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Abstract: The direct examination of plant canopy temperature can assist in optimizing citrus irrigation
management in greenhouses. This study aimed to develop a method to measure canopy temperature
using thermal imaging in one-year-old citrus plants in a greenhouse to identify plants with water
stress and verify its potential to be used as a tool to assess citrus water status. The experiment
was conducted for 48 days (27 November 2019 to 13 January 2020). We evaluated the influence of
five levels of irrigation on two citrus species (‘Red Ruby’ grapefruit (Citrus paradisi) and ‘Valencia’
sweet orange (Citrus sinensis (L.) Osbeck)). Images were taken using a portable thermal camera and
analyzed using open-source software. We determined canopy temperature, leaf photosynthesis and
transpiration, and plant biomass. The results indicated a positive relationship between the amount of
water applied and the temperature response of plants exposed to different water levels. Grapefruit
and sweet orange plants that received less water and were submitted to water restrictions showed
higher canopy temperatures than the air (up to 6 ◦C). The thermal images easily identified water-
stressed plants. Our proof-of-concept study allowed quickly obtaining the canopy temperature using
readily available equipment and can be used as a tool to assess citrus water status in one-year-old
citrus plants in greenhouses and perhaps in commercial operations with mature trees in the field
after specific experimentation. This technique, coupled with an automated system, can be used for
irrigation scheduling. Thus, setting up a limit temperature is necessary to start the irrigation system
and set the irrigation time based on the soil water content. To use this process on a large scale, it is
necessary to apply an automation routine to process the thermal images in real time and remove the
weeds from the background to determine the canopy temperature.

Keywords: canopy temperature; irrigation; physiology; thermal camera; transpiration

1. Introduction

Irrigators usually use weather-, plant-, and soil-based irrigation management methods.
However, the direct examination of some plant physiological factors is paramount for opti-
mizing irrigation rather than focusing on soil or weather factors [1]. Stomatal conductance
and stem water potential are standard parameters to monitor the plant water status relative
to the soil water content, although these measurements are time consuming and cannot
be automated [2,3]. Therefore, a reliable indicator for detecting water stress related to
plant transpiration is needed. The water availability in the soil can be easily correlated
to canopy temperature using infrared thermometry as a proxy for plant water status, as
the canopy represents the aboveground portion of a plant [4,5]. The technique creates a
thermal index that allows assessing the water availability in the canopy and determining
the amount of water needed by irrigation. Under water stress, plants tend to present a
higher leaf temperature when compared to those under adequate water availability [6].
One of the first studies in the field developed the concept of stress degree-days, based on
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the relationship between canopy and air temperature with yield and the need to water the
crop [7]. Studies showed that the temperature difference between sugarcane leaves and the
air is closely associated with the transpiration process [8]. As transpiration increases, there
is a reduction in leaf temperature due to the dissipation of energy in the form of latent
heat. Thus, the leaf temperature becomes lower than the air temperature when plants are
well-watered.

The canopy temperature usually increases with a decrease in soil moisture [6,9,10].
The use of well-watered control plants as a reference to assess the plant water status
was proposed by Fuchs et al. [11], as the temperature difference between plants under
different soil water availability and control plants can be used to establish a stress index.
Lobo et al. [12] studied the performance of irrigated common beans subjected to five
levels of water stress and determined the time to irrigate the crop when the temperature
difference between control plants and treatments reached values ranging from 1 to 5 ◦C,
with measurements taken with infrared thermometers. Researchers concluded the best
time to irrigate the crop was when temperatures were 3–4 ◦C higher than the control
(well-watered plants).

Water stress is a serious concern in citrus plants due to its effects on plant growth [13].
With early detection of water stress, effective control measures and management decisions
can be implemented to reduce its known adverse effects in plants. Ideally, water stress
should be detected before the appearance of visible symptoms in the plant. Currently
available techniques are not sufficiently sensitive to detect water stress at early stages [14].
A sensor for early detection will allow rapid control measures and management decisions
to reduce any environmental effects.

