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Abstract

This study investigated the effects of different drip irrigation management techniques on beetroot (Beta vulgaris L.) pro-
ductivity and quality in a controlled greenhouse environment. Climate-based methods (weather station, evaporation pan),
soil-based methods (capacitive moisture sensors, tensiometry), and a commercial method (FieldNET by Lindsay) were
compared. The evaluation considered applied water volume, yield, water use efficiency, root diameter, and dry mass of
root and shoot. Soil-based methods, particularly the SoilWatch sensor, resulted in the highest productivity (88 tons ha '),
representing a 62% increase compared to the lowest yield, and quality (30.2 mm root diameter), a 19% improvement.
However, tensiometry demonstrated superior water use efficiency (45.2 kg m™>), with the lowest applied water volume
(132 mm), reflecting a 37% reduction in applied water compared to the highest. Climate-based methods showed potential
but required precise parameter calibration. The commercial method, while productive, exhibited lower water use efficiency
with its default settings. The study underscores the importance of integrating real-time soil moisture monitoring for opti-
mal irrigation management in beetroot cultivation, emphasizing the need to tailor strategies based on specific crop and

environmental conditions.

Introduction

Sustainable agricultural production faces increasing chal-
lenges due to climate change and the need to optimize water
use in irrigated agriculture, especially in crops like beetroot
(Beta vulgaris L.), where irrigation management efficiency
plays a crucial role in achieving high yields and high qual-
ity of the final product (Guno and Agaton 2022; Mu et al.
2023).
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The cultivation of beetroots is directly affected by soil
water availability, making it vital to understand and control
irrigation management practices to maximize yield and root
quality. In many agricultural ecosystems, water is a limited
resource, and therefore, efficient irrigation use is important
to ensure the sustainability and profitability of crops (Rol-
biecki et al. 2019; Babichev et al. 2021).

Beetroot, cultivated on approximately 10,000 hectares in
Brazil, plays a crucial role in the country’s economy and
food security. With an annual production of 170,000 tons,
the crop generates approximately R$ 700 million, creat-
ing jobs and income. The state of Sdo Paulo, the largest
national producer, supplies the domestic market with this
nutrient-rich vegetable. Optimizing irrigation management
and increasing beetroot productivity are strategic to ensure
food security for the population, boost producers’ income,
and strengthen Brazil’s position in the global food market
(IBGE 2017).

Water use efficiency is crucial to ensure the sustainability
and profitability of crops, especially in regions with limited
water resources. In this context, precision agriculture has
driven the development of advanced irrigation manage-
ment strategies, with a focus on optimizing water use and
improving water efficiency. These strategies include the
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use of mathematical models to estimate evapotranspira-
tion (ET) and soil moisture sensors to monitor crop water
requirements. The integration of technologies such as soil
moisture sensors, mathematical models, and automated and
instrumented irrigation systems enables a more precise and
efficient approach to water management in agricultural pro-
duction. These innovations have the potential to increase
productivity and environmental sustainability by reducing
water waste and minimizing negative impacts on water
resources (El-Naggar et al. 2020; Navinkumar et al. 2021;
Guntur et al. 2022; Vianny et al. 2022).

This study aims to analyze the impact of different irri-
gation management techniques on beetroot cultivation by
comparing approaches based on climate data, which esti-
mate crop water requirements using weather stations and
evaporation pans, with methods that directly measure soil
moisture in the plant’s root zone. For this direct measure-
ment, capacitive sensors and tensiometers are used, provid-
ing instantaneous readings of soil moisture. The comparison
between these methodologies will allow us to identify
which irrigation strategies are most efficient in optimizing
water use, increasing productivity, and improving the qual-
ity of beetroot, thus contributing to the sustainability of the
crop in a context of increasing demand for water resources
(Carvalho et al. 2012; Eisenhauer et al. 2021).

In this context, the present study proposes a comprehen-
sive analysis of the effects of different irrigation manage-
ment techniques. These techniques are based on climate
methodologies, represented by two evapotranspiration esti-
mation methods using data from two meteorological station
models and a reduced class A evaporation pan. Additionally,
soil methodologies are employed, utilizing two capacitive
sensor models and tensiometry, compared with the use of
a commercial irrigation management system provided by a
partner company. The aim is to evaluate the impact of these
management techniques on three fronts: the sustainability
of the activity, final productivity, and quality of beetroots
irrigated by drip irrigation systems and grown in a protected
environment.
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Materials and methods
Characterization of the experimental environment

The study was conducted in a controlled environment inside
a greenhouse (Fig. 1A) comprising 3 interconnected bays
with a total area of approximately 400 m? and a height of
5.2 m, featuring a transparent plastic roof diffusing radia-
tion and black shade screens covering the sides, intercept-
ing 50% of global radiation. The greenhouse was located in
Piracicaba — SP (Fig. 1B), which has an Aw tropical climate
according to the Koppen scale, characterized by summer
rainfall and dry winters (Dias et al. 2017).

The experimental unit consisted of 396 independent plots
(Fig. 1C), each containing 330 L of Xanthic Ferralsol (Red-
Yellow Latosol, Brazilian classification), with sandy loam
texture from the Sertdozinho series, containing 24% clay,
5% silt and 71% sand, irrigated via a surface drip system
with an average flow rate of 3.6 L per hour. The irrigation
was individually operated through manual valves to control
water application.

For this experiment, the beetroot crop (Beta vulgaris L.),
cultivar “Ferry Morse - Early Wonder Tall Top,” belong-
ing to the Chenopodiaceae family, was selected. This tuber
develops through the swelling of the hypocotyl, exhibiting
characteristics of large, erect foliage, smooth roots, and
intense red coloration (Tivelli et al. 2011).

In the southeastern region of Brazil, its planting window
extends throughout the year, with a preference for periods
of milder temperatures. It has an average cycle of 75 days
after sowing, with spacing of 10 x 18 cm and a density of up
to 350,000 plants per hectare, resulting in an average yield
of 20 to 35 tons per hectare (Tivelli et al. 2011; Sousa et al.
2020).

The irrigation management control techniques were ini-
tially divided into two groups: the first based on climato-
logical data and the second on soil data, both compared with
a commercial management system, as presented in Table 1.

