The data on air temperature, 

relative humidity, light intensity, carbon dioxide concentration, soil temperature, and soil 

water content were collected daily. 

2.3.2. Plant Height and Stem Diameter Measurements 

Plant height was manually measured daily using a tape measure (3M, Hoechstmass, 

Sulzbach, Germany). Measurements were taken from the base of the plant to the highest 

point. Tomato stem diameter was measured using a stem diameter sensor (DD-S, 

Ecomatik, Dachau, Germany) connected to a data logger (DL15, Ecomatik, Dachau, 

Germany). Sensors were positioned 10 cm above the substrate surface [27]. Stem diameter 

measurements were recorded automatically each day. 

2.3.3. Growth Rate Calculations 

The weekly variation rates of stem diameter (WVRSD, cm/7d) and plant height 

(WVRPH, cm/7d) were calculated as the difference in stem diameter and plant height, 

respectively, measured over a one-week interval. 

2.4. Determination of Reference Irrigation and Fertilization Amounts 

2.4.1. Reference Irrigation Evapotranspiration 

Reference evapotranspiration (ET0) was calculated using Equation (1) [28]. 
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where ��� is reference evapotranspiration, mm/d; Δ  is the tangent slope of temperature 

and saturation vapor pressure curve at T, kPa/°C; Rn is net radiation, MJ/m2·d; G is soil 

heat flux, MJ/m2·d; γ is hygrometer constant, kPa/°C; T is the mean temperature, °C; u2 is 

wind speed at 2 m above ground, m/s; ea is saturation vapor pressure, kPa; and ed is actual 

vapor pressure, kPa. 

2.4.2. Reference Irrigation Amount Calculation 

The daily irrigation amount for each treatment was determined using Equation (2): 

��� = ��� × ���������� (2)

where ��� is the amount of reference irrigation required for tomato at different growth 

stages, mL/plant; ����������  is the adjusted crop coefficient of tomato at different growth 

stages, mL/mm·plant. Because the tomatoes were grown in pots within the greenhouse, 

rather than in an open field, the crop coefficient values were adjusted. Specifically, 

����������  was set to 45 for the seedling stage, 90 for the flowering and fruit-se�ing stage, 

110 for the fruit development stage, and 95 for the harvest stage. 

2.4.3. Crop Coefficient Adjustment for Po�ed Tomato Plants 

Standard crop coefficients are typically derived from field studies and may not be 

directly applicable to po�ed plants grown in greenhouses due to differences in 

evaporative demand and microclimatic conditions, particularly “bouquet” and “oasis” 

effects. The “bouquet” effect refers to increased evapotranspiration from plants in pots 

due to their leaves extending beyond the pot’s limits, effectively increasing the vegetation 

area. Conversely, the “oasis” effect describes the micro-advection of hot, dry air from 

surrounding areas into the wet canopy zone, further enhancing evapotranspiration. To 

address these discrepancies and improve the accuracy of our irrigation calculations, we 

adjusted the crop coefficient values based on the methodology proposed by Harel et al. 

[29], incorporating modifications to account for the specific conditions of our pot 

experiment. 

The adjusted crop coefficient values were calculated using Equation (3): 

���������� = ��� × �� × �� × ��_� (3)

where ��� is the base crop coefficient for each growth stage, as proposed by Harel et al. 

[29]. These values are 0.3 for the seedling stage, 0.57 for the flowering and fruit-se�ing 

stage, 1.0 for the fruit development stage, and 0.95 for the harvest stage. ��  is a 

characteristic area representing the effective area of evapotranspiration for a single po�ed 

plant. In this study, �� was calculated as the area of a circle with a radius equal to the 

pot’s diameter (20 cm), resulting in a value four times greater than the actual pot surface 

area (i.e., �� = πd2 = π(20 cm)2 = 1256.64 cm2 = 0.125664 m2). This approach was adopted 

to account for the “bouquet” effect of the plant canopy extending beyond the pot’s 

physical boundaries; CF is an empirically derived area correction factor related to tomato 

growth pa�erns and pruning practices. Preliminary experiments determined the 

following CF values: 1.2 for the seedling stage, 1.25 for the flowering and fruit-se�ing stage, 

0.88 for the fruit development stage, and 0.91 for the harvest stage. ��_�  represents the 

conversion constant between cubic meters and liters, equal to 1000 mL/m3. 

Example calculation (flowering and fruit-se�ing stage): 
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For a plant in the flowering and fruit-se�ing stage, the adjusted crop coefficient was 

calculated as follows: 

����������  = 0.57 × 0.125664 m2 × 1.25 × 1000 mL/m3 = 89.54 approx. 90 mL/mm·plant.  

This adjusted crop coefficient value was then used in Equation (2) to convert the 

reference evapotranspiration (���, in mm) into an irrigation volume (in mL/plant) for each 

specific growth stage and treatment. 

2.4.4. Fertilization Amount Calculation 

The daily fertilization amount for each treatment was determined using Equation (4): 

��� = �� × ��  (4)

where ���   is the amount of reference fertilization required for tomato at the different 

growth and development stages, g/plant. 