Currently, digital cameras that measure the whole canopy temperature are more
precise than using infrared thermometers. Several studies about irrigation management
have used thermal cameras to monitor canopy temperature, identify water stress, and
estimate stomatal conductance. Knowing that leaf temperature is a physiological trait that
can monitor the plant water status, Jimenez-Bello et al. [15] developed a methodology to
automate the analysis of frontal images obtained by a thermal camera in the Mediterranean
climate. The methodology facilitated the use of thermal cameras for the detection of crop
water stress, obtaining valuable information for irrigation management of ‘Lane Late’ navel
orange (Citrus sinensis (L.) Osbeck), ‘Clementina de Nules’ (Citrus clementina, Hort ex Tan),
and persimmon (Diospyros kaki (L.) f.). It is vital to automate the data retrieval process
at a commercial scale to actuate on irrigation controllers. Experiments to investigate the
use of thermal images for maize phenotyping in Mexico were performed to compare
irrigated versus water-deficient plants [16]. The authors highlighted that thermal imaging
could be applied to screen maize varieties tolerant to water stress and allows the creation
of a new phenotyping platform to accelerate selecting candidates in breeding programs.
The potential to combine thermal images with simulation models to assess water stress
effects on potato crops was evaluated in Tunisia [17]. The treated thermal images can be
considered a powerful tool for irrigation scheduling. Several authors [18–23] evaluated
thermal images as an indicator of water stress in different crops in different parts of the
world, such as Spain, China, and the USA. Other studies included thermal imaging for the
detection of citrus fruit on trees [24,25].

The angle of view and the spatial resolution of thermal images with different water sta-
tuses were mapped by [26] to represent leaf water potential, as thermography in estimating
water status in vines depends on the variety and its stomatal control [27]. Machine learning
algorithms can support thermal imaging using fast, reliable estimation of a vineyard water
status, suppressing the necessity of supervised acquisition of reference temperatures [28].
The thermal images acquired were valuable tools for water and irrigation management in
precision agriculture. On the other hand, images obtained by aerial flights can cover a large
area, depending on the camera field of view and the flight altitude. However, these images
need to be calibrated, georeferenced, and are subjected to atmospheric corrections. When
hand-operated cameras are used for the same purpose, the process is more precise because
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the images can be taken from an individual or small groups of plants, even in different
parts of the trees (shaded or sunlit), achieving high spatial resolution. The images also do
not need to be georeferenced ([15]).

We hypothesize that it is possible to assess the water status of young citrus plants
by measuring individual canopy temperature with hand-operated thermal cameras as a
tool for irrigation scheduling. The objectives of this study are to (1) develop a method to
measure canopy temperature using thermal imaging in one-year-old citrus plants in the
greenhouse, (2) establish a correlation between temperature and physiological response of
plants exposed to different water levels, and (3) test the method using an independent data
set to identify plants with water stress and verify its potential to be used as a tool to assess
citrus water status.

2. Materials and Methods
2.1. Location and Plant Material

The experiment was conducted for 48 days (27 November 2019, to 13 January 2020)
at the University of Florida’s Indian River Research and Education Center in Fort Pierce,
USA (27◦25′35” N and 80◦24′31” W). We installed the experiment inside a greenhouse with
an insulated double-layer plastic cover (no shading cloth) and a forced ventilation system
using a cooling panel and two fans (Figure 1a).
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Figure 1. (a) General view of the greenhouse with the cooling panel in the back. (b) Experiment layout inside the greenhouse,
showing the different blocks, benches, irrigation lines, and pots for the two citrus species tested: ‘Red Ruby’ grapefruit and
‘Valencia’ sweet orange.