Fig.1 A - Location map of Piracicaba city - SP, Brazil; B - Interior of the greenhouse; C - Experimental plot, composted of a concrete box, sub-

divided into 3 plots of 330 liters of soil each
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Table 1 Pres.entation of thf’ Treatment Methodology Equipment Description
plgth(;@ologles emp lozeim i 1 Soil Tensiometer” Manual read; installed a 15 cm
mion gemen. ¢, v i 13
capacity, f - water availability 2 zoﬂWgt.ch \I\I/,I anlial Sria;:l;.l\r;slt'all.e d_a 11 g gl
factor, Kc - crop coefficient, ETo apacitive sensor ce=- a,A mit = - a
- reference evapotranspiration, kp 3 VCS Manual read; installed a 15 cm
- tank coefficient, VCS - capaci- Capacitive sensor Yee = -5 kPa; Wlimit = -15 kPa
tive sensor model 2 4 Weather Standard station Daily ETo por Penman-Monteith
kc Embrapa. = 0,6
5 Daily ETo por Hargreaves e Samani
kc Embrapa. = 0,6
6 Azevedo station ETo diario por Penman Monteith
Do Yourself Movement kc Embrapa. f= 0,6
7 Daily ETo por Hargreaves e Samani
ke Embrapa. f=0,6
8 Class A pan ETo Pan x kp
kc Embrapa. f=0,6
*Reference technique 9 Commercial irrigation management system
1m

0.33m

0.18m

Fig.2 A - Beetroot planting layout (with units in meters), with spacing of 0.1 m between plants and 0.18 m between rows, featuring the placement
of a drip tube in the central corridor of the plot fed by a network of microtubes; B - Spatial distribution of plants in the experimental plot

It is noteworthy that in all employed methodologies, a vari-
able irrigation schedule was utilized.

For the management based on climatological methodol-
ogy, two weather stations were installed inside the green-
house, positioned at a height of two meters above the
ground, with sensors accommodated on a specific bar for
this purpose. Additionally, the Class A evaporation pan was
placed on a wooden platform, isolating it directly from the
surrounding soil.

Thus, the study comprises 9 treatments with 6 replica-
tions each, forming a randomized complete block design
(RCBD 9x%6), aiming to reduce experimental variability
and increase the precision of comparisons between treat-
ments. Each experimental unit consisted of 18 plants, with
a planting layout depicted in Fig. 2. Planting was conducted
on July 27th, with harvest on October 10th, encompassing a
period of 75 days.

Soil-based irrigation management

For the tensiometry technique, a sensor element with a
ceramic porous capsule was selected, with a diameter of
21.5 mm and a length of 60 mm, connected to a PVC tube
with a length of 220 mm. The PVC tube had an acrylic tube
attached to its upper part, measuring 100 mm in length and
15 mm in diameter, which was sealed with the aid of a cork
for puncture tensiometers.

For reading the sensor element, a digital tensiometer
from the brand Tensimeter was used, which displays the
water retention tension in the soil in units of mbar or kPa,
as shown in Fig. 3A. It is noteworthy that the center of the
ceramic porous capsule was installed at a depth of 15 cm
(thus in contact with the layers of 12—18 cm), estimating the
average moisture of the 0-20 cm layer through its reading,
as schematically presented in Fig. 3B.

Nonetheless, the SoilWatch (Pino Tech) and VCS (Tinovi)
soil sensors (Fig. 4) have dimensions of 19 x84 mm and
19%x 53 mm, respectively. These dimensions represent the
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Fig.3 A - Digital tensimeter
used for reading the tensiometer;
B - Moisture sensor elements
installed next to beet, being VCS,
SoilWatch and tensiometer (left
to right)
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Fig. 4 Soil water retention curve for the soil used in the experimental
plots of the greenhouse

Table 2 Adjustment parameters for the red-yellow latosol for the van
Genuchten equation

Parameter Value

or 0.1549
o 0.4629
o 0,6352
M 0.4550
N 1,8347

width and length of the sensor element. The center of the
sensor element is installed at a depth of 15 cm, vertically
fixed within the soil, in contact with the soil layer ranging
from 10.8 to 19.2 cm for SoilWatch and 12.35 to 17.65 cm
for VCS.

It is noteworthy that for the soil sensors, a depth of instal-
lation of 15 cm was considered. Although there is no limi-
tation on the installation depth for capacitive sensors, the
same proposal was followed for tensiometry. This decision
was made because installation in a very shallow zone may
result in the tipping over of the tensiometer, rendering it
unusable (Jiao et al. 2021).

To obtain the actual soil moisture through the soil water
retention curve (Fig. 4), five soil samples were collected
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and analyzed at the Soil and Water Quality Laboratory of
the Escola Superior de Agricultura Luiz de Queiroz - USP.
The soil water retention curve was generated using these
samples, and the adjustment parameters (Table 2), the van
Genuchten model, were extracted for moisture estimation
(van Genuchten 1980).

Similarly, the capacitive soil moisture sensors were cali-
brated for the specific soil in question. Figure 5 illustrates
the sensor responses to variations in volumetric moisture.
Equations 1 and 2 for the VCS sensor, and Egs. 3 and 4
for the SoilWatch sensor, estimate moisture retention ten-
sion. These equations correlate sensor readings with both
soil water retention tension and volumetric water content,
aiding in the irrigation management process using capaci-
tive sensors.

6 = —0.32181 - P? +90.5035 - P2

— 8477.79 - P + 264553 )
U = — 1.65409 - P3 + 476.56 - P? )
— 45766.4 - P + 1465080
0 = 0.0000575486 - V2 — 0.245001 - V + 287.383 3)
U = 0.000461047 - V2 — 2.53516 - P + 3531.09 4)
Where:

0 - volumetric moisture (%);

Y - retention tension (kPa);

P - dielectric permittivity measured by the sensor (F
m'); and.

V - voltage in millivolts at the sensor output (mV).

In order to reduce the coefficient of variability of soil sensor
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Fig.5 Response of capacitive sensors to variations in volumetric moisture and soil water retention tension, for the red-yellow latosol. A — Sensor

VCS; B — Sensor SoilWatch

Fig.6 Sensor elements of the
commercial Campbell weather
station, including sensors

for: pyranometer, barometer,
combined temperature and rela-
tive humidity, anemometer and
wind, connected to the CR1000
datalogger (left to right from top
to bottom)

'
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readings, readings are taken at 60-second intervals, followed
by averaging to carry out irrigation management. This pro-
cess homogenizes the readings and creates an estimate of
the real trend in soil water behavior (Cardenas-Lailhacar
and Dukes 2010; Dominguez-Nifio et al. 2020).

Climate-based irrigation management

For climate-based management, the weather station mod-
els used included a complete professional station, commer-
cially available from Campbell, equipped with a CR1000
datalogger, silicon photodiode L1200x, anemometer 03002,
air temperature and relative humidity sensor model HMP45,
and a Vaisala CS 106 barometer, as shown in Fig. 6. Addi-
tionally, a second model developed by the author (Azevedo
2021; Azevedo et al. 2024) was employed, as depicted in
Fig. 7.

i
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CR1000
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SCIENTIFIC

o

oV Do oo

This model offers the same functionalities as the previous
one, with the added capability to calculate evapotranspira-
tion using the Penman-Monteith methodology (Eq. 5) and
Hargreaves and Samani method (Eq. 6). It provides real-
time data to the user through an online database and a bot
on the Telegram application, utilizing a central controller
model ESP8266 (Hargreaves and Samani 1985; Allen et al.
20006).