2.5. Prediction of Plant Height and Stem Diameter 

2.5.1. Plant Height Prediction 

Daily predicted plant height was calculated using a logistic growth model based on 

cumulative effective accumulated temperature (Equations (5) and (6)) [30]. 

         �� =
198.9775

1 + ���(3.493 − 0.0035��)
                (0 < �� < ��� + 110)       (5)

�� =
198.9775

1 + ����3.493 − 0.0035(��� + 110)�
           (�� > ��� + 110) (6)

where  ��   is the predicted value of plant height, cm; ��  is the cumulative effective 

accumulated temperature for the whole growth stage, °C; and ���  is the cumulative 

effective accumulated temperature until topping, °C. 

2.5.2. Stem Diameter Prediction 

A change in plant diameter can reflect a change in water content in tomato, and it has 

a good correlation with environmental factors [31]. The daily stem diameter of tomato can 

be calculated using Equation (7): 

�� = ∑ ���
�
��� + ��  (7)

where ��   is the tomato standard stem diameter prediction value, mm;  �  is planting 

days, d; ��� is the tomato standard stem diameter diurnal variable prediction value on 

day i , mm; and ��  is the initial stem diameter measurement value during tomato 

colonization, mm. 

According to the dynamic prediction model of tomato stem diameter proposed in 

this document [27], the daily variation in daily diameter of stem diameter was calculated 

using Equation (8): 

��� = 0.156���� + 15.0067�� − 0.0003���� − 0.0117� + 0.0034��� − 14.6793 
(8)

where  ����  is soil moisture content,  m�/m� ; ����  is photosynthetically active 

radiation, W/m�; and ���  is daily mean air relative humidity, %. 

2.6. Experimental Design and Treatments 

2.6.1. Transplanting and Crop Management 

The tomato seedlings were transplanted at the BBCH 14 growth stage (four true 

leaves unfolded) into pots filled with perlite. Eighty plants were arranged in two rows, 
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with 40 cm spacing between the plants within each row. No pesticides or herbicides were 

applied during the growing season. Standard horticultural practices for greenhouse 

tomato production were followed. Excess nutrient solutions were drained daily to prevent 

nutrient accumulation. 

2.6.2. Water–Fertilizer Interaction Experiment 

A two-factor experiment was conducted to investigate the interactive effects of 

irrigation and fertilization on tomato yield and WUE. The experiment included three 

irrigation levels (W1: 100% ���; W2: 80% ���; W3: 60% ���) and three fertilization levels 

(F1: 100% ��� ; F2: 80% ��� ; F3: 60% ���), resulting in nine treatment combinations (W1F1, 

W1F2, W1F3, W2F1, W2F2, W2F3, W3F1, W3F2, and W3F3). Each treatment combination 

was applied to 6 tomato plants, and the experiment was replicated 3 times, resulting in a 

total of 162 plants (9 treatment combinations × 6 plants × 3 replicates). The experimental 

layout followed a randomized complete block design, as illustrated in Figure 2a. 

 

Figure 2. Experimental layouts for different treatment factors and replicates. Each block represents 

replicate, and treatments were randomized within each block. Each circle represents single pot 

containing one tomato plant. (a) Randomized block design for irrigation and fertilization interaction 

experiment (3 replicates and 9 treatments: W1F1, W1F2, W1F3, W2F1, W2F2, W2F3, W3F1, W3F2, 

and W3F3); W1, W2, and W3 represent 100%, 80%, and 60% of calculated water requirement, 

respectively; F1, F2, and F3 represent 100%, 80%, and 60% of calculated fertilizer requirement, 
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respectively. (b) Randomized block design for irrigation experiment (3 replicates and 6 treatments: 

W1, W2, W3, W4, W5, and W6); W1-W6 represent 100%, 80%, 60%, 40%, 20%, and 10% of calculated 

water requirement, respectively, with 100% of calculated fertilizer requirement. (c) Randomized 

block design for fertilization experiment (3 replicates and 5 treatments: F1, F2, F3, F4, and F5); F1-

F5 represent 100%, 80%, 60%, 40%, and 20% of calculated fertilizer requirement, respectively, with 

100% of calculated water requirement. (d) Randomized block design for model validation 

experiment (3 replicates and 3 treatments: WF1, WF2, and CK); WF1 represents dynamic water and 

fertilizer management strategy treatment, WF2 represents fixed water and fertilizer regime, and CK 

represents control treatment. 

2.6.3. Irrigation and Fertilization Response Experiment 

Separate experiments were conducted to investigate the changes in plant height and 

stem diameter in response to varying irrigation and fertilization levels: 

 Irrigation response 

Six irrigation levels were tested (W1: 100% ���; W2: 80% ��� ; W3: 60% ��� ; W4: 40% 

���; W5: 20%  ��� ; W6: 10% ���), while maintaining a constant fertilization level of F1 

(100% ���). Each irrigation treatment was applied to 6 tomato plants, and the experiment 

was replicated 3 times, resulting in a total of 108 plants (6 treatments × 6 plants × 3 

replicates) for this specific experiment. The experimental layout followed a randomized 

complete block design, as illustrated in Figure 2b. 