Environmental conditions were monitored inside the greenhouse during the experi-
ment using sensors to measure air temperature and relative humidity (HMP 60; Vaisala,
Helsinki, Finland) and photosynthetic photon flux density (#3886i; Spectrum Technologies,
Aurora, IL, USA) (Figure 2). These sensors were connected to a datalogger (CR1000 Series,
Campbell Scientific, Logan, UT, USA), and the measurements were taken every 15 min. A
separate datalogger with a temperature sensor (UX100-023A; Onset Hobo, Bourne, MA,
USA) was installed to collect data every minute during the plants’ temperature measure-
ments. All sensors were installed above the plants.
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Figure 2. Environmental data inside the greenhouse during the trial showing photosynthetic photon
flux density (PPF), relative humidity (RH), maximum (Tmax), and minimum (Tmin) temperatures
during the experimental period and the days in which data were collected.

We used ‘Ruby Red’ grapefruit (Citrus paradisi) plants grafted on US-942 rootstock
(Citrus reticulata × Poncirus trifoliata) budded on 4 April 2019 and ‘Valencia’ sweet orange
(Citrus sinensis (L.) Osbeck) plants grafted on Sour Orange (Citrus aurantium) rootstock bud-
ded on 02/27/2019. The one-year-old plants were purchased from a commercial nursery
(Brite Leaf, Lake Panasoffkee, FL, USA) on 10.15 × 10.15 × 30 cm (W × D × H) pots.

Before starting treatment applications, plants were transplanted into larger pots
(12.7 × 12.7 × 28 cm) using a commercial substrate with Canadian sphagnum peat moss,
perlite, and vermiculite with a density of 0.16 g cm−3 (Fafard Citrus Mix RSI; Sungro Horti-
culture, Agawam, MA, USA). We performed laboratory tests to determine the physical me-
dia properties by the gravimetric method [29] and obtained the total water retention of the
substrate at the field capacity (0.41 cm3 cm−3), permanent wilting point (0.082 cm3 cm−3),
and maximum allowable water depletion (0.287 cm3 cm−3).

Plants were grown on 5 m long × 1.22 m width benches. Wireframes were placed on
the benches to keep the plants upright (Figure 3a).
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2.2. Irrigation and Treatments

We installed a drip irrigation system to water the plants using a 5 m long and 16 mm
diameter poly hose line per bench, adding a total of six drip emitters (PC-LCNL; Netafim,
Hatzerim, Israel) in each lateral line (Figure 1b). According to the manufacturer catalog,
the emitters had a nominal flow rate of 8.5 L h−1 at a pressure of 100 kPa. We connected
five microtubes and an arrow dripper (Netafim, Hatzerim, Israel) to each emitter at the
end with a nominal discharge of 2.3 L h−1. The actual discharge was measured, and the
average values for each treatment are shown in Table 1.

Table 1. Treatments tested, number of drippers per pot, average emitter discharge, and total water applied per pot on all
irrigation events during the experiment.

Treatment Number of Drippers Per Pot Emitter Discharge (L h−1) Total Water Applied (L)

25% ETc 1 1.81 1.66
50% ETc 2 3.43 3.14
75% ETc 3 5.20 4.76
100% ETc 4 7.15 6.55
125% ETc 5 8.73 8.00

We evaluated the influence of five water levels (25%, 50%, 75%, 100%, and 125%) based
on the ETc replacement in two citrus species (‘Ruby Red’ grapefruit and ‘Valencia’ sweet
orange). To determine the irrigation requirements for the treatment 100%, we estimated
the water loss from pots by calculating the difference of soil moisture between the day
before and the day of the measurement. We irrigated the pots when the soil moisture was
close to the maximum allowable water depletion, keeping the soil moisture between the
field capacity and maximum allowable depletion. We installed a different number of arrow
drippers per pot in each treatment to apply the different irrigation depths to the treatments
described in Table 1. For example, we installed one stake for the treatment that applied
25% ETc and added extra drip emitters according to the increasing ETc treatments. The
treatments started on 27 November 2019.

We assessed the performance of the irrigation equipment by measuring the flow rate
of each replication in all treatments using a chronometer and a volumetric cylinder [30].
The calculated distribution uniformity was 94.7%, classified as excellent [31].

