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Abstract: The gradual reduction of water reserves for irrigation has become a worldwide concern. To
improve the irrigation of processing tomato, we conducted a study to evaluate a system that monitors
both plant water status and soil moisture levels (PlaSoMan) compared to an evapotraspirometric
method (IrriMan) and an empirical farmer’s management (FarMan) in a two-year field trial. The
results showed that PlaSoMan saved around 30% and 7.5% of water, with a yield loss of only 10%
and 2.5% compared to FarMan and IrriMan, respectively. Thus, PlaSoMan showed satisfactory
irrigation water use efficiency (IWUE) over the two years. Moreover, IrriMan and PlaSoMan had
lower blue water requirement (BWR) values than FarMan. Finally, PlaSoMan reached the highest
value of the yield quality indicator, which combined total yield and brix degree. Thus, the new
system, which assesses both plant water status and soil moisture levels, appears to be associated with
high-quality and water-friendly tomato production representing an efficient solution for areas with
limited water resources.

Keywords: water saving; irrigation scheduling; water use efficiency; blue water requirement; wireless
sensors; yield quality; plant water status; soil moisture level; smart irrigation

1. Introduction

Processing tomato (Solanum lycopersicum L.) is a globally important crop, with a world-
wide production estimated at 39 million tons in 2021 [1]. Size, form, color, fruits’ dry matter
and soluble solids contents are important quality parameters for the processing industry [2].
Furthermore, tomatoes are rich in lycopene, carotenoids, flavonoids, vitamin C, K1, B2,
B9, potassium, copper, iron, and phosphorous. For this reason, it has been considered a
functional food, which means that its regular consumption may prevent and/or act on
certain human diseases [3]. Tomato has a high input and water-intensive growing system,
particularly for its high water-demanding: 400–600 mm of irrigation water, rising due
to ongoing climate change [4]. However, in recent years, we have witnessed a gradual
reduction of water reserves for irrigation in quantity and quality [5]. Among the many
causes, it is possible to include ongoing climate change, increased demand for civil and
industrial uses, and incorrect irrigation application with consequent waste. Therefore,
improving irrigation water use efficiency (IWUE) is one of the major agricultural challenges
that modern technologies are helping to resolve [6]. Furthermore, improved IWUE helps
achieve sustainability in water use and contributes to increasing agricultural production’s
competitiveness [7]. In response to global water scarcity, blue water requirement (BWR)
can be a useful index. BWR estimates the irrigation consumption per product unit and is
particularly interesting with crops that require significant amounts of water that cannot be
fulfilled by the scarce rainfall during the crop cycle, and for which, irrigation is crucial [8].
Given these premises, the identification of technological innovations that make it possible
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to rationalize and optimize irrigation water use appears of great interest. Irrigation schedul-
ing represents a decision-making process that seeks to provide plants with appropriate
quantities of water at appropriate times. Despite some on-farm system irrigation schedules
are now available, mainly based on soil water balance, the common irrigation scheduling in
use in tomato growing systems is still based on fixed intervals between irrigation supplies
without considering the actual crop water demand [9], leading to over-irrigation and poor
IWUE [10]. Furthermore, to the best of our knowledge, none of the existing irrigation
scheduling systems currently incorporate monitoring of both plant water status and soil
moisture level. Thus, to optimize the irrigation of processing tomatoes, the aims of this
research were: (1) to implement a smart system based on monitoring of both plant water
status and soil moisture level, based on the use of wireless sensors; and (2) to compare
the smart system with an approach based on evapotraspirometric model and an empiric
approach managed by the farmer.

2. Materials and Methods
2.1. Agronomic Trials

We conducted field experiments in Southern Italy (41◦24′27′′ N; 15◦45′34′′ E, 30 m
above sea level) during the 2015 and 2016 crop seasons. We cultivated the Ulisse processing
tomato cv. from Syngenta Seeds SpA with elongated fruits using three irrigation scheduling
methods described in Section 2.2. We arranged the experiments in a strip-plot design
with four replicates, and each experimental unit covered a surface area of 2500 m2. We
transplanted the tomato seedlings on 10 May 2015 and 26 May 2016, in paired rows spaced
at 1.8 m apart. The distance between the paired rows and the plants within the rows was
0.5 m and 0.4 m, respectively. The plant density was 2.7 plants per square meter. Before
transplanting, we took soil samples (0–0.4 m depth) to assess their physical characteristics,
as outlined in Table 1. We followed standard agricultural practices during both crop
seasons, including basic fertilization using 72 kg ha−1 N and 128 kg ha−1 P, and adding
82 kg ha−1 N by fertigation during the crop cycle. We also performed pest and weed
control using current management practices.