 Fertilization response 

Five fertilization levels were tested (F1: 100% ���; F2: 80% ��� ; F3: 60% ��� ; F4: 40% 

��� ; F5: 20% ���), while maintaining a constant irrigation level of W1 (100% ���). Each 

fertilization treatment was applied to 6 tomato plants, and the experiment was replicated 

3 times, resulting in a total of 90 plants (5 treatments × 6 plants × 3 replicates) for this 

specific experiment. The experimental layout followed a randomized complete block 

design, as illustrated in Figure 2c. 

Three plants were randomly selected for each treatment in both the irrigation and 

fertilization response experiments. The EC and pH of the nutrient solution were adjusted 

to be the same across all the treatments within each experiment. 

2.6.4. Model Validation Experiment 

Three treatments were used to assess the effectiveness of the dynamic water and 

fertilizer management strategy: 

 WF1 (dynamic model): The irrigation and fertilization amounts were dynamically 

determined using Equations (23)–(26) based on real-time measurements of plant 

height and stem diameter. 

 WF2 (fixed regime): This treatment involved a fixed irrigation and fertilization 

regime based on the optimal combination determined in Section 3.1. Specifically, the 

irrigation amount was fixed at 80% ���  throughout the experiment, and the 

fertilization amount was fixed at 110% 110% ���  . Water was applied via a drip 

irrigation system, with one emi�er per plant. 

 CK (control): These plants were grown under a fertigation regime designed to 

represent conventional practices for greenhouse tomato production in the region, 

characterized by ample water and nutrient supply. Specifically, the irrigation amount 

for the CK treatment was set to 120% ���, and the fertilization amount was set to 120% 

��� . Water was applied via a drip irrigation system, with one emi�er per plant. 

Each treatment group included 4 tomato plants, and each treatment was replicated 3 

times, resulting in a total of 36 plants (3 treatments × 4 plants × 3 replicates) for this 

validation experiment. The experimental layout followed a randomized complete block 
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design, as illustrated in Figure 2d. Plant height and stem diameter were measured every 

three days to monitor growth and to provide input data for the WF1 treatment. 

2.7. Irrigation and Fertigation System Details 

2.7.1. Water Source and Quality 

Irrigation water used in this study was sourced from the municipal water supply of 

Zhenjiang City. Prior to use, the water was analyzed for its key chemical properties. The 

pH ranged from 6.95 to 7.05, and electrical conductivity (EC) ranged from 345 to 360 

µS/cm. The calcium (Ca2+) concentration in the source water was considered when 

formulating the nutrient solutions. Specifically, the calcium content of the source water 

was subtracted from the target calcium concentration in the standard Yamazaki tomato 

nutrient solution to avoid excess calcium supply. 

2.7.2. Fertigation System 

A PWM-controlled Venturi injector system was used to deliver the nutrient solution 

to the plants. The system consisted of 2 stock solution tanks with a capacity of 100 L each. 

The nutrient solutions were prepared using the standard Yamazaki tomato formulation 

(F1 concentration, detailed in Section 2.1) and adjusted according to the specific treatment 

requirements (F2-F5, WF1, WF2, and CK). The fertigation system was calibrated to ensure 

the accurate delivery of the desired nutrient concentrations. 

2.7.3. Irrigation System 

A drip irrigation system employing dripper arrows was used to deliver the water 

and nutrient solutions to the plants. The system consisted of a main line constructed of 32 

mm diameter polyethylene (PE) pipe and lateral lines made of 20 mm diameter PE pipe. 

Dripper arrows (Model 1811L, Shanghai Agrist Corp., Ltd., Shanghai, China) were 

installed at each plant, delivering a flow rate of 1.0 L/h per dripper arrow at an operating 

pressure of 100 kPa. The dripper arrows were spaced 40 cm apart along the lateral lines, 

corresponding to spacing between the plants, with one dripper arrow allocated per plant. 

Based on the dripper arrow flow rate and spacing, the system’s application intensity was 

calculated to be 6.7 mm/h. The uniformity coefficient of the irrigation system was above 

90%. 

2.8. Data Analysis 

Data calculations were performed with Microsoft Excel 2023; plots were made with 

Origin 2025. 

3. Results 

3.1. Coupling Effects of Water and Fertilizer on Fruit Yield and WUE 

After BBCH 81, all the fruit samples were harvested and weighed. Treatments W1F1, 

W1F2, and W1F3 each had a total water consumption of 21,694 mL per plant. Treatments 

W2F1, W2F2, and W2F3 each had a total water consumption of 17,355 mL per plant, while 

treatments W3F1, W3F2, and W3F3 each had a total water consumption of 13,016 mL per 

plant. The WUE and fruit yield of tomato were measured for nine treatments (as shown 

in Table 1). WUE was calculated as the weight of fresh fruit produced per 1 m3 of water 

[31–36]. 
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Table 1. Effects of different water and fertilizer regimes on tomato yield and WUE. 

Treatment Level Yield (kg/Plant) WUE (kg/m3) 

W1F1 1.8592 28.57 

W1F2 1.9261 29.59 

W1F3 1.3983 21.49 

W2F1 1.9949 38.32 

W2F2 1.7585 33.77 

W2F3 1.1899 22.85 

W3F1 1.6866 32.19 

W3F2 1.3332 28.99 

W3F3 1.0344 26.49 

Significance test (F value) 

Irrigation factor 45.205 * 15.014 ** 

Fertilization factor 16.760 ** 0.351 

Coupling effect of irrigation and 

fertilization 
0.534 1.633 

‘*’ and ‘**’ indicate that significant differences were found at p < 0.01 and p < 0.05 levels, respectively. 