0408 A - (R, —G)+ v - =290 - uy- (s —eq)

To — T+273
© Aty (11034 up)

)

Where:

ETo - Reference Evapotranspiration (mm day ');
A - Slope of the saturation vapor pressure curve (kPa
°ch;
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Fig. 7 Developed weather station IoT, including: datalogger mounting box, sensor bar on the station tripod and uses sensor elements (left to right)

v - Psychrometric coefficient (kPa °C™');
T - Air temperature at 2 m height (°C);

u2 - Wind speed at 2 m height (m s~ !);
Rn - Net radiation (MJ m~2 day ™ });

G - Soil heat flux density (MJ m 2 day !);
es - Saturation vapor pressure (kPa); and.
ea - Partial vapor pressure (kPa).

R,
2.4

ETo:a~< ).(me—Tmm)”~ (Toea ) (6)

Where:

ETo - Reference Evapotranspiration (mm day ');
a, b, and c - Adjustment parameters;
Ra - Extraterrestrial solar radiation (MJ m? day !);
Tmax - Maximum temperature in the period (°C);
Tmin - Minimum temperature in the period (°C); and.
Tmed - Average temperature in the period (°C).

Still, evapotranspiration is also calculated using a Class
A pan, which had its readings taken every day around
8:00 AM, with evapotranspiration calculated using Eq. 7
(Doorenbos and Pruitt 1977).

ETo=ECA- kp @
Where:
ETo - Reference Evapotranspiration (mm day ');

ECA - Pan evaporation (mm day ');

Kp - Pan coefficient.

It is worth noting that for the estimation of crop

@ Springer

evapotranspiration, the reference evapotranspiration was
multiplied by the crop coefficient (Kc), derived from cali-
bration performed for the southeastern region for cultivation
without mulch cover. Therefore, the initial Kc was 1.02, the
average Kc was 1.18, and the final Kc was 0.84 for periods
of 30, 24, and 21 days, respectively (Carvalho et al. 2011b).

Additionally, it was considered for both methodologies a
daily average root growth of 0.5 cm, reaching a total depth
of 20 cm, which altered the actual water availability (AWA)
daily until the 40th day (Guerra and Machado 2022).

It is important to highlight that for each of the method-
ologies, a calculation spreadsheet was created, where the
depletion of actual water availability in the soil was per-
formed daily, irrigating only when the AWA fell below
zero (0<23.84%), restoring the moisture to field capacity
(0=33.62%).

Lastly, the commercial system employed is called Field-
NET (Fig. 8) from the company Lindsay. This is a telemetry
solution for real-time online irrigation control and manage-
ment, configured for the local condition with sandy loam
soil with an available water capacity of 79 mm m™ !, clas-
sified as hydrological group C, with maximum crop growth
and root depth of 40 and 20 cm, using rainfall-free meteo-
rological data and the same Kc values (0.5; 1.05; and 0.95),
practicing conventional cultivation and using 1100 degree
days for crop maturity.

Biometric and physiological analyses

The chlorophyll a, b, and total (ICF) indices were determined
using an electronic chlorophyll meter (Chlorolog CFL1030,
Falker), taking three readings in each plot. Leaves from the
middle third of the plant were selected to obtain an average
corresponding to the respective treatment. Leaf temperature
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Fig. 8 Image of the commercial irrigation management software

was also evaluated using an infrared thermometer to cal-
culate the Crop Water Stress Index (CWSI), as follows in
Eq. 8, complemented with leaf water content (LWC [%]) in
Eq. 9 (Turner 1981; Martinez et al. 2017).

(Tc — Ta) — (Tc — Ta)LBI

CWSI =
(Tc - Ta)LBS - (Tc - Ta)LBI

®)

Where:

CWSI - Crop Water Stress Index, dimensionless;
T, - Crop temperature (°C);
T, - Air temperature (°C);

(T, - T)p - Lower base temperature line, which corre-
sponds to the difference in temperature between the envi-
ronment and the surface of a leaf without water restrictions
in °C. It represents the smallest difference between air and
leaf temperature among all evaluated measurements;

(T, - T, s - Upper base temperature line, which corre-
sponds to the difference in temperature between the ambient
air and a leaf surface with water deficit in °C. It represents
the largest difference between air and leaf temperature
among the evaluated measurements.

MU - MS

LWC = U

100 (10)

Where:

LWC - Leaf Water Content (%);
MU - Leaf Moisture Mass (g);

MS - Leaf Dry Mass (g).

To determine the Crop Water Stress Index (CWSI), base-
lines were established using data from experimental plots
with different irrigation management. The lower baseline
was defined from plots with full irrigation, representing
minimal water stress, while the upper baseline was defined
from plots with total irrigation suspension, representing
maximum water stress. Canopy and air temperatures were
measured in both plots to construct the baselines and calcu-
late the CWSI for each treatment.

In addition, gas exchange analysis and carbon assimila-
tion by leaf surface were conducted at 55 days after sow-
ing (DAS) using a portable photosynthesis analyzer - IRGA
(LI-COR model LI-6400XT). The analysis utilized a CO,
concentration of 400 ppm, an air flow rate of 300 mL min ™!,
and a light source coupled with 1200 pmol m? s™!. The
evaluation included measurements of net CO, assimilation
rate, intercellular CO, concentration, stomatal conductance,
transpiration rate, and stomatal resistance, with readings
taken in the morning (Gondim et al. 2015; Gongalves and
Dias 2021).

For the description of leaf geometry, a benchtop leaf area
meter, LI-3100 C model from Li-Cor, was used to estimate
measurements of width, length, and unit leaf area, with the
estimation of leaf area index (LAI) through Eq. 10 (Favarin
et al. 2002).

ST ULA

LAI = s

(10)

Where:
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LAI - Leaf Area Index;
ULA - Unit Leaf Area (m?);
Cs - Crop spacing (m?).

Still, at the end of the cycle, the estimation of productiv-
ity for each plot was carried out, complemented by quali-
tative analyses, including average root diameter, fresh and
dry shoot mass, fresh and dry root mass, leaf number, and
leaf area index. This was followed by root juice extraction
to obtain soluble solids measurement expressed in degrees
Brix using a portable refractometer.

Interpolating productivity data with management metrics
allows for the estimation of crop water efficiency indices
such as Water Use Efficiency (WUE) (Eq. 11), as well as the
average irrigation depth and average irrigation interval used
(Egs. 12 and 13) (Stanhill 1986).

(Pro[d)uciz;)ity) (1 1)
WUE =~ =%/
v 10
Depth
D,, =
N (12)
Cycle
11, =
N (13)
Where:

Productivity (kg ha™!);
WUE - Water Use Efficiency (kg m™);
Depth - Volume of water applied (mm);
D,, - Average irrigation depth (mm);
N; - Number of irrigations;
1L, - Average irrigation interval (days); and.
Cycle - Crop cycle duration (days).