Table 1. Main physical parameters of the soil detected in the two growing seasons.

Parameter 2015 2016

Sand (% dry weight) 21.5 25.5
Silt (% dry weight) 47.0 45.5

Clay (% dry weight) 31.5 29.4
Apparent Bulk Density (kg/dm3) 1.2 1.2

Field Water Capacity (% dry weight) 33.2 34.6
Wilting Point (% dry weight) 18.8 19.0

Available Water (% dry weight) 14.4 15.7-

In relation to irrigation, three independent irrigation sectors were set up at the begin-
ning of the two crop cycles. Each sector was equipped with a drip irrigation system, as
a single plastic pipe arranged in the middle of each paired row, with drippers of 2 L h−1

flow rate spaced every 0.2 m. Volumetric flow meters were used to monitor the volumes
distributed for each irrigation scheduling method. The seasonal irrigation volumes and the
number of irrigations referred to the three irrigation scheduling methods modes in the two
growing seasons are reported in Table 2. The crop was hand harvested when the ripe fruit
rate reached about 95% (1 September 2015; 14 September 2016) on a test area of 30 m2 in
each replicate.
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Table 2. Seasonal irrigation volumes, rainfall, total volumes, and number of irrigations applied in the
2015 and 2016 growing seasons for the three irrigation scheduling methods under study.

Irrigation Scheduling Methods *

FarMan IrriMan PlaSoMan
2015 2016 2015 2016 2015 2016

Irrigation volumes (m3/ha) 6200 6075 5070 4174 4570 4000
Rainfall (mm) 118 197 118 197 118 197

Total volumes (m3/ha) 7380 8045 6250 6144 5740 5970
Irrigation events (n) 36 34 31 28 26 23

Average irrigation interval (d) 3.1 3.3 3.6 4 4.3 4.8
Average irrigation volume (m3/ha) 172.2 178.7 163.5 149.2 175.7 173.9

* FarMan: irrigation scheduling managed by the farmer. IrriMan: irrigation scheduling based on “Irriframe”
model. PlaSoMan: irrigation scheduling based on the smart system that monitors both plant water content and
soil moisture.

Throughout the experimental period, a nearby weather station recorded the daily
measurements of rainfall (mm) and maximum and minimum air temperature (◦C) in
proximity to the experimental fields (Figure 1). The two growing seasons exhibited distinct
rainfall patterns, with only 118 mm of rainfall in 2015 compared to 197 mm in 2016.
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Figure 1. Rainfall (blue histograms), maximum (red points) and minimum (green points) daily
temperatures, recorded during the two processing tomato growing seasons ((A) 2015 and (B) 2016).
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2.2. Irrigation Scheduling Management
2.2.1. Irrigation Scheduling Managed by the Farmer (FarMan)

This study is part of the “Use of Innovative Systems based on Wireless Sensor Net-
works in the Irrigation Planning of Tomato Processing” project (SIWIP), funded by the
Italian Ministry of Agricultural, Food and Forestry Policies. The research was conducted
in collaboration with a farm that has a longstanding association with processing tomato
production and is part of a producer organization that manages around 500 hectares of
processing tomatoes. According to the technique commonly used in the area, the farmer
used fixed intervals (from 2 to 6 days) for irrigation in an attempt to reduce the water stress
of the crops and make irrigation management easier [9]. However, this technique failed to
consider the soil water content or the crop’s water requirements and can be considered an
empiric method. The total irrigation volumes applied by the farmer during the two tomato
crop cycles and the number of irrigation events are reported in Table 2.

2.2.2. Irrigation Scheduling Based on Irriframe Model (IrriMan)

The approach used for irrigation scheduling was based on the “Irriframe” platform
developed by the Water Boards Italian Association [11]. This model takes into account
the soil, plant, and atmosphere continuum, and calculates the crop water requirement
using evaporimetric data. The crop coefficients (Kc) [12,13] are adjusted based on local
information. The input data include the type of crop, geographic location, meteorological
and soil data, and the characteristics of the irrigation system used. The system provides
information on expected crop evapotranspiration, the next irrigation date, and the amount
of water to be distributed. It offers real-time irrigation scheduling, giving daily guidance
on how much and when to irrigate crops. Users can fully interact with the system through
the web interface [14].