Fruit yield was significantly affected by fertilizer application, while no significant 

effect of irrigation amount on fruit yield was found. It showed that the effects of the 

irrigation regimes and the fertilizer applications on fruit yield were significant, while fruit 

yield was not affected by the interaction of irrigation and fertilizer application. WUE was 

significantly affected by the irrigation regimes, while it was not affected by the interaction 

of irrigation and fertilizer application. 

To quantify the impact of irrigation and fertilizer application on fruit yield, we 

developed Equation (9) using regression analysis. This equation, with a correlation 

coefficient of 0.881, effectively describes the relationship between these three factors. 

Figure 3 visually represents this relationship as a curved surface. 

� = −3.985 + 312.216�� + 193.697�� − 7522.598��
� − 3281.271��

� (9)

where �  is the fruit yield per plant, kg/plant; ��  is the irrigation amount per plant, 

m3/plant; and �� is the fertilizer application amount per plant, kg/plant. 

By analyzing the partial derivative of Equation (9), we determined that fruit yield 

reaches its maximum value (2.11 kg) when the irrigation amount is 0.0208 m3 and the 

fertilizer application amount is 0.0295 kg. 

Similarly, we established Equation (10) to quantify the effect of irrigation and 

fertilizer application on WUE. This regression equation allows us to analyze how these 

factors influence WUE. 

��� = −22.43 + 2822.22�� + 2381.33�� − 102366.41��
� − 26675.86��

� (10)

where ��� is the water use efficiency of tomato, kg/m3. 
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Figure 3. Response relationship of tomato yield to irrigation and fertilization. 

The correlation coefficient of Equation (10) was 0.823, so Equation (10) indicates the 

relationship between the irrigation amount, the fertilizer application amount, and WUE. 

According to Equation (10), the relationship of the three factors is shown in Figure 4 as a 

curved surface. 

 

Figure 4. Response relationship of tomato WUE to irrigation and fertilization. 

According to the partial derivative of Equation (10), it was shown that when the 

irrigation and fertilizer application amounts were 1.38 × 10��  m3 and 4.46 × 10��  kg, 

WUE reached the maximum value. 

As shown in Figures 3 and 4, the maximum WUE was observed when the irrigation 

and fertilizer application amounts were 0.01–0.015 and 0.025–0.05, respectively, whereas 

the yield of tomato reached the maximum value when the irrigation and fertilizer 

application amounts were 0.017–0.022 and 0.022–0.027, respectively. Therefore, the 

highest fruit yield and WUE were achieved when the basic irrigation and fertilizer 

application amounts were 0.017 m3 (80% ���) and 0.027 kg (110% ���). 

Perlite was used as the growing substrate, and excess fertilizer was removed daily 

from the growing pots without leaving any nutrient residue. In addition, Patanè 

documented that the deficit irrigation strategies can improve WUE, minimize fruit losses, 

and maintain a high fruit quality [37], which is consistent with the results of the present 

study. Therefore, the proposed base fertilization level in this study is slightly higher than 

those used in previous studies, while still maintaining optimal WUE and fruit quality. 
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3.2. Effects of Irrigation Amount Change on Stem Diameter and Plant Height 

In the irrigation experiment, the stem diameter and plant height of six treatments 

were measured at BBCH 14, BBCH 60, and BBCH 89, and the WVRSD and WVRPH were 

calculated (as shown in Figures 5 and 6). The total water consumption per plant for 

treatments W1, W2, W3, W4, W5, and W6 was 21,694 mL, 17,355 mL, 13,016 mL, 8677.6 

mL, 4338.8 mL, and 2169.4 mL, respectively. 

 

Figure 5. Effect of irrigation level (percentage of ���) on WVRSD in tomato. 

 

Figure 6. Effect of irrigation level (percentage of ���) on WVRPH in tomato. 

Figures 5 and 6 show that the WVRSD and the WVRPH were affected by the 

irrigation amount when the fertilizer application amount was constant. At the same time, 

the WVRSD and the WVRPH changed significantly at the seedling and flowering stages, 

while there were no significant changes at the full bearing stage, indicating that plant 

started to move forward from the vegetative stage to the reproductive stage. Throughout 

the growth stage, the WVRSD and the WVRPH gradually decreased. These may explain 

how irrigation has a positive effect and it is well known how tomato grows with water 

[35]. The effect of the irrigation regime at the seedling and flowering stages on stem 

diameter and plant height, respectively, was analyzed. At the seedling and flowering 

stages, the amount of fertilizer application remained constant. When the irrigation 
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amount was increased by 20% or decreased by 20%, 40%, 60%, and 70%. The effects of 

irrigation amount changes on the WVRSD and the WVRPH are shown in Table 2. 

Table 2. Effects of different irrigation amounts on WVRSD and WVRPH. 