2.3. Soil Moisture

We estimated the evapotranspiration by calculating the difference in soil moisture
on the day before and when measurements were taken. We used soil moisture sensors
(Theros 12; Meter Group, Pullman, WA, USA) connected to dataloggers (ZL6; Meter Group,
Pullman, WA, USA) scheduled to take measurements every 15 min. The soil moisture
was measured continuously, in three replications per treatment, using sensors installed at
12 cm from the pot surface using the potting mix standard calibration in the dataloggers,
as indicated in Equation (1).

θ = 6.771 × 10−10 × RAW3 − 5.105 × 10−6 × RAW2 + 1.302 × 10−2 × RAW − 10.848 (1)

where θ is the volumetric soil moisture (cm3 cm−3), and RAW is the raw sensor output.

2.4. Measurements
2.4.1. Thermal Imaging

The images were taken using a commercial thermal camera (Flir E8 series; FLIR
Systems, Wilsonville, OR, USA) with a precision of ±2 ◦C ± 2% for ambient temperature
ranging from 10 to 35 ◦C and object temperature ranging from −20 to 250 ◦C. The camera
had a resolution of 320 × 240 pixels, thermal sensitivity lower than 0.06 ◦C, and used an
uncooled microbolometer detector and a lens with an angular field of view of 55◦ × 43◦.
Emissivity used was 0.95, as indicated by the manufacturer for healthy plants. Images
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were registered in the Thermal MSX® mode (FLIR Systems, Wilsonville, OR, USA), and
files were saved in standard 14-bit JPG format.

Pictures were taken at noon for all plants on days with clear sky conditions. This
time was chosen because many studies have demonstrated that the best time of the day to
take robust and physiologically meaningful temperature readings is at midday [20,32–34].
Images were taken 1 m away from plants on four different days (16, 17 and 20 December
2019 and 13 January 2020) and in all experimental units for a total of 400 images (four
sampling days × 50 plants).

A 1.7 m tall × 1.5 m wide black panel made of heavy-duty polypropylene woven
ground cover weed barrier (Vigoro, Lake Forest, IL, USA) was placed behind the plants
as a background to create a thermal contrast from the plants (Figure 3b). This allowed
separating the plants’ data from the environment’s noise around them.

The images were analyzed using open-source software (FLIR Tools version 5.13; FLIR
Systems, Wilsonville, OR, USA) by the following steps: (1) Images were cataloged and
stored with their respective identification with the timestamp, treatment, replication, and
position in the bench. (2) The color palette used was the “Iron”, which is the same shown
on the camera screen while taking the images (Figure 4b). (3) The software has a feature
that allows changing the temperature range shown by clicking and moving a bar on the
bottom of the image (Figure 4b). (4) The images were adjusted to separate the plant from
the background positioned behind it by leaving the plants colored and the screen whitened
(Figure 4b,c). (5) An upper threshold temperature, which could separate the plant from the
black screen, was established for each image by clicking and sliding the adjustment bar
until the background was turned into white color (Figure 4c). (6) The limit temperature
value was visible on the upper left corner of Figure 4c, and we were able to export the data
as a *.csv file. Each file contained 76,800 temperature points (320 × 240 pixels), with each
pixel representing the temperature (Figure 4d).

We opened the files in an electronic spreadsheet (Microsoft Excel®; Microsoft Office,
Redmond, WA, USA) and used an equation to eliminate values under the temperature
threshold established previously. We converted values higher than the threshold into a
letter (a) to not be considered in the average calculation. We calculated the average of the
canopy temperature using the equation “=IF(Sheet1!Cell>temp; “a”;Sheet1!Cell)”, where
“IF” is the conditional formula, “Sheet1” is the name of the worksheet in which contains all
data collected from the thermal camera, “Cell” is the worksheet cell with the temperature
value, and “temp” is the upper threshold temperature.