Temperatute (°C)
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To provide a comprehensive evaluation of irrigation man-
agement techniques, a ranking system was developed
incorporating qualitative and quantitative parameters. This
system considers three key aspects: (1) quality of the final
product, assessed by equatorial tuber diameter (larger diam-
eters indicating higher quality); (2) sustainability of the
activity, measured by water use efficiency (WUE, kg m ),
with higher values indicating more efficient water use; and
(3) productive potential, determined by total productivity
(tons ha™!). For each aspect, techniques are ranked based
on their performance, with the highest receiving 9 points
and decreasing by 1 point for each subsequent position.
Points are summed across aspects to obtain a final score for
each technique, enabling a comprehensive ranking that bal-
ances quality, sustainability, and productivity. For instance,
if technique A ranks 1st in quality, 3rd in sustainability, and
2nd in productivity, its final score would be 9+7+8=24.
This ranking system facilitates a holistic assessment of irri-
gation management techniques, considering their impact on
various aspects of beetroot production.

Additionally, it is evident from the analysis of climato-
logical norms of the locality that there is low variability in
monthly average temperature (Fig. 9 - A), as well as incident
radiation (Fig. 9 - B). This, combined with cultivation in a
protected environment, suggests that the cultivation may be
influenced solely by the management practices employed.
Therefore, a single cultivation cycle is implemented as an
experimental strategy.

Data analysis was performed using R software in con-
junction with the ExpDes.pt package, applying Tukey’s test
(»<0.05) for mean comparison among treatments. Addi-
tionally, Shapiro-Wilk and Bartlett’s tests were conducted
to verify the assumptions of normality and homogeneity of
variances, respectively. Exploratory data analysis, such as
scatter plots and boxplots, complemented the interpretation
of results.

Net radiation (MJ m? day™)

w
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Fig.9 Climatological norms of the locality with marking of the cultivation cycle period. A - Temperature; B - Net radiation
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Table 3 Water consumption data and spatialization of irrigation for
each of the employed management practices, with average irrigation
interval (TRm) and average applied depth (Lm)

Treatment Depth Irrigation TRm Lm
(mm) N. (days) (mm)
Tensiometer 132,84 37 2,03 3.59
SoilWatch 233,29 46 1.63 5.07
VCS 210.06 52 1.44 4.04
PM - Campbell 195,65 42 1.79 4.66
HS - Campbell 351,99 52 1.44 6.77
PM - Azevedo 189,48 50 1.50 3.79
HS - Azevedo 355,12 65 1.15 5.46
Pan 199.67 43 1.74 4.64
Commercial system 408,48 52 1.44 7.86

Table 4 Productivity data and qualitative analysis of water resource
use. Means followed different letters are significantly different (p <
0.05) by Tukey's multiple range test

Treatment Productivity (tons ha™!) WUE (kg m %)
Tensiometry 60.06 cd 4521 a
SoilWatch 86.42 ab 37.04b

VCS 68.81 bed 32.76 be

PM — Campbell 73.14 abc 37.38b

HS — Campbell 77.41 abc 21.99d

PM — Azevedo 73.72 abe 38.91 ab

HS — Azevedo 72.60 abc 20.44d

Pan 53.62d 26.85 cd
Commercial system 88.38 a 21.64d

The biometric and physiological analyses were con-
ducted 55 days after sowing (DAS). This timing corresponds
to a crucial stage in beetroot development, where the plant
is undergoing rapid root tuber formation and vegetative
growth. This specific time point was chosen to assess the
plant’s response to the different irrigation methods during
this critical growth stage, allowing for comparisons between
treatments and identification of potential impacts on beet-
root yield and quality.

Results and discussion
Crop response to water use

Table 3 shows the considerable disparity in applied irriga-
tion depths for each of the treatments. It can be observed
that climatological management methodologies based on
evapotranspiration calculation using the HS model and the
commercial methodology resulted in water consumption
close to double that of methodologies based on soil sensors,
as well as the Penman-Monteith method for both stations.
It is also worth noting that the tensiometry technique
resulted in the lowest total water consumption during the
study period, as well as the lowest number of irrigations and

average depth. This technique consistently averaged around
2 days for all treatments studied, consistent with average
data observed in the literature (Carvalho et al. 2011a; Melo
Filho et al. 2020; Oliveira et al. 2022).

Additionally, complementing the management data,
Table 4 presents the productivity data and qualitative analy-
sis of water resources applied. It is noteworthy that both the
commercial technique and the soil sensor method achieved
high productivity, with a slight variation in water use effi-
ciency. Tensiometry stands out for its superior performance,
requiring less water volume for beet production.

At this point, it becomes evident that almost all man-
agement techniques have a high capacity to reduce water
consumption in beet irrigation management. All obtained
values are better than the national average (around 20 kg
m ), resulting in a water use efficiency upper than almost
all data observed in the literature.

This section presents the findings of the study evaluating
the effects of different irrigation management techniques
on beetroot production, focusing on yield, quality param-
eters, and water use efficiency. The results reveal distinct
responses in beetroot growth and water use across the irri-
gation management strategies. Soil-based methods, particu-
larly those utilizing soil moisture sensors, generally resulted
in higher yields and improved quality attributes compared
to climate-based approaches. Additionally, significant dif-
ferences in water use efficiency were observed among the
treatments, highlighting the potential for optimizing irri-
gation and resource management in beetroot cultivation.
The following sections will detail these findings and dis-
cuss their implications for sustainable and efficient beetroot
production.

Biometric and physiological analyses

During the biometric measurements, carried out on the 55th
day after sowing (DAS) of the crop, leaf temperature read-
ings were obtained as shown in Table 5, supplemented by
the estimation of CWSI and measurements of total chloro-
phyll index. It is noteworthy that at the time of reading, the
air temperature was 23.1 °C.

While leaf temperatures were generally lower than air
temperature, suggesting ample water availability, variations
in CWSI values indicated differences in plant water status
among irrigation treatments. However, significant variation
was observed only between the tensiometry methodologies
and those using the Hargreaves and Samani method for esti-
mating evapotranspiration, as corroborated by CWSI val-
ues exceeding 0.4, along with leaf water content exceeding
50%, consistent with other findings in the literature (Stag-
nari et al. 2014b; Hosseini et al. 2019).
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Table 5 Leaf temperature Treatment Leaf T. (oC) Tair - TLeaf CWSI LWC (%) Chlorophyll
measurements for the S5th DAS, - Gon e 19.85a 3.25 0.59a 6693 a 34154
with CWSI estimation and total .
chlorophyll measurement. Means SoilWatch 19.13 ab 3.97 0.47 ab 58.88 ab 3131a
followed different letters are VCS 19.22 ab 3.88 0.49 ab 62.37 a 3333 a
significantly different (p < 0.05) PM - Campbell 19.62 ab 3.48 0.55 ab 6245a 3327a
by Tukey's multiple range test HS - Campbell 18.71b 4.39 040b 46.31b 3321 a
PM - Azevedo 19.01 ab 4.09 0.45 ab 56.84 ab 31.15a
HS - Azevedo 18.67 b 4.43 040b 62.17 a 31.86a
Pan 19.49 ab 3.61 0.53 ab 55.94 ab 32.00a
Commercial system 18.83 ab 4.27 0.42 ab 54.73 ab 31.82a