Irrigation Amount Change 
Seedling Stage Flowering Stage 

WVRSD WVRPH WVRSD WVRPH 

+20% +0.0025 +1.5889 +0.0144 +1.6704 

0% 0 0 0 0 

−20% −0.0032 −1.4056 −0.0101 −2.8667 

−40% −0.0147 −2.7833 −0.0179 −5.0704 

−60% −0.0228 −5.6444 −0.0351 −7.5593 

−70% −0.0357 −7.7278 −0.0542 −10.2482 

Regression models describing the relationship between the WVRSD and the 

irrigation amount were developed for the seedling and flowering stages of tomato plants, 

as shown in Equations (11) and (12). 

������ = 0.0406��� − 0.0008  (11)

where ������ is the WVRSD of tomato in the seedling stage, cm/7d; ��� is the change 

in water content in the seedling stage, %. 

������ = 0.0689��� − 0.0024 (12)

where ������  is the WVRSD of tomato in the flowering stage, cm/7d; ��� is the change 

in water content in the flowering stage, %. 

Similarly, regression models of the WVRPH and the irrigation amount at the seedling 

and flowering stages were established, as shown in Equations (13) and (14). 

������ = 9.834��� − 0.124 (13)

where ������ is the WVRPH of tomato in the seedling stage, cm/7d. 

������ = 12.861��� − 0.368 (14)

where ������  is the WVRPH of tomato in the flowering stage, cm/7d. 

A significance test for Equations (11)–(14) was performed. The correlation coefficient 

R and p value are shown in Table 3. 

Table 3. Results of significance tests for WVRSD and WVRPH regression equations under different 

irrigation regimes. 

Source of Variance R p 

Seedling stage 
WVRSD regression model 0.950 0.004 * 

WVRPH regression model 0.980 0.001 * 

Flowering stage 
WVRSD regression model 0.975 0.001 * 

WVRPH regression model 0.992 0.000 * 

‘*’ indicates significant difference at p < 0.01 level. 

As shown in Table 3, Equations (11)–(14) all reached a very significant level, which 

indicated that the above equations could accurately represent the model of change in stem 

diameter and plant height in response to irrigation amount at the seedling and flowering 

stages. 

Therefore, through the above equations and the correlation coefficient of the WVRPH 

and the WVRSD, a mathematical model of the WVRPH, the WVRSD, and irrigation 

amount at the seedling stage was established, as shown in Equation (15). 
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��� = 12.1������  + 0.05������ + 0.007  (15)

Similarly, at the flowering stage, a mathematical model of the WVRPH, the WVRSD, 

and irrigation amount was developed, as shown in Equation (16). 

��� = 7.2������  + 0.04������ − 0.04  (16)

3.3. Effects of Fertilization Change on Stem Diameter and Plant Height 

In the fertilization experiment, stem diameter and plant height were measured for 

five treatments at BBCH 14, BBCH 60, and BBCH 89, and then the WVRSD and the 

WVRPH were also calculated. The results are shown in Figures 6 and 7. 

 

Figure 7. Effect of fertilization level (percentage of ���) on WVRSD in tomato. 

As shown in Figures 7 and 8, when the amount of irrigation was constant, the 

WVRSD and the WVRPH were affected by the fertilizer application amount. In addition, 

the fertilizer application amount had an obvious effect on the WVRSD and the WVRPH 

in the seedling stage and the flowering stage, while it had no effect in the full bearing 

stage. When the fertilizer amount was increased by 20% and 40% or decreased by 20% 

and 40%, the effects of the fertilizer amount change on the WVRSD and the WVRPH are 

shown in Table 4. 

 

Figure 8. Effect of fertilization level (percentage of ���) on WVRPH in tomato. 
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According to Table 4, the regression analysis of the WVRSD, the WVRPH, and 

irrigation amount was established. Regression models of the WVRSD and fertilizer 

application amount at the seedling and flowering stages were developed, as shown in 

Equations (17) and (18). 

������ = 0.0509��� − 0.0041 (17)

where ��� is the change in fertilization content in the seedling stage, %. 

������ = 0.0835��� − 0.0027 (18)

where ��� is the change in fertilization content in the flowering stage, %. 

Similarly, regression models of the WVRPH and fertilizer application amount at the 

seedling and flowering stages were established, as shown in Equations (19) and (20). 

������ = 10.617��� − 0.193 (19)

������ = 14.987��� + 0.239 (20)

Table 4. Effects of different fertilizer application amounts on WVRSD and WVRPH. 

Fertilizer Amount Change 
Seedling Stage Flowering Stage 

WVRSD WVRPH WVRSD WVRPH 

+40% +0.0112 +3.5333 +0.0354 +6.9333 

+20% +0.0107 +2.4611 +0.0063 +2.3667 

0 0 0 0 0 

−20% −0.0155 −2.2167 −0.0209 −2.4667 

−40% −0.0267 −4.7444 −0.0344 −5.637 

We performed significance tests on Equations (17)–(20) to assess their validity. The 

resulting correlation coefficients (R) and p values are shown in Table 5. 

Table 5. Results of significance tests for WVRSD and WVRPH regression equations under different 

fertilizer application amounts. 

Source of Variance R p 

Seedling stage 
WVRSD regression model 0.968 0.007 * 

WVRPH regression model 0.992 0.001 * 

Flowering stage 
WVRSD regression model 0.994 0.001 * 

WVRPH regression model 0.992 0.007 * 

‘*’ indicates significant difference at p< 0.01 level. 