The air temperature data were used to calculate the temperature difference between
the plant and the surrounding air, following the same method used by [34]. The surround-
ing air temperature was collected every minute; thus, both values (Tplant and Tair) were
obtained simultaneously.

∆T = Tplant − Tair (2)

where ∆T is the difference between the plant and the air temperatures (◦C), Tplant is the
temperature of the plant (◦C), and Tair is the temperature of the surrounding air (◦C).
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2.4.2. Photosynthesis and Transpiration

We determined the leaf photosynthesis and transpiration using a portable gas analyzer
system (Li-Cor LI-6400XT equipped with the 6400-02B LED light source chamber and
firmware version 6.3.4; Li-Cor Biosciences, Lincoln, NE, USA). On 13 January 2020, samples
were taken from 10:30 a.m. to 12:30 p.m. in fully developed and healthy leaves without
visible damage signals from the middle third of the plants. The equipment settings used
were average air temperature of 35.3 ◦C, the CO2 concentration of 420 µmol mol−1, active
photosynthetic radiation of 1000 µmol m−2 s−1, and average humidity of 70.4%.

2.4.3. Biomass

To determine the biomass, we made biomass measurements on 14 January 2021. We
cut the plants at the graft union, and the new shoots were separated from the rest of the
plant. We considered new shoots and branches with a light green color different from the
old tissue with dark green color. These materials were put on paper bags and taken to a
drying room for 72 h at 65 ◦C. The plant water content (PWC) was calculated by subtracting
the dry weight from the fresh weight of whole plants (PWC = fresh weight − dry weight).

2.4.4. Experimental Design and Statistical Analysis

The experiment was arranged in a randomized block design, with five treatments
(irrigation depths related to the ETc) and five replications. We analyzed the results sepa-
rately for two citrus species (‘Ruby Red’ grapefruit and ‘Valencia’ sweet orange). A single
plant formed each replication. The analysis of variance (ANOVA) was used to determine
statistical significance using commercial software (SigmaPlot 11; Systat Software Inc., San
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Jose, CA, USA). We analyzed the data by linear and polynomial regression and ANOVA to
determine the equations, coefficient of determination (R2), and probability (P) value at a
5% significance level.

3. Results
3.1. Thermal Imaging

The canopy temperature decreased with an increase in irrigation depths related to the
ETc for ‘Ruby Red’ grapefruit and ‘Valencia’ sweet orange, with a better fit of the polynomial
model for grapefruit and linear for sweet orange (Figure 5). The two species presented
different performances. We did not see the same trend as for sweet orange on the first
measurement for grapefruit. Plants that received water to keep the soil moisture close to
the field capacity showed temperatures close to the air. The highest temperature difference
values (up to 6 ◦C higher than the air) were observed in the last measurement for both
species. Measurements during the image collection resulted in average air temperatures at
midday of 42.9, 38.0, 33.2, and 34.2 ◦C, respectively, for 12/16, 12/17, 12/20, and 01/13
(data not shown). For the treatments with replacement of 100% and 125% ETc, we did not
see a temperature difference for both species in the last measurement. The adjustment
equations, coefficients of determination, and probability values of the regressions for the
temperature difference data are shown in Table 2.

A comparison of the temperature differences is available in Figure 6. On the left side,
we present the digital images without thermal processing. There are no visual differences
for the ‘Ruby Red’ grapefruit, but for ‘Valencia’ sweet orange, plants show a wilting aspect
in the 25% and 50% treatments, even presenting a lower temperature value on the scale
when compared to the grapefruit. On the right side, it is easy to visualize the temperature
differences. Dark-colored plants are colder than orange/yellow-colored plants. This real-
time technique identifies when the water stress occurs and when it would be the best time
to irrigate the plants.
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Figure 5. Temperature difference (∆T) between the plants and the air of ‘Ruby Red’ grapefruit (a) and ‘Valencia’ sweet
orange (b) under increasing levels of irrigation based on crop evapotranspiration (ETc). Polynomial and linear models
adjusted by regression using data from 5 replications (n = 5). Each data point is an average of 5 replications.
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Table 2. Adjustment equations, coefficients of determination (R2), and probability (P) values of the regressions for the
temperature difference (∆T).