2.2.3. Irrigation Scheduling Based on the Monitoring of Plant and Soil Water
Content (PlaSoMan)

A smart irrigation water system was utilized based on the monitoring of plant water
status and moisture soil level, as shown in Figure 2. The first step involves the evaluation
of the water status of the plant through the determination of the CWSI (Crop Water Stress
Index). To this end, three infrared temperature sensors (Melexis Technologies NV, Belgium)
were used to detect the canopy temperature and placed in three representative areas of the
field. Each infrared temperature sensor was positioned parallel to the plant rows 0.5 m
above the canopy, pointed at 45◦ toward the tomato rows, and the canopy temperature
was recorded every 15 min. The weather station placed next to the experimental field
measured relative humidity, air temperature, solar radiation, wind speed, and precipitation
every 15 min. All variables were measured at 2 m height. Crop temperature, together with
the air temperature and humidity values, were used by the system to calculate CWSI as
follows [15]:

CWSI =
(Tc − Ta)− (Tc − Ta)LB

(Tc − Ta)UB − (Tc − Ta)LB

where Tc is the canopy temperature (◦C); Ta is the air temperature (◦C); (Tc − Ta)LB
term corresponds to non-water-stressed baseline (lower baseline), and (Tc − Ta)UB term
corresponds to stressed crop condition (upper baseline). Both lower baseline and upper
baseline were estimated using the following two empirical equations [15]:

(Tc − Ta)LB = A + B × VPD (lower baseline)

(Tc − Ta)UB = A + B × VPG (upper baseline)

where VPD (kPa) is the vapor pressure deficit assuming leaf temperature equal to air
temperature; A is the intercept and B is the slope of the linear regression of (Tc − Ta)LB
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against VPD. In our experimental conditions, A was equal to 1.54 ◦C and B was equal
to −1.95 ◦C kPa−1. VPG (kPa) is the difference between the saturation vapor pressure
evaluated at Ta and air temperature plus the intercept (Ta + A). VPD and VPG were
calculated using Ta and RH [16].
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Figure 2. Flowchart of the smart irrigation water system (PlaSoMan) based on the monitoring of
plant water status (CWSI) and moisture soil level.

The CWSI values range between 0 (optimal crop water status) and 1 (high crop water
stress). The CWSI threshold to start irrigation has been fixed at a value equal to or higher
than 0.3 [17]. At this threshold, the system evaluates the soil water content to calculate
the irrigation volume to apply to the crop. To make this, frequency domain reflectometry
(FDR) sensors were placed at four soil depths (0.15, 0.3, 0.45 and 0.6 m) in the same three
representative areas used for leaf temperature monitoring. The soil moisture data were
stored and processed by the software. The software also considers the soil hydrological
value of field capacity (Table 1) and it can calculate the required irrigation volume to bring
the soil to its field capacity value.

The new system conducts a soil water content check even when the CWSI is below
0.3 (good plant water status). If the soil moisture value falls below the fixed threshold
of 40% of the available water depletion, the necessary irrigation volume is calculated to
bring the soil to its field capacity value. Thus, irrigation started every time the CWSI was
equal to or higher than 0.3, or whenever the soil moisture was equal or lower than the fixed
threshold. This double-checking of plant water status and soil moisture level represents
the innovativeness of the system as it allows irrigation to start even in situations of crop
water stress regardless of the soil water conditions. Finally, the system also had rain sensors
that could pause irrigation when it rained heavily and resume it when the rainfall was not
enough to restore field capacity on its own.

2.3. Yield, Yield Quality Indicator, Water Productivity, and Main Quality Parameters

At harvest, the marketable and discarded fruit were counted and weighted to es-
timate the total and marketable yield (t ha−1). Moreover, the synthetic yield quality
indicator of tomato production (Yield Quality, YQ, t ha−1) was calculated as reported
by Giuliani et al., 2019 [4]. A revised water productivity indicator (WPYQ) was then com-
puted considering the ratio between the YQ indicator and total water applied to the crop
(irrigation and precipitation) [4].
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The quality parameters were evaluated on a sample of 10 marketable fruits from each
plot. The soluble solids (◦Brix) were measured with a digital refractometer (model DBR35,
XS Instruments; Giorgio Bormac s.r.l., Carpi (MO), Italy). Titratable acidity (TA; g citric acid
100 mL−1 fresh juice) and pH were measured according to AOAC, (1995 [18]). The color
parameters were measured using a CM-700d spectrophotometer (Minolta Camera Co. Ltd.,
Osaka, Japan) as the CIELAB coordinates (i.e., L*, a*, b*) on four randomly selected areas
of the fruit surface. Then, the a*/b*ratio was calculated, which represents an index that
describes well the color changes of tomato fruit [19,20].