Table 5 demonstrates that Equations (17)–(19) all reached a statistically significant 

level. This indicates that these equations accurately model how stem diameter and plant 

height respond to fertilizer application at the seedling and flowering stages. 

Using these equations and the correlation coefficient between the WVRPH and the 

WVRSD, we established a mathematical model (Equation (21)) to predict fertilizer 

application amount based on the WVRPH and the WVRSD at the seedling stage. 

��� = 9.4������ + 0.045������ + 0.015 (21)

Similarly, at the flowering stage, a mathematical model of the WVRPH, the WVRSD, 

and fertilizer application amount was developed, as shown in Equation (22). 

Similarly, we developed Equation (22) to model the relationship between the 

WVRPH, the WVRSD, and fertilizer application amount at the flowering stage. 
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��� = 5.8������ + 0.035������ − 0.005 (22)

3.4. Dynamic Water and Fertilizer Management Strategy 

The dynamic water and fertilizer management strategy employed in this study 

utilized the Penman–Monteith equation (Equation (1)) to estimate the daily water 

requirements of tomato plants. The daily fertilizer requirement was determined using 

Equation (2). The initial baseline values were set to be 80% of the calculated water 

requirement (���) and 110% of the calculated fertilizer requirement (���), respectively, 

based on preliminary analysis and previous research that suggests the potential for 

optimizing both fruit yield and WUE at these levels. 

To ensure optimal plant growth and avoid excessive or insufficient water and 

nutrient supply, the model incorporated a feedback mechanism based on real-time plant 

morphological measurements. The difference between the measured and predicted values 

of plant height and stem diameter was monitored. This difference served as an indicator 

of the plants’ actual water and nutrient status, reflecting deviations from the expected 

growth trajectory. Based on this discrepancy, the baseline irrigation and fertilizer 

application amounts were dynamically adjusted. 

At the seedling stage, the adjusted irrigation and fertilizer amounts were calculated 

using Equations (23) and (24), respectively. These equations integrate the relationships 

established in Equations (5)–(7), (15), and (21), effectively linking the predicted plant 

growth parameters (plant height and stem diameter) with the adjustments needed for 

irrigation and fertilization. 

��� = (12.1(�� − �� ) + 0.05(�� − ��) +  0.807) × ��� (23)

��� = (9.4(�� − �� ) + 0.045(�� − ��) + 1.115) × ���  (24)

where ��� is the final irrigation amount per plant at the seedling stage, mL/plant; �� is 

the actual measurement of stem diameter, mm; �� is the actual measurement of plant 

height, cm; and ���  is the final fertilizer application amount per plant at the seedling 

stage, kg/plant. 

Similarly, Equations (25) and (26) were used to calculate adjustments to irrigation 

and fertilization during the flowering stage. 

��� = (7.2(�� − ��) + 0.04(�� − ��) +  0.796) × ��� (25)

��� = (5.8(�� − ��) + 0.035(�� − ��) + 1.095) × ���  (26)

where ���  is the final irrigation amount per plant at flowering stage, mL/plant; ���  is 

the final fertilizer application amount per plant at flowering stage, kg/plant. 

This dynamic adjustment process, guided by real-time plant feedback, ensured that 

irrigation and fertilization were tailored to the specific needs of the tomato plants 

throughout their growth cycle, optimizing resource use and promoting both high yield 

and WUE. 

The environmental conditions, specifically the mean daily temperature and relative 

humidity, were recorded throughout the experiment (Figure 9). Figures 10 and 11 

illustrate the daily irrigation and fertilizer application amounts per plant for each 

treatment group (WF1, WF2, and CK). The total water consumption for treatments WF1, 

WF2, and CK was 20,609 mL, 20,616 mL, and 30,924 mL, respectively. The stem diameter 

and plant height of the tomato plants in the WF1, WF2, and CK treatments were measured 

during the seedling and flowering stages, as depicted in Figures 12 and 13. Tomato fruit 
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yield and WUE for these treatments were recorded at the end of the entire growth period 

(Table 6). 

 

Figure 9. Mean daily temperature and relative humidity during tomato growing period. 

 

Figure 10. Daily irrigation amount per plant under different treatments. 
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Figure 11. Daily fertilization amount per plant under different treatments. 

 

Figure 12. Growth of tomato stem diameter under different water and fertilizer treatments (WF1, 

WF2, and CK), with predicted values. 

 

Figure 13. Growth of tomato plant height under different water and fertilizer treatments (WF1, WF2, 

and CK), with predicted values. 



Agriculture 2025, 15, 304 18 of 23 
 

 

As shown in Figures 12 and 13, the measured values of stem diameter and plant 

height under the WF1 treatment closely align with the predicted values, indicating the 

model’s effectiveness in tracking and responding to plant growth. In contrast, both the 

WF2 and CK treatments exhibited deviations from the predicted growth pa�erns. 

Specifically, the WF2 and CK plants showed smaller stem diameters than predicted and 

greater plant heights than predicted, suggesting potential overgrowth and the less 

efficient allocation of resources. Furthermore, as presented in Table 6, the fruit yield per 

plant is lower in the WF2 and CK treatments compared to that of the WF1 treatment. 