Date ‘Ruby Red’ Grapefruit n

16 December 2019 Y = 6.2316 − 0.2114x + 0.0013x2 R2 = 0.4490 p = 0.0014 25
17 December 2019 Y = 5.4340 − 0.1236x + 0.0007x2 R2 = 0.4862 p = 0.0007 25
20 December 2019 Y = 4.2288 − 0.0812x + 0.0004x2 R2 = 0.5331 p = 0.0002 25

13 January 2019 Y = 8.2156 − 0.0865x + 0.0004x2 R2 = 0.3183 p = 0.0148 25

All dates Y = 6.0275 − 0.1257x + 0.0007x2 R2 = 0.1506 p < 0.0001 100

‘Valencia’ sweet orange

16 December 2019 Y = 1.0936 − 0.0474x R2 = 0.7209 p < 0.0001 25
17 December 2019 Y = 1.8910 − 0.0237x R2 = 0.2793 p = 0.0066 25
20 December 2019 Y = 2.6618 − 0.0304x R2 = 0.6003 p < 0.0001 25

13 January 2019 Y = 6.0794 − 0.0183x R2 = 0.2082 p = 0.0219 25

All dates Y = 2.9315 − 0.0300x R2 = 0.1220 p < 0.0001 100
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different crop evapotranspiration treatments.

3.2. Soil Moisture Monitoring

As expected, the soil moisture was kept between the field capacity and maximum al-
lowable depletion (MAD) in the treatments with 100% and 125% ETc replacement (Figure 7).
Because the 25%, 50%, and 75% ETc treatments received less water, the soil moisture de-
creased over time, reaching lower values. The 75% treatment reached values below the
maximum allowed depletion in 23 out of 32 days of soil moisture monitoring. The 25% and
50% ETc treatments were kept in low soil moisture almost during the entire experiment,
excluding the first day for the 25% ETc and the first and two last days for the 50% ETc
treatment. Soil water content significantly decreased in the 25%, 50%, and 75% ETc treat-
ments until 5 January and then increased. This happened because the soil moisture in the
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100% and 125% ETc treatments was close to the MAD soil moisture, the irrigation time was
increased to provide enough water to bring the soil moisture close to the soil field capacity.
There were 12 irrigation events during the experiment. In Figure 7, we present only the
irrigation volumes applied to the 100% treatment to facilitate the data visualization since
the irrigation volumes for the other treatments were proportional (25%, 50%, 75%, and
125% ETc).
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Figure 7. Substrate moisture and amount of irrigation applied during the study. Each colored line
indicates the average values of three sensors. The upper reference line indicates the field capacity
(FC), the lower line represents the permanent wilting point (PWP), and the central line represents
the maximum allowed depletion (MAD). Irrigations 100% show the water volumes applied to
the treatment 100%. The black arrows indicate the days in which the thermal images were taken.
ETc = crop evapotranspiration.

We applied water to keep the 100% ETc treatment soil moisture between the field
capacity and the maximum allowable water depletion. As we observed a decrease in soil
moisture, we increased the irrigation time, indicated as blue dots in Figure 7.

3.3. Photosynthesis and Transpiration

Physiological stress indicators such as leaf photosynthesis and transpiration showed
that the higher the irrigation rates, the higher the plant’s response to physiological indica-
tors, with an optimum at 100% ETc (Figure 8). Meager (25% and 50% ETc) or high water
levels (125%) in the substrate promote a reduction of these physiological parameters as a
response to water deficit or saturation.