Lycopene, vitamin C, and beta-carotene content were determined following the proce-
dure described in Ishiwu et al. (2014) [21] on tomato pulp (1 g), obtained using a blender at
12,000 rpm for 10 min.

To determine the lycopene content, we macerated the tomato pulp with a 1% metaphos-
phoric acid solution and then filtered it. We also used 10 mL of metaphosphoric acid
solution to wash off any residue. The resulting residue was then macerated with 20 mL of
acetone, filtered, and the absorbance of the filtrate was read at 440 nm against acetone as a
blank using a spectrophotometer. We repeated this analysis three times and calculated the
mean. Finally, we determined the concentration of lycopene as [21]:

Lycopene
[ mg

100 mL

]
=

Mean absorbance× dilution factor
Slope

To obtain the concentration of lycopene, we used a slope of 0.095 calculated from the
standard curve of lycopene.

To determine the vitamin C content, we macerated 1 g of tomato pulp with 20 mL of
0.4% oxalic acid solution and filtered it. Next, we added 0.2 mL of 0.01% methylene blue
solution to 1 mL of filtrate in a test tube. We also added 1 mL of acetate buffer pH 4.2 and
made the solution up to the 5 mL mark using distilled water. The spectrophotometer was
used to read the absorbance of the solution and vitamin C was calculated as [21]:

Vitamin C
[ mg

100 mL

]
=

Mean absorbance × dilution factor
Slope

We calculated the slope (0.0693) from the standard curve of vitamin C using known
concentrations of vitamin C against absorbance.

To determine the β-carotene content, 1 g of tomato pulp was mixed with a 10 mL
combination of acetone and n-hexane (1:1) and filtered. Next, 10 mL of 50% (NH4)2SO4
solution was added and vigorously shaken before allowing it to settle. The upper layer
was then collected, and the spectrophotometer was used to read the absorbance at 450 nm
against hexane as a blank [21]:

Beta− carotene
[ mg

100 mL

]
=

Mean absorbance × diluition factor
Slope

The slope (1.249) was obtained from the standard curve of beta-carotene plotted using
a known concentration of beta-carotene against absorbance.

2.4. Water Use Efficiency and Blue Water Requirement

At the crop level, the irrigation water use efficiency was calculated (IWUE, t m−3) as
the ratio between the marketable yield and the irrigation volume received by the crop [7].
The blue water requirement (m3 t−1) was calculated by dividing the total irrigation volume
by the total crop yield [8].

2.5. Statistical Analysis

We analyzed the dataset by testing it based on the standard assumptions of analysis
of variance (ANOVA). To ensure the validity of our results, we performed Shapiro–Wilk
and Bartlett’s tests to determine the normal distribution and common variance of the
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experimental error, respectively. We also applied Box–Cox transformations prior to analysis
when necessary [22]. Our ANOVA procedure followed a strip-plot design with four
replicates, considering the scheduling irrigation method and the growing season as fixed. To
determine the statistical significance of the means, we utilized Tukey’s honest significance
difference post hoc test at the 0.05 significance level.

For a more comprehensive evaluation, we adopted a multivariate approach and
statistically processed the different parameters together for principal component analysis
(PCA). We standardized the values of each parameter before performing the PCA. We also
conducted a factorial analysis on the PCA values, using the varimax method to determine
the necessary number of factors based on eigenvalues and the percentage of total variance
accounted for by each factor. All analyses were performed using the JMP software package,
version 16.2 (SAS Institute Inc., Cary, NC, USA).

3. Results

Table 3 presents the impact of the three irrigation scheduling methods on marketable
yield, yield quality indicator, and water productivity for yield quality. FarMan scheduling
demonstrated the highest marketable yield. IrriMan and PlaSoMan had comparable yields,
but PlaSoMan resulted in a 10% yield loss compared to FarMan, while IrriMan caused a
loss of about 7.5%.

Table 3. Effects of the irrigation scheduling method on marketable yield, yield quality indicator (YQ),
and water productivity for yield quality (WPYQ).