< ; <
E7-S22°42'39" "~
“: W 47°37' 47"

i

$FLIR 22,6°C

Fig. 10 Thermal image of the experimental area. (A) Canopy tem-
perature variation (23.4 °C a 24.8 °C) across treatments (indicated by
markers) with an air temperature of 28.1 °C. (B) Spatial distribution of

Through the analysis of Fig. 10, the spatial variability
of canopy temperatures throughout the greenhouse can be
observed, indicating homogeneity of temperatures below
25 °C across the canopy area (with air temperature around
28.1 °C). Furthermore, Fig. 11 depicts the average tempera-
ture throughout the cultivation cycle, with a general mean
of 21.9 °C.

Nonetheless, no significant variations were observed in
chlorophyll index among the treatments, as well as for total
chlorophyll, demonstrating uniform growth across the man-
agement methods employed.

Table 6 presents the results of the crop’s gas exchange
analysis, with emphasis on photosynthesis. The treatments
managed via the commercial station showed no significant
variation and were the highest scoring, followed by the

@ Springer
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temperatures above and below 25.5 °C, highlighting that canopy tem-
peratures remained below this threshold while some structural compo-
nents of the experimental setup exceeded it

SoilWatch soil sensor. Negative highlights were observed
for both the class A tank and the commercial system, which
exhibited the lowest photosynthesis rates.

It is noteworthy that although there is a significant dif-
ference in almost all photosynthesis rate values, they are
slightly higher than the data found in the literature for the
same period, ranging from 10 to 20 pmol m % s~ !, corrobo-
rating the possibility that all management practices had a
positive impact on the employed production system (Melo
Filho et al. 2020; Oliveira et al. 2022).

For stomatal conductance data, once again, the Penman-
Monteith methodology with data from the commercial
station along with the SoilWatch soil sensor showed the
best evaluations, indicating the greatest possibility of gas
exchange with the environment. Conversely, this was not
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Fig. 11 Temporal distribution 30
of temperatures throughout the
cultivation cycle, with a global
average temperature of 21.98 °C
over the period

Daily average temperature (°C)

Table 6 Gas exchange analysis results, measurement for the 55th
DAS. Means followed different letters are significantly different (p <
0.05) by Tukey's multiple range test

Table 8 Qualitative data related to the aerial part of the crop. Means
followed different letters are significantly different (» < 0.05) by
Tukey's multiple range test

Treatment Photosynthesis Stomatal Transpiration

(umol m2 571 (mol m™2 (mmol m™2
sh sh

Tensiometer 24.67 e 0.63 f 824 ¢g

SoilWatch 26.59b 0.77b 9.06 b

VCS 24.98d 057g 7.59 horas

PM - Campbell 26.87 a 0.82a 9.12a

HS - Campbell 2691 a 0.66 ¢ 8.45¢

PM - Azevedo 26.30 ¢ 0.63 f 8.40 f

HS - Azevedo 2428 f 0.67d 8.53d

Pan 2192 ¢ 0.46 h 7.231

Commercial system 21.47 h 0.70 ¢ 8.79 ¢

Table 7 Qualitative data of harvested tubers. Means followed different
letters are significantly different (p < 0.05) by Tukey's multiple range
test

Treatment Diameter  °Brix Root FM (g) Root

(mm) DM (g)
Tensiometer 61.44ab 10.34a 110.11 cd 70.11 ab
SoilWatch 66.99 a 8.27d 158.43 ab 88.29 a
VCS 63.36ab  8.80abcd 126.16 bcd 73.22 ab
PM - Campbell 63.47ab  9.00 abcd 134.09 abc  78.55 ab
HS - Campbell 63.78ab  10.17 ab 14191 abc  9145a
PM - Azevedo 6428 ab 9.57abcd 135.16abc 81.30ab
HS - Azevedo 64.83ab 8.42cd 133.10 abc ~ 75.62 ab
Pan 59.01d 9.94 abc 98.30 d 61.01b
Commercial 67.74 a 8.54 bed 162.04 a 90.83 a
system

the case for the VCS soil sensor and the tank methodology,
which were above other data found in the literature (Yolcu
et al. 2021; Khozaei et al. 2021).

Similarly, for transpiration rate, the same trend was fol-
lowed, with positive extremes for the Penman-Monteith
methodology with data from the commercial station along
with the SoilWatch soil sensor. However, the values were
below the averages found in the literature, which can be
explained by the low temperature at the time of readings
(Melo Filho et al. 2020).

Treatment FM aerial (g DM aerial (g)  Leaf N.
Tensiometer 141.42 ab 46.19 de 11.83 ab
SoilWatch 140.13 ab 57.64 bed 11.75 ab
VCS 117.84 ab 44.18 ¢ 9.83¢
PM - Campbell 122.29 ab 45.94 de 10.50 be
HS - Campbell 131.69 ab 70.39 a 11.33 ab
PM - Azevedo 115.21 ab 49.63 cde 11.08 abc
HS - Azevedo 158.12 a 58.71 abc 11.00 abc
Pan 105.67 b 46.56 cde 11.33 ab
Commercial system  145.71 ab 65.13 ab 12.33 a

Table 7 presents qualitative data related to each of the
management practices for the crop. It can be observed that
with the commercial system and the SoilWatch soil sen-
sor, the largest equatorial root diameters, fresh and dry root
masses were obtained, which also showed the lowest levels
of soluble solids. However, these values were close to those
found in the literature (Carvalho et al. 2011a; Stagnari et al.
2014a).

In Table 8, qualitative data regarding the aerial part of the
crop are presented. Notably, the commercial system and the
HS methodology with data from the developed station and
commercial station stand out for the highest dry and fresh
aerial masses, as well as for the number of leaves. These
values are close to those found in the literature (Yasamin-
shirazi et al. 2020).

In Table 9, data regarding leaf geometry, unit leaf area
per plant, and leaf area index are presented. Notably, the HS
methodologies with data from both stations stand out for
having the widest and longest leaves. Additionally, the com-
mercial methodology and the SoilWatch soil sensor method-
ology resulted in the highest total leaf areas per plant. Once
again, these values are slightly higher than those found in
the literature (Stagnari et al. 2014a; Melo Filho et al. 2020).