‘Ruby Red’ grapefruit and ‘Valencia’ sweet orange showed the same trend for photo-
synthesis and transpiration rate but with a polynomial and linear adjustment, respectively,
with sweet orange presenting a lower coefficient of determination (Figure 9). Grapefruit
presented higher values of photosynthesis and transpiration.
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Figure 8. (a) Photosynthesis and (b) transpiration rate for ‘Ruby Red’ grapefruit submitted to different irrigation levels.
Polynomial models adjusted by regression using data from 5 replications. Each data point is the average ± standard
deviation of 5 replications. ETc = crop evapotranspiration.
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standard deviation of 5 replications. ETc = crop evapotranspiration.

3.4. Biomass and Difference of Temperature

The treatments with soil moisture closer to the field capacity induced higher biomass
(Figure 10). As expected, plants grown in adequate watering conditions accumulated
higher fresh (Figure 10a,b) and total fresh biomasses (Figure 10c,d). There was a reverse
trend for ‘Ruby Red’ grapefruit in the highest amount of water applied (Figure 10a,c). We
observed the same trend for total dry weights for grapefruit (34.7, 37.9, 37.4, 46.1, and 42.8)
and sweet orange (33.2, 41.2, 49.5, 50.3, and 53.3), respectively, to the 25%, 50%, 75%, 100%,
and 125% treatments.

There is a relationship between the plant water content and the canopy tempera-
ture for sweet orange (Figure 10f). The relation was not significant for grapefruit plants
(Figure 10e). The results showed a better fitting for the ‘Valencia’ sweet orange data, as
discussed previously. In this study, the temperature difference between plants and the air
reached values higher than 6 ◦C for ‘Red Ruby’ grapefruit and up to 5.6 ◦C for ‘Valencia’
sweet orange. For both citrus species, temperature values were higher than the air in all
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treatments. Another study observed differences in temperature between trees and the air
ranging from −2.2 to 2.0 ◦C in well-irrigated and water-stressed citrus plants [19].
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Figure 10. New and total fresh weight and temperature difference (∆T) between the plants and the air in ‘Ruby Red’
grapefruit (a,c,e) and ‘Valencia’ sweet orange plants (b,d,f). Polynomial models adjusted by regression using data from
5 replications. Each data point is the average ± standard deviation of 5 replications. ETc = crop evapotranspiration.
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4. Discussion

Images taken with the thermal camera allowed discriminating the water stress in one-
year-old citrus plants grown in a greenhouse. The procedure described is simple to follow,
and images (Figure 6) can be exported to text files containing canopy temperature values
(Figure 4). In addition, using the manual procedure, the operator can quickly identify
water-stressed plants.

Our results are like other studies using older cameras. Ballester et al. concluded that
canopy temperature variations in response to water stress could be detected in 8-year-old
sweet orange trees in the field with a hand-operated thermal camera [19]. However, the
study did not use a background to isolate the plants’ leaves. Gonzalez-Dugo et al. took
canopy temperature images using sensors installed 1 m away from sweet orange trees and
concluded that it is a suitable indicator for water status monitoring in citrus and managing
irrigation in precision agriculture [32]. In this study, the results were quite similar for both
species, with a higher temperature value for grapefruit (40 ◦C) compared to the sweet
orange (37 ◦C). In the same way, grapefruit presented higher values of photosynthesis and
transpiration. We can visualize plants’ thermal behavior using modern thermal cameras,
an essential tool for decision-making in irrigated agriculture.

This technique, coupled with an automated system, can be used for irrigation schedul-
ing. Thus, it is necessary to set up a limited canopy temperature to start the irrigation
system and set the irrigation time based on the soil water content. Future studies with ther-
mal imaging to assess plants’ water status need to focus on isolating the background to be
extrapolated to field and automation conditions. Users need a computer-based algorithm
to isolate the plants by simulating a different color around them. This procedure could
reduce or remove the noise from the image and highlight the plant’s temperature.

The treatments kept in low soil moisture showed higher canopy temperature values.
In these conditions, the plants absorb less water and were subject to water stress. As a result,
both ‘Ruby Red’ grapefruit and ‘Valencia’ sweet orange showed lower photosynthesis
values and transpiration. The effects of 25% and 50% water replenishment can be easily
observed in the plants (Figure 6), and this technique indicates how simple it is to identify
plants that are not well-watered.