Parameter Irrigation Scheduling Method *

FarMan IrriMan PlaSoMan

Marketable yield (t ha−1) 95.8 ± 1.5 a 88.6 ± 1.4 b 86.5 ± 1.6 b

YQ (t ha−1) 76.5 ± 1.3 b 78.7 ± 4.0 b 87.2 ± 1.8 a

WPYQ (t m−3) 9.9 ± 0.3 c 12.7 ± 0.6 b 14.9 ± 0.3 a

* FarMan: irrigation scheduling managed by the farmer. IrriMan: irrigation scheduling based on “Irriframe”
model. PlaSoMan: irrigation scheduling based on the smart system that monitors both plant water content and
soil moisture. Tukey HSD significant differences (p < 0.05) are indicated by different letters. Data are reported as
means ± standard errors (n = 8).

Moreover, PlaSoMan showed the highest values of YQ and WPYQ. Both these param-
eters showed a significant interaction year x irrigation scheduling method (Figure 3A,B).
Only PlaSoMan showed the highest value for both the YQ and WP in both years, even
if they were different in terms of rainfall, while, in the second wetter year, the IrriMan
scheduling showed the lowest YQ values (Figure 3A) and FarMan the lowest WPYQ values
(Figure 3B).

As for the water use efficiency calculated on a marketable yield basis (IWUE), the
lowest values were obtained for the FarMan scheduling, which did not show significant
differences between the two years. The irrigation scheduling based on the Irriframe
model and the new PaSoMan system showed higher IWUE values, especially in 2016
(Figure 4A). Finally, the blue water requirement (BWR) was lower under IrriMan and
PlaSoMan, especially in 2016 (Figure 4B).

Moreover, the PlaSoMan showed also the highest values of all the qualitative parame-
ters considered, and FarMan the lowest for soluble solids content, color index, lycopene
and β-carotene (Table 4). On the contrary, titratable acidity and pH did not show significant
differences among the three irrigation methods investigated (Table 4).



Appl. Sci. 2023, 13, 7625 8 of 12

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 13 
 

when necessary [22]. Our ANOVA procedure followed a strip-plot design with four rep-
licates, considering the scheduling irrigation method and the growing season as fixed. To 
determine the statistical significance of the means, we utilized Tukey’s honest significance 
difference post hoc test at the 0.05 significance level. 

For a more comprehensive evaluation, we adopted a multivariate approach and sta-
tistically processed the different parameters together for principal component analysis 
(PCA). We standardized the values of each parameter before performing the PCA. We also 
conducted a factorial analysis on the PCA values, using the varimax method to determine 
the necessary number of factors based on eigenvalues and the percentage of total variance 
accounted for by each factor. All analyses were performed using the JMP software pack-
age, version 16.2 (SAS Institute Inc., Cary, NC, USA). 

3. Results 
Table 3 presents the impact of the three irrigation scheduling methods on marketable 

yield, yield quality indicator, and water productivity for yield quality. FarMan scheduling 
demonstrated the highest marketable yield. IrriMan and PlaSoMan had comparable 
yields, but PlaSoMan resulted in a 10% yield loss compared to FarMan, while IrriMan 
caused a loss of about 7.5%. 

Table 3. Effects of the irrigation scheduling method on marketable yield, yield quality indicator 
(YQ), and water productivity for yield quality (WPYQ). 

Parameter Irrigation Scheduling Method * 
 FarMan IrriMan PlaSoMan 

Marketable yield (t ha−1) 95.8 ± 1.5 a 88.6 ± 1.4 b 86.5 ± 1.6 b 
YQ (t ha−1) 76.5 ± 1.3 b 78.7 ± 4.0 b 87.2 ± 1.8 a 

WPYQ (t m−3) 9.9 ± 0.3 c 12.7 ± 0.6 b 14.9 ± 0.3 a 
* FarMan: irrigation scheduling managed by the farmer. IrriMan: irrigation scheduling based on 
“Irriframe” model. PlaSoMan: irrigation scheduling based on the smart system that monitors both 
plant water content and soil moisture. Tukey HSD significant differences (p < 0.05) are indicated by 
different letters. Data are reported as means ± standard errors (n = 8). 

Moreover, PlaSoMan showed the highest values of YQ and WPYQ. Both these param-
eters showed a significant interaction year x irrigation scheduling method (Figure 3A,B). 
Only PlaSoMan showed the highest value for both the YQ and WP in both years, even if 
they were different in terms of rainfall, while, in the second wetter year, the IrriMan sched-
uling showed the lowest YQ values (Figure 3A) and FarMan the lowest WPYQ values (Fig-
ure 3B). 