It is also observed that the values of leaf area index (LAT)
showed small but significant variations, again falling within
the range described in the literature, supporting the theory
that none of the methodologies had a significantly negative
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Table 9 Leaf geometry data and leaf area index. Means followed dif-
ferent letters are significantly different (p < 0.05) by Tukey's multiple
range test

Treatment Width Length Total leaf LAI

(cm) (cm) area (cm?)
Tensiometer 6.44 be 18.88 b 1497.25 a 374 a
SoilWatch 6.55 be 19.43ab 152647 a 3.82a
VCS 6.58 abc 18.67bc  1460.92ab  3.65ab
PM - Campbell 7.50 ab 18.89 b 1320.71ab  3.30 ab
HS - Campbell 7.79 a 18.40bc  1549.76 a 3.87a
PM - Azevedo 6.46 be 17.46 ¢ 1389.97ab  3.47 ab
HS - Azevedo 7.19 ab 20.16 a 1499.81 a 375a
Pan 5.70¢ 17.61 ¢ 1249.73 b 3.12b
Commercial 6.72 abc 18.87b 1530.86 a 383a
system

impact on crop development throughout the cycle (Tullio et
al. 2013).

Multi-criteria analysis of irrigation methods

Finally, Table 10 presents a synthesis of the analyses con-
ducted, divided into sustainability, productivity, and quality
aspects. It highlights the high performance of the manage-
ment carried out by the SoilWatch soil sensor, achieving
maximum scores in all categories, followed by the Penman-
Monteith evapotranspiration estimation methodology with
meteorological data from the commercial station.

While this study focused on a single installation depth for
soil moisture sensors, it is important to acknowledge that
installation depth can influence both productivity and water
use efficiency. Further research investigating the effects of
varying sensor depths on beetroot production under different
irrigation management strategies is recommended (Marek et
al. 2020; Yu et al. 2021).

Additionally, the selection of an appropriate soil water
retention tension threshold for initiating irrigation is crucial
for optimizing water use and achieving desired produc-
tivity levels. Higher tension thresholds may reduce water
consumption but potentially decrease productivity, while
lower thresholds may increase water consumption without
guaranteeing an optimal economic outcome. Therefore, fur-
ther studies are needed to determine the optimal soil water

retention tension thresholds for beetroot irrigation under dif-
ferent environmental conditions and management practices
(Silva et al. 2015; Miranda and Pereira 2019).

Conclusion

This study underscored the critical role of irrigation man-
agement in optimizing beetroot production. While soil-
based methods generally outperformed climate-based
approaches, the most notable finding was the superior per-
formance of soil moisture sensor-based irrigation compared
to the commercial method (FieldNET). Specifically, the
SoilWatch sensor facilitated a 62% increase in yield and
a 19% improvement in quality attributes (e.g., larger root
diameter) compared to the commercial method. This high-
lights the potential of readily available soil moisture sensors
to optimize water use and enhance beetroot production, sur-
passing the performance of commercial irrigation manage-
ment systems.

The calibration of the SoilWatch sensor showed a slight
overestimation of soil water retention tension in the target
range, leading to increased water consumption compared to
tensiometry. This, combined with the sensitivity of beetroot
and water availability, resulted in increased productivity but
penalized sustainability.

The methodologies based on climate showed low vari-
ability in response at the evaluated points, confirming their
high potential for water management. However, it requires
the selection of parameters with high accuracy, such as kc
values, f factor, and parameters A, B, and C related to the
Hargreaves and Samani methodology, which showed the
highest variability.

The commercial irrigation management system (Field-
NET) demonstrated high performance in terms of tuber
productivity and quality, but exhibited lower water use effi-
ciency with its default settings. Notably, water productivity
was 37% lower compared to the SoilWatch sensor and 20%
lower compared to tensiometry. While this commercial sys-
tem offers flexibility in configuration parameters, recalibra-
tion based on real-time soil moisture data may be necessary

Table 10 Final ranking of meth- Treatment Quality Productivity Sustainable Total Ranking
odolpgieg based on scores (1-9) Tensiometer 5 > 9 3 30
obtained in the analyzed aspects SoilWatch g g 5 - o

VCS 3 3 5 11 4°

PM - Campbell 4 4 7 15 3°

HS - Campbell 5 7 3 15 3°

PM - Azevedo 6 6 8 20 2°

HS - Azevedo 7 5 1 13 3°

Pan 1 1 4 6 5°

Commercial system 9 9 2 20 2°
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to achieve more sustainable water use and optimize its
performance.

Nevertheless, the management via VCS soil sensor
showed low potential in irrigation management, scoring
poorly in the evaluated criteria, indicating that calibration
within the agronomic interest range did not yield satisfac-
tory performance.

The reduced class A pan management showed low pre-
dictive capacity for water balance in a protected environ-
ment, which, although not its standard operating condition,
is commonly observed in small-scale production systems
due to its simplicity and ease of daily operation.

Tensiometry, despite its lower productivity compared to
the main studied systems, exhibited water use efficiency
20% higher than the second-place method, presenting itself
as a viable alternative in agricultural production, especially
in environments where water resources are costly.

However, it is important to acknowledge the limita-
tions of this study, which was conducted under controlled
greenhouse conditions using a single soil type and beet-
root cultivar. Further research is necessary to evaluate the
performance of these irrigation management techniques
under varying environmental conditions and across a wider
range of soil types and cultivars. Additionally, future stud-
ies should incorporate economic analyses to assess the cost-
effectiveness of each irrigation strategy, considering factors
such as sensor technology investment and potential yield
gains. By addressing these limitations and expanding the
scope of investigation, future research can contribute to the
development of more robust and comprehensive irrigation
management strategies for beetroot production in diverse
agricultural contexts.

Author contributions A.T.A. ¢ R.D.C. developed the methodology
of the experiment, with A.T.A. led and supervised by R.D.C.; A.T.A.,
R.D.C. and T.H.S.B. wrote and revised the text of the paper; A.T.A.
and T.H.S.B. prepares the data. All authors reviewed the manuscript.

Data availability No datasets were generated or analyzed during the
current study.

Declarations

Competing interests The authors declare no competing interests.