The WF1 treatment resulted in 6.9% and 14.7% increases in fruit yield per plant 

compared to those of the WF2 and CK treatments, respectively (Table 6). WUE also 

improved under the WF1 treatment, with increases of 6.93% and 43.17% relative to those 

in the WF2 and CK treatments, respectively. These improvements translated into be�er 

economic benefits per plant under the WF1 treatment, exceeding those of WF2 and CK by 

4.9% and 20.6%, respectively. 

These results confirm that the dynamic water and fertilizer management strategy, as 

implemented in the WF1 treatment, effectively improves both WUE and fruit yield in 

greenhouse tomato production. This approach contributes to water-saving irrigation 

strategies and promotes more sustainable and efficient resource utilization. 

Table 6. Effects of different water and fertilizer regimes on tomato fruit yield, WUE, and economic 

benefits. 

Treatment Yield (kg/Plant) WUE (kg/m3) Economic Benefit (RMB/Plant) 

WF1 2.362 38.21 31.38 

WF2 2.199 35.55 29.84 

CK 2.014 21.71 24.93 

4. Discussion 

4.1. Interactive Effects of Water and Fertilizer on Yield and WUE 

This study’s findings corroborate the established understanding that both irrigation 

and fertilization significantly influence tomato fruit yield. However, the lack of a 

statistically significant interaction effect between them within the tested ranges suggests 

that their effects on yield are largely independent, at least under the conditions of this 

experiment. This implies that within certain limits, increasing either irrigation or 

fertilization can enhance yield, but their combined effect is additive rather than synergistic. 

This aligns with the concept of limiting factors in plant growth, where the most deficient 

resource dictates the overall growth response. 

The significant impact of irrigation on WUE is noteworthy. The results highlight the 

effectiveness of the WF1 treatment’s dynamically adjusted irrigation, which 

approximated 80% of the calculated water requirement (���), in achieving high WUE. This 

finding is consistent with a growing body of research demonstrating the benefits of deficit 

irrigation in improving WUE in various crops, including tomatoes [3]. Deficit irrigation, 

when properly managed, can induce mild water stress that triggers physiological 

responses in plants, such as stomatal closure and increased root growth, leading to 

reduced water consumption without significant yield penalties. 

The significant influence of fertilizer on yield, but not on WUE, suggests that nutrient 

availability was a primary limiting factor for yield in this study. While the WF1 treatment 

received a dynamically adjusted fertilizer amount that potentially started around 100% of 

the calculated requirement and was increased as needed, the results suggest that fine-

tuning fertilizer application based on real-time plant needs can enhance yield without 

compromising WUE. This is in line with the principles of precision agriculture, which 
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advocates for site-specific nutrient management to optimize resource use and minimize 

the environmental impact [2,7,25]. 

4.2. Morphological Responses as Indicators for Precision Management 

The strong correlation observed between the plant morphological characteristics 

(stem diameter and plant height) and the varying irrigation and fertilization regimes, 

particularly during the seedling and flowering stages, validates their use as indicators for 

the real-time monitoring of plant status. This is consistent with previous studies that have 

explored the use of stem diameter fluctuations and plant height as proxies for water stress 

and nutrient deficiency in various crops [24,38–41]. 

The dynamic adjustment of irrigation and fertilization in the WF1 treatment, based 

on these morphological indicators, proved effective in optimizing resource use and 

enhancing both yield and WUE. This highlights the potential of integrating plant-based 

sensing into irrigation and fertilization management systems to achieve greater precision 

and efficiency. The observed changes in the WVRSD and the WVRPH throughout the 

growth stages, particularly the shift from vegetative to reproductive growth, emphasize 

the need for stage-specific management strategies tailored to the changing needs of the 

plant. 

4.3. Model Validation and Effectiveness of the Dynamic Management Strategy 

The superior performance of the WF1 treatment, guided by the dynamic decision 

support model, underscores the advantages of a demand-driven approach to water and 

fertilizer management in greenhouse tomato production. The model’s ability to integrate 

real-time plant feedback allows for the more precise and efficient allocation of resources 

compared to that of conventional fixed or standard fertigation practices, as represented 

by the WF2 and CK treatments, respectively. 

The significant improvements in yield, WUE, and economic benefits achieved with 

the WF1 treatment demonstrate the practical value of this approach for enhancing the 

sustainability and profitability of greenhouse tomato cultivation. By optimizing resource 

use and minimizing waste, this technology can contribute to reducing the environmental 

footprint of greenhouse production, particularly in water-scarce regions [42,43]. 

4.4. Limitations and Future Directions 

We acknowledge certain limitations in the present study. Firstly, the sample size used 

in the initial irrigation and fertilization response experiments (Section 2.6.3) was relatively 

small (n = 3). This was primarily due to constraints imposed by limited greenhouse space 

and the labor-intensive nature of the dynamic measurements required for model 

development. However, these initial experiments were designed to establish fundamental 

relationships between the plant morphological characteristics (stem diameter and plant 

height) and the varying irrigation and fertilization levels. These relationships were 

subsequently incorporated into the dynamic management strategy. The primary 

validation of the strategy’s effectiveness was then performed in a separate experiment 

(Section 2.6.4) with a slightly larger sample size (n = 4). While a larger sample size in the 

initial experiments would have been desirable, we believe that the consistency of the 

observed trends, coupled with the successful validation of the dynamic management 

strategy, provides support for the overall findings. 