 
Figure 3. Effect of the interaction year × irrigation scheduling method on yield quality indicator (A) 
and water productivity for yield quality (B). Tukey HSD significant differences (p < 0.05) are indi-
cated by different letters. Vertical bars indicate standard errors (n = 4). FarMan: irrigation scheduling 
managed by the farmer. IrriMan: irrigation scheduling based on “Irriframe” model. PlaSoMan: 

Figure 3. Effect of the interaction year × irrigation scheduling method on yield quality indicator (A)
and water productivity for yield quality (B). Tukey HSD significant differences (p < 0.05) are indicated
by different letters. Vertical bars indicate standard errors (n = 4). FarMan: irrigation scheduling man-
aged by the farmer. IrriMan: irrigation scheduling based on “Irriframe” model. PlaSoMan: irrigation
scheduling based on the smart system that monitors both plant water content and soil moisture.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 13 
 

irrigation scheduling based on the smart system that monitors both plant water content and soil 
moisture. 

As for the water use efficiency calculated on a marketable yield basis (IWUE), the 
lowest values were obtained for the FarMan scheduling, which did not show significant 
differences between the two years. The irrigation scheduling based on the Irriframe model 
and the new PaSoMan system showed higher IWUE values, especially in 2016 (Figure 4A). 
Finally, the blue water requirement (BWR) was lower under IrriMan and PlaSoMan, es-
pecially in 2016 (Figure 4B). 

 
Figure 4. Effect of the interaction year × irrigation scheduling method on the irrigation water use 
efficiency for marketable yield (IWUE; (A)) and blue water requirement (BWR; (B)). Tukey HSD 
significant differences (p < 0.05) are indicated by different letters. Data are reported as means ± stand-
ard errors (n = 4). FarMan: irrigation scheduling managed by the farmer. IrriMan: irrigation sched-
uling based on “Irriframe” model. PlaSoMan: irrigation scheduling based on the smart system that 
monitors both plant water content and soil moisture. 

Moreover, the PlaSoMan showed also the highest values of all the qualitative param-
eters considered, and FarMan the lowest for soluble solids content, color index, lycopene 
and β-carotene (Table 4). On the contrary, titratable acidity and pH did not show signifi-
cant differences among the three irrigation methods investigated (Table 4). 

Table 4. Effects of the irrigation scheduling mode on the main qualitative parameters. 

 Irrigation Scheduling Method * 
Parameter FarMan IrriMan PlaSoMan 

Soluble solids content (°Brix) 4.0 ± 0.06 c 4.7 ± 0.09 b 5.0 ± 0.04 a 
Color index (-) 1.1 ± 0.08 b 1.2 ±0.01 ab 1.3 ± 0.04 a 

Titratable acidity  
(g citric acid 100 mL−1 fresh juice) 0.25 ± 0.02 a 0.24 ± 0.01 a 0.24 ± 0.01 a 

pH 4.56 ± 0.1 a 4.39 ± 0.1 a 4.38 ± 0.1 a 
Lycopene (mg 100 g−1 FW) 16.5 ± 2.1 b 17.6 ± 3.2 a 19.2 ± 2.1 a 
Vitamin C (mg 100 g−1 FW) 22.5 ± 3.3 b 21.8 ± 2.2 b 25.5 ± 2.3 a 
β-carotene (mg 100 g−1 FW) 0.88 ± 0.08 b 0.99 ± 0.03 ab 1.01 ± 0.05 a 

* FarMan: irrigation scheduling managed by the farmer. IrriMan: irrigation scheduling based on 
“Irriframe” model. PlaSoMan: irrigation scheduling based on the smart system that monitors both 
plant water content and soil moisture. Tukey HSD significant differences (p < 0.05) are indicated by 
different letters. Data are reported as means ± standard errors (n = 8). 

  

Figure 4. Effect of the interaction year × irrigation scheduling method on the irrigation water use
efficiency for marketable yield (IWUE; (A)) and blue water requirement (BWR; (B)). Tukey HSD sig-
nificant differences (p < 0.05) are indicated by different letters. Data are reported as means ± standard
errors (n = 4). FarMan: irrigation scheduling managed by the farmer. IrriMan: irrigation schedul-
ing based on “Irriframe” model. PlaSoMan: irrigation scheduling based on the smart system that
monitors both plant water content and soil moisture.

Table 4. Effects of the irrigation scheduling mode on the main qualitative parameters.