References

Allen RG, Pereira LS, Raes D, Smith M (2006) Evapotranspiracion
Del Cultivo - Guias Para La determinaciéon De Los requerimien-
tos de agua de Los cultivos. Estudio FAO Riego Y Drenaje 56:322

Azevedo AT (2021) Desenvolvimento de dispositivos eletronicos
alternativos para auxilio no manejo da irrigagdo via IoT. Univer-
sidade de Sao Paulo

Azevedo AT, Coelho RD, Carnevskis EL et al (2024) Development of
an automatic Weather Station for Irrigation Management via [oT.
Agricultural Res. https://doi.org/10.1007/s40003-024-00786-8

Babichev AN, Senchukov GA, Martynov DV (2021) The Influence of
Concentration of Nutrients on the Productivity of Red Beet with
Inner Jet Intra-soil Irrigation of Seeds During Sowing. In: The
Challenge of Sustainability in Agricultural Systems. pp 735-742

Cardenas-Lailhacar B, Dukes MD (2010) Precision of soil moisture
sensor irrigation controllers under field conditions. Agric Water
Manag 97:666—672. https://doi.org/10.1016/j.agwat.2009.12.009

Carvalho DF, UFRRIJ, Oliveira LFC (2012) Planejamento E manejo
da agua na agricultura irrigada, 1st edn. Universidade Federal de
Vigosa - UFV, Vigosa - MG

de Carvalho DF, de Oliveira Neto DH, de Ribeiro R LD, et al (2011a)
Manejo Da irrigagdo Associada a coberturas mortas vegetais no
cultivo organico da beterraba. Engenharia Agricola 31:269-277.
https://doi.org/10.1590/S0100-69162011000200007

de Carvalho LG, Rios GFA, Miranda WL, Neto PC (2011b) Evapo-
transpiragdo de referéncia: uma abordagem atual de diferentes
métodos de estimativa. Pesqui Agropecu Trop 41:456-465. https:
//doi.org/10.5216/pat.v41i3.12760

de Melo Filho JS, Silva TI da, de Gongalves AC et al (2020) M, Physi-
ological responses of beet plants irrigated with saline water and
silicon application. Comunicata Scientiae 11:E3113. https://doi.o
rg/10.14295/cs.v11i0.3113

de Oliveira FR, de Sousa GG, de Sousa JTM et al (2022) Physiologi-
cal responses of the beet crop under agricultural environment
and saline stress. Ambiente E Agua - Interdisciplinary J Appl Sci
17:1-14. https://doi.org/10.4136/ambi-agua.2868

de Sousa EG, Bezerra AC, Sousa VF, de O (2020) Caracteristicas
agronomicas da beterraba em fungéo da irrigagdo com agua salina
e biofertilizante. In: Ciéncias Agrarias: Conhecimentos Cientifi-
cos e Técnicos e Difusdo de Tecnologias. Atena Editora, pp 47-60

Dias HB, Alvares CA, Sentelhas PC (2017) Um século de dados mete-
orolégicos em Piracicaba, SP: Mudangas do clima pela classifi-
cagdo de Koppen. A Agrometeorologia na Solugdo De Problemas
Multiescala. XX Congresso Brasileiro De Agrometeorologia; V
Simpdsio De Mudangas Climaticas E Desertificagdo do Semi-
arido Brasileiro. Juazeiro-BA / Petrolina-PE, p 6

Dominguez-Nifio JM, Oliver-Manera J, Girona J, Casadesus J (2020)
Differential irrigation scheduling by an automated algorithm of
water balance tuned by capacitance-type soil moisture sensors.
Agric Water Manag 228:105880. https://doi.org/10.1016/j.agwa
t.2019.105880

Doorenbos J, Pruitt WO (1977) Crop water requeriments - FAO 24.
FAO Irrig Drain Paper 24:154

Eisenhauer DE, Martin DL, Heeren DM, Hoffman GJ (2021) Irriga-
tion systems management. American Society of Agricultural and
Biological Engineers (ASABE)

El-Naggar AG, Hedley CB, Horne D et al (2020) Soil sensing technol-
ogy improves application of irrigation water. Agric Water Manag
228:105901. https://doi.org/10.1016/j.agwat.2019.105901

Favarin JL, Dourado Neto D, Garcia y Garcia A et al (2002) Equa-
¢Oes para a estimativa do indice de area foliar do cafeeiro. Pesqui
Agropecu Bras 37:769-773. https://doi.org/10.1590/S0100-204X
2002000600005

Gongalves AC, de Dias M TJ (2021) Crescimento, produgio, trocas
gasosas e qualidade pods-colheita de Beta vulgaris L.: em fungao
de doses de acido ascorbico e de laminas de irrigagdo, 1st edn.
Editora UFPB, Jodo Pessoa

Gondim AR, de O, Santos JLG, Lira RP et al (2015) Atividade
fotossintética Da Beterraba submetidas a adubagdo mineral e
esterco bovino. Revista Verde De Agroecologia E Desenvolvim-
ento Sustentavel 10:61-65. https://doi.org/10.18378/rvads.v10i2
3438

@ Springer


https://doi.org/10.1007/s40003-024-00786-8
https://doi.org/10.1016/j.agwat.2009.12.009
https://doi.org/10.1590/S0100-69162011000200007
https://doi.org/10.1590/S0100-69162011000200007
https://doi.org/10.5216/pat.v41i3.12760
https://doi.org/10.5216/pat.v41i3.12760
https://doi.org/10.14295/cs.v11i0.3113
https://doi.org/10.14295/cs.v11i0.3113
https://doi.org/10.4136/ambi-agua.2868
https://doi.org/10.1016/j.agwat.2019.105880
https://doi.org/10.1016/j.agwat.2019.105880
https://doi.org/10.1016/j.agwat.2019.105901
https://doi.org/10.1590/S0100-204X2002000600005
https://doi.org/10.1590/S0100-204X2002000600005
https://doi.org/10.18378/rvads.v10i2.3438
https://doi.org/10.18378/rvads.v10i2.3438

1028

Irrigation Science (2025) 43:1015-1028

Guerra AMN, de Machado M LC (2022) Germinagdo De sementes e
crescimento de plantulas cultivares de beterraba submetidas ao
estresse salino. Res Soc Dev 11:¢9411729686. https://doi.org/10.
33448/rsd-v11i7.29686

Guno CS, Agaton CB (2022) Socio-Economic and Environmental
Analyses of Solar Irrigation Systems for Sustainable Agricultural
production. Sustainability 14:6834. https://doi.org/10.3390/sul4
116834

Guntur J, Srinivasulu Raju S, Jayadeepthi K, Sravani C (2022) An
automatic irrigation system using IOT devices. Mater Today Proc
68:2233-2238. https://doi.org/10.1016/j.matpr.2022.08.438

Hargreaves GH, Samani ZA (1985) Reference crop evapotranspiration
from temperature. Appl Eng Agric 1:96-99. https://doi.org/10.13
031/2013.26773

Hosseini SA, Réthoré E, Pluchon S et al (2019) Calcium application
enhances Drought stress tolerance in Sugar Beet and promotes
Plant Biomass and Beetroot sucrose concentration. Int J Mol Sci
20:3777. https://doi.org/10.3390/ijms20153777

IBGE (2017) Censo Agropecuario 2017. Rio de Janeiro - RJ

Jiao M, Yang W, Hu W et al (2021) The optimal tensiometer installa-
tion position for scheduling border irrigation in Populus tomen-
tosa plantations. Agric Water Manag 253:106922. https://doi.org/
10.1016/j.agwat.2021.106922

Khozaei M, Kamgar Haghighi AA, Zand Parsa S et al (2021) Effects
of Plant densities and irrigation regimes on yield, physiological
parameters and Gas Exchange of Sugar Beet under Transplanting
and Direct Seeding methods. Int J Plant Prod 15:635-653. https://
doi.org/10.1007/S42106-021-00147-3/FIGURES/11