In this study, plants were submitted to low water levels (25% and 50% treatments),
which promoted a high reduction in plant metabolism due to water deficit, as observed in
Figures 8 and 9. The drought affected citrus plant physiology and morphology, leading
to stomatal closure and an abrupt decrease in photosynthesis [35,36], ultimately resulting
in fruit yield and quality losses [37]. The decrease in canopy temperature is due to tran-
spiration, which cools off the leaf surface, and as the root zone soil moisture is depleted,
it induces a decrease in stomatal conductance and transpiration, and consequently an in-
crease in leaf temperature [6,9,38]. The same was observed in other studies with sugarcane
([8,39]), maize [10], common bean [12], almond [34], and citrus [19,32].

There is an effect of low water levels in the substrate, promoting a reduction in
metabolic processes. Plant transpiration is essential for regulating leaf surface temperature,
thus protecting photosystems from thermal degradation under high temperatures [40].
This trend is associated with partial stomatal closure when severe water restriction is
imposed on the plants [34,41]. When a plant is under water stress, the stomata control the
gas exchange at the leaf surface. Stomatal closure in response to water deficit is the primary
limitation to photosynthesis [42,43] and constitutes a necessary expense in plant growth
and temperature regulation under drought conditions [44].

When subjected to water stress, plant biomass tends to decrease due to lower carbohy-
drate transport and accumulation in response to low sugar contents in leaves [45]. Drought
stress usually increases starch hydrolyzes and a reduction in sugar translocation, mainly
sucrose [46].

Analyzing the effects of plant water content on the canopy temperature (Figure 10e,f),
we can see a better fitting for the ‘Valencia’ sweet orange data, as discussed previously. As
a result of low water levels in the substrate, the leaves closed the stomata to prevent plant
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wilting. These results are induced by the relationship between water content in the soil
and canopy temperature.

This study found a positive relationship between canopy temperature and water
status, indicating that thermal imaging is a reliable tool for assessing the water status of
one-year-old citrus plants in the greenhouse. The temperature difference between the plants
and the air was negligible when the plants contained more water since the transpiration
rate regulates leaf temperature [47].

In other studies, some authors revealed that assessing crop water stress by canopy
temperature in plants with small leaves such as citrus is more complicated and less precise
than in other crops such as Vitis vinifera [48]. This can be explained because of the different
stomatal regulation in response to irrigation restrictions [49] and differences in leaf char-
acteristics among crops, like leaf size and stomatal density, which affect the aerodynamic
and indirect stomatal conductance [19]. Xylem-borne abscisic acid (ABA) plays a crucial
role in regulating stomatal aperture serving as the first line of defense against drought,
whereas elevated atmospheric CO2 concentration delayed stomatal response to drying,
which disrupts the adaptation mechanism against drought [50]. Although citrus plants
have small leaves, we were able to apply this technology to assess water status. Plants with
larger leaves could be easier to assess.

The usefulness of thermography for plant water stress detection was studied by [19]
comparing citrus and persimmon (Diospyros virginiana) trees. They stated that thermal
camera measurements to detect plant water stress appear more precise in persimmon
than sweet orange. This might be because persimmon trees have a larger leaf size, which
determines higher canopy resistance allowing for higher canopy temperature in response
to water stress via stomatal closure.

5. Conclusions

A method for measuring the temperature of single one-year-old plants using a hand-
operated thermal camera was successfully developed and tested in two citrus species in a
greenhouse. The results showed a good relationship between temperature and the physio-
logical response of plants exposed to different water levels. Plants that received less water
and were subject to water restrictions showed higher canopy temperatures than the air for
‘Red Ruby’ grapefruit and ‘Valencia’ sweet orange. The thermal images easily identified
plants with water stress. This process allows quickly obtaining the canopy temperature
and can assess citrus water status for further research in the greenhouse and perhaps
in commercial operations with mature trees in the field after specific experimentation.