Irrigation Scheduling Method *

Parameter FarMan IrriMan PlaSoMan

Soluble solids content (◦Brix) 4.0 ± 0.06 c 4.7 ± 0.09 b 5.0 ± 0.04 a

Color index (-) 1.1 ± 0.08 b 1.2 ±0.01 ab 1.3 ± 0.04 a

Titratable acidity
(g citric acid 100 mL−1 fresh juice)

0.25 ± 0.02 a 0.24 ± 0.01 a 0.24 ± 0.01 a

pH 4.56 ± 0.1 a 4.39 ± 0.1 a 4.38 ± 0.1 a

Lycopene (mg 100 g−1 FW) 16.5 ± 2.1 b 17.6 ± 3.2 a 19.2 ± 2.1 a

Vitamin C (mg 100 g−1 FW) 22.5 ± 3.3 b 21.8 ± 2.2 b 25.5 ± 2.3 a

β-carotene (mg 100 g−1 FW) 0.88 ± 0.08 b 0.99 ± 0.03 ab 1.01 ± 0.05 a

* FarMan: irrigation scheduling managed by the farmer. IrriMan: irrigation scheduling based on “Irriframe”
model. PlaSoMan: irrigation scheduling based on the smart system that monitors both plant water content and
soil moisture. Tukey HSD significant differences (p < 0.05) are indicated by different letters. Data are reported as
means ± standard errors (n = 8).

PCA Analysis

A principal component analysis (PCA) was performed on the correlation matrix
relative to productive and efficiency parameters. The results of PCA allowed two factors to
be identified, explaining 50% and 36.7% of the total variance, respectively (Table 5). The
first factor (PC1) was highly and positively associated with marketable yield and blue
water requirement, and highly and negatively associated with IWUE. Thus, PC1 could be
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considered a factor linked to a situation of high production with poor resource efficiency.
The second factor (PC2) was positively associated with water productivity and yield quality.
Therefore, PC2 could be considered a factor related to high-quality and water-friendly
production (Table 5).

Table 5. Correlation coefficients between quantitative variables and the first two principal compo-
nents (PC), with indication of the explained variance.

Selected Quantitative Variables PC1 PC2

Marketable yield 0.67 ** −0.52 *
YQ 0.51 * 0.75 ***

WPYQ −0.12 ns 0.98 ***
IWUE −0.93 *** −0.12 ns

BWR 0.94 *** −0.03 ns

Percentage explained variation 50.0% 36.7%

Total percentage explained variation 86.7%
YQ: yield quality indicator; WPYQ: water productivity for yield quality; IWUE: irrigation water use efficiency
for marketable yield; BWR: blue water requirement. Significance codes: *** = p < 0.001; ** = p < 0.01; * = p < 0.05;
ns = not significant.

Figure 5 reports the biplot relative to the principal component analysis. The red cross
symbols indicate the centroid of the categorical variable “irrigation scheduling method”.
Based on this, IrriMan and PlaSoMan were separated from FarMan along PC1, which is
linked to situations of high productivity but poor water resource efficiency. FarMan was
positioned on the positive side, while IrriMan and PlaSoMan were on the negative side. On
the other hand, IrriMan and PlaSoMan were separated along PC2, which is associated with
high-quality and water-friendly production. PlaSoMan was placed on the positive side, and
IrriMan was on the negative. Finally, the two years (2015 and 2016) whose centroids were
indicated with black cross symbols were separated along both factors, with 2015 positioned
on the positive side, and 2016 on the negative one for both PCs.
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Figure 5. Biplot relative to the principal component analysis performed on marketable yield, yield
quality indicator (YQ), water productivity for yield quality (WPYQ), irrigation water use efficiency for
marketable yield (IWUE) and blue water requirement. The red crosses indicate the centroids of the
categorical variable, irrigation scheduling methods (FarMan: irrigation scheduling managed by the
farmer; IrriMan: irrigation scheduling based on “Irriframe” model; PlaSoMan: irrigation scheduling
based on the smart system that monitors both plant water content and soil moisture). The black
crosses indicate the centroids of the experimental year (2005 and 2006). Red and blue symbols are
relative to 2015 and 2016, respectively.
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4. Discussion

As the demand for water continues to rise, it is essential to manage this finite resource
through an integrated approach that considers the needs of agriculture, the environment,
and society as a whole [7]. In various studies, deficit irrigation has been suggested as the
primary method for water saving [23]. Our research aims to assess three different irriga-
tion planning techniques to determine whether implementing more effective scheduling
methods could lead to water saving while maintaining the quality and yield of processing
tomato crops, without resorting to a deficit irrigation strategy. This study compared the
irrigation techniques entirely overseen by the farmer (FarMan) to a model based on water
balance (IrriMan), which calculates crop water needs using evapotranspiration data [11],
as well as a smart irrigation scheduling system. This new system monitored both plant
water status and soil moisture level by wireless sensors (PlaSoMan) and was the focus of
the study’s novelty.