Secondly, as shown in Figures 10 and 11, fluctuations in water and fertilizer 

consumption were observed in the WF1 treatment, particularly the decreases between 

days 7 and 15 and around day 75 after planting. These trends deviate from the typically 

high demand expected during active growth phases. We a�ribute these deviations 

primarily to significant weather events that occurred during these periods, as captured in 
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our environmental data (Figure 9). Specifically, the reduced water consumption from days 

7 to 15 (Figure 10) coincided with a period of consecutive rainy days, following an initial 

6 days of sunny weather. This increased natural water availability likely reduced the 

plants’ irrigation needs, leading to a downward adjustment by the dynamic management 

strategy. Similarly, the marked decrease in both water and fertilizer consumption around 

day 75 (Figures 10 and 11) corresponded with a sudden temperature drop of 

approximately 10 °C, which persisted for about one week. These weather events 

undoubtedly influenced plant physiological processes, likely leading to a temporary 

reduction in growth rate, and consequently a decreased demand for both water and 

nutrients. The dynamic adjustments made by the WF1 strategy during these periods 

reflect their responsiveness to these changes in plant needs, as indicated by the altered 

growth indicators (stem diameter and plant height). While these weather-induced 

fluctuations highlight the strategy’s sensitivity to external environmental factors, they also 

demonstrate their ability to adapt to changing conditions. It is important to emphasize 

that the primary function of the dynamic management strategy is to optimize resource 

allocation based on real-time plant requirements, which may vary considerably in 

response to the prevailing environmental conditions. 

This study focused on a single tomato cultivar under specific environmental 

conditions within a controlled greenhouse se�ing. Future research should aim to validate 

the robustness of the dynamic management strategy across different tomato cultivars, 

varying growing environments (e.g., different greenhouse types and soil-based systems), 

and a wider range of climatic conditions. This validation should also involve larger 

sample sizes to enhance the generalizability of the results. 

Furthermore, integrating this dynamic management strategy with other precision 

agriculture technologies holds significant promise. For instance, coupling the strategy 

with automated irrigation systems, sensor networks for real-time environmental 

monitoring, and advanced data analytics platforms could lead to the development of fully 

automated, closed-loop systems for optimizing resource use in greenhouse production. 

Investigating the long-term effects of dynamic water and fertilizer management on soil 

health, nutrient cycling, and overall system sustainability would also be highly valuable. 

Finally, exploring the potential of incorporating other plant physiological indicators, such 

as leaf water potential or chlorophyll fluorescence [44,45], into the dynamic management 

strategy could further enhance its accuracy and responsiveness. These indicators may 

provide complementary information about plants’ water and nutrient statuses, leading to 

even more precise adjustments in irrigation and fertilization, ultimately contributing to 

the development of more resilient and resource-efficient agricultural practices. 

5. Conclusions 

This study investigated the coupled effects of irrigation and fertilization regimes on 

tomato yield and WUE in a greenhouse environment. A dynamic management strategy 

for water and fertilizer applications was developed using the Penman–Monteith equation 

to estimate initial crop water requirements and a tailored approach for initial fertilizer 

requirements. The strategy incorporated real-time measurements of stem diameter and 

plant height to dynamically adjust these inputs, optimizing them based on the plants’ 

physiological status. This model-driven approach (WF1) was compared against a 

standard fertigation control (CK) and a fixed irrigation and fertilization treatment (WF2). 

The experimental results demonstrated that the dynamic management strategy (WF1) 

significantly enhanced both fruit yield and WUE more than the fixed and control 

treatments. Specifically, the WF1 treatment resulted in 6.9% and 14.7% increases in yield 

per plant compared to those of the WF2 and CK treatments, respectively. Moreover, the 

WF1 treatment achieved the highest WUE, showing improvements of 6.93% and 43.17% 
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relative to those of the WF2 and CK treatments, respectively. These improvements 

translated into substantial economic benefits, with the WF1 treatment exceeding WF2 and 

CK by 4.9% and 20.6% in per plant economic benefits, respectively. 

The superior performance of the dynamic management strategy (WF1) underscores 

the effectiveness of integrating real-time plant morphological data into irrigation and 

fertilization management. The strategy’s ability to dynamically adjust to plant needs 

allows for the more precise and efficient allocation of resources, leading to improved yield 

and WUE. In contrast, the fixed treatment (WF2), designed to represent a basic regime, 

performed worse than both the control (CK) and the dynamic strategy (WF1), highlighting 

the limitations of static approaches that do not account for real-time plant demands. 

The dynamic water and fertilizer management strategy developed in this study offers 

a significant advancement for optimizing greenhouse tomato production. This approach 

provides a practical and effective tool for improving resource use, enhancing yield, and 

increasing economic profitability more than the conventional fixed or standard fertigation 

practices. These findings provide a valuable scientific basis for implementing precision 

irrigation and fertilization strategies in greenhouse tomato cultivation, contributing to 

more sustainable and efficient agricultural practices. 
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