Marek GW, Marek TH, Heflin KR et al (2020) Factory-calibrated Soil
Water Sensor Performance using multiple installation orienta-
tions and depths. Appl Eng Agric 36:39-54. https://doi.org/10.1
3031/aea.13448

Martinez J, Egea G, Agiiera J, Pérez-Ruiz M (2017) A cost-effective
canopy temperature measurement system for precision agricul-
ture: a case study on sugar beet. Precis Agric 18:95-110. https://d
0i.org/10.1007/s11119-016-9470-9

Miranda JR, Pereira GM (2019) Cultivo da beterraba sob diferentes
tensdes de agua no solo. IRRIGA 24:220-235. https://doi.org/10.
15809/irriga.2019v24n2p220-235

MuL, Luo C, Tan Z et al (2023) Assessing the impact of different agri-
cultural irrigation charging methods on sustainable agricultural
production. Sustainability 15:13622. https://doi.org/10.3390/sul
51813622

Navinkumar TM, Ranjith Kumar R, Gokila PV (2021) Application
of artificial intelligence techniques in irrigation and crop health
management for crop yield enhancement. Mater Today Proc
45:2248-2253. https://doi.org/10.1016/j.matpr.2020.10.227

Rolbiecki S, Rolbiecki R, Jagosz B et al (2019) Irrigation effects of
Red Beet as affected by Rainfall in different regions of Poland.
Infrastructure and environment. Springer International Publish-
ing, Cham, pp 53-58

Silva AO, Silva EF, Bassoi LH, Klar AE (2015) Desenvolvimento De
Cultivares De Beterraba sob diferentes tensdes da agua no solo.

@ Springer

Hortic Bras 33:12-18. https://doi.org/10.1590/S0102-053620150
000100003

Stagnari F, Galieni A, Speca S et al (2014a) Effect of light and water
supply on morphological and Physiological Leaf Traits of Red
Beet. Agron J 106:459-468. https://doi.org/10.2134/agronj2013
.0293

Stagnari F, Galieni A, Speca S, Pisante M (2014b) Water stress effects
on growth, yield and quality traits of red beet. Sci Hortic 165:13—
22. https://doi.org/10.1016/j.scienta.2013.10.026

Stanhill G (1986) Water Use Efficiency. Adv Agron 39:53—-85. https://
doi.org/10.1016/S0065-2113(08)60465-4

Tivelli SW, Factor TL, Teramoto JRS et al (2011) Beterraba: do plantio
a comercializagdo, 1st edn. Instituto Agrondmico de Campinas
(IAC), Campinas

Tullio JA, Otto RF, Boer A, Ohse S (2013) Cultivo De Beterraba
em ambientes protegido e natural na época de verdo. Revista
Brasileira De Engenharia Agricola E Ambiental 17:1074-1079. h
ttps://doi.org/10.1590/S1415-43662013001000008

Turner NC (1981) Techniques and experimental approaches for the
measurement of plant water status. Plant Soil 58:339-366. https:/
/doi.org/10.1007/BF02180062/METRICS

van Genuchten MT (1980) A closed-form equation for Predicting the
Hydraulic Conductivity of Unsaturated soils. Soil Sci Soc Am J
44:892-898. https://doi.org/10.2136/sssaj1980.03615995004400
050002x

Vianny DMM, John A, Mohan SK et al (2022) Water optimization
technique for precision irrigation system using loT and machine
learning. Sustain Energy Technol Assess 52:102307. https://doi.o
rg/10.1016/j.seta.2022.102307

Yasaminshirazi K, Hartung J, Fleck M, Graeff-Hoenninger S (2020)
Bioactive compounds and total Sugar contents of different Open-
pollinated beetroot genotypes grown organically. Molecules
25:4884. https://doi.org/10.3390/molecules25214884

Yolcu S, Alavilli H, Ganesh P et al (2021) Salt and Drought stress
responses in cultivated beets (Beta vulgaris L.) and wild beet
(Beta maritima L). Plants 10:1843. https://doi.org/10.3390/plan
ts10091843

Yu L, Gao W, Shamshiri RR et al (2021) Review of research progress
on soil moisture sensor technology. Int J Agricultural Biol Eng
14:32-42. https://doi.org/10.25165/J.1JABE.20211404.6404

Nota do editor A Springer Nature permanece neutra em relagio a rei-
vindicagdes jurisdicionais em mapas publicados e afiliagGes institu-
cionais.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1590/S0102-053620150000100003
https://doi.org/10.1590/S0102-053620150000100003
https://doi.org/10.2134/agronj2013.0293
https://doi.org/10.2134/agronj2013.0293
https://doi.org/10.1016/j.scienta.2013.10.026
https://doi.org/10.1016/S0065-2113(08)60465-4
https://doi.org/10.1016/S0065-2113(08)60465-4
https://doi.org/10.1590/S1415-43662013001000008
https://doi.org/10.1590/S1415-43662013001000008
https://doi.org/10.1007/BF02180062/METRICS
https://doi.org/10.1007/BF02180062/METRICS
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://doi.org/10.1016/j.seta.2022.102307
https://doi.org/10.1016/j.seta.2022.102307
https://doi.org/10.3390/molecules25214884
https://doi.org/10.3390/plants10091843
https://doi.org/10.3390/plants10091843
https://doi.org/10.25165/J.IJABE.20211404.6404
https://doi.org/10.33448/rsd-v11i7.29686
https://doi.org/10.33448/rsd-v11i7.29686
https://doi.org/10.3390/su14116834
https://doi.org/10.3390/su14116834
https://doi.org/10.1016/j.matpr.2022.08.438
https://doi.org/10.13031/2013.26773
https://doi.org/10.13031/2013.26773
https://doi.org/10.3390/ijms20153777
https://doi.org/10.1016/j.agwat.2021.106922
https://doi.org/10.1016/j.agwat.2021.106922
https://doi.org/10.1007/S42106-021-00147-3/FIGURES/11
https://doi.org/10.1007/S42106-021-00147-3/FIGURES/11
https://doi.org/10.13031/aea.13448
https://doi.org/10.13031/aea.13448
https://doi.org/10.1007/s11119-016-9470-9
https://doi.org/10.1007/s11119-016-9470-9
https://doi.org/10.15809/irriga.2019v24n2p220-235
https://doi.org/10.15809/irriga.2019v24n2p220-235
https://doi.org/10.3390/su151813622
https://doi.org/10.3390/su151813622
https://doi.org/10.1016/j.matpr.2020.10.227

	﻿Productivity and quality of beet (﻿Beta vulgaris L.﻿) under different drip irrigation management methodologies
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Characterization of the experimental environment
	﻿Soil-based irrigation management
	﻿Climate-based irrigation management
	﻿Biometric and physiological analyses

	﻿Results and discussion
	﻿Crop response to water use