As far as we know, most irrigation models and decision support systems (DSS) for irri-
gation scheduling rely on simulated plant evapotranspiration consumption [24]. However,
it appears that none of these systems consider an evaluation of plant water status as the
initial step for irrigation planning. Additionally, many irrigation modeling and DSS concen-
trate mainly on predicting water demand and suggesting various alternatives for irrigation
management, putting the final decision-making responsibility on the farmer [25]. PlaSoMan
system operates differently. It is fully automated and uses real-time data on the plant’s
water status and soil moisture levels to start or stop irrigation automatically. However, this
requires a cost associated with purchasing and managing the system’s various components
over time. It was not surprising that FarMan had a higher yield compared to IrriMan and
PlaSoMan, as it consumed the highest irrigation volume. In contrast, PlaSoMan was able to
save approximately 30% of the water when compared to the irrigation scheduled by the
farmer, and 7.5% compared to IrriMan. Despite this, PlaSoMan only experienced a yield
loss of 10% and 2.5% compared to FarMan and IrriMan, respectively. These results indicate
that PlaSoMan demonstrated a higher level of IWUE than the other two systems examined
in this study, over the two-year period. This is a significant finding, since improving IWUE
is crucial for maintaining food security, which is a significant challenge of this century [26].

Overall, the new smart system, which assesses both plant water status and soil mois-
ture levels, appears to be an efficient solution for areas with limited water resources, where
efficient water design and management are necessary for sustainability and agricultural
competitiveness [27,28]. It is worth noting that IrriMan and PlaSoMan also had lower blue
water requirement (BWR) values compared to FarMan. The blue water requirement refers
to the irrigation freshwater consumed by the plant for a unit of product [8]. Therefore,
sustainable irrigation systems are characterized by low blue water requirement values. The
increase in the blue water requirement observed in the first year for all irrigation techniques
was probably due to insufficient rainfall during crop growth, requiring more water for
irrigation. This result confirms how water scarcity affects the use of blue water. Users
need to become more efficient in using blue water as water becomes scarcer. However, this
adaptation should be desirable in all regions, not just in those with low water availability
and where blue water is the primary contributor to total crop water use [29]. To achieve
high-quality tomato production through irrigation, a more comprehensive approach is
needed beyond just focusing on yield. Both tomato yield and fruit quality parameters
should be taken into consideration when managing irrigation. As such, it is crucial to
explore the quantitative relationship between tomato yield, fruit quality, and water deficit
to create an irrigation plan that promotes high-quality tomato production [30]. In our re-
search, we utilized yield quality as a combined indicator of total yield and brix degree, the
major determinant of processing tomato quality. PlaSoMan displayed the highest YQ value,
indicating that the evaluation of both plant water status and soil moisture level effectively
distributed water to achieve the optimal balance between quantity and quality, while also
saving water resources. In addition to the above, PlaSoMan had the highest WPYQ value
compared to other irrigation scheduling methods. This value indicates how much total
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water, including precipitation and irrigation, was utilized to achieve YQ [4]. PlaSoMan’s
superior performance in achieving high-quality and water-friendly production placed it
on the positive side of PC2 in the principal component analysis. Additionally, the YQ and
WPYQ responses remained stable over two years with the new smart irrigation scheduling
method, which is particularly noteworthy considering ongoing climate change. Finally, to
provide a comprehensive understanding, it is worth mentioning that the PlaSoMan system
also yielded the greatest levels of lycopene, β-carotene, and vitamin C content in the fruit,
which are nutrients beneficial for humans [30].

5. Conclusions

The decreasing availability of water for irrigation has become a growing worldwide
concern, and advancements in technology are helping to address the challenge of improving
irrigation water use efficiency. When it comes to producing high-quality tomatoes, both
tomato yield and fruit quality parameters must be taken into consideration in irrigation
management. In this study, the PlaSoMan smart system assessing both plant water status
and soil moisture levels proved to be more effective, resulting in higher irrigation water
use efficiency compared to the other two systems examined. Additionally, both the IrriMan
and PlaSoMan systems had lower blue water requirement values than FarMan, appearing
as a more sustainable irrigation system. By utilizing PlaSoMan, farmers can save water,
obtaining both environmental and economic benefits while producing high-quality crops
valued by the processing industry, leading to higher prices.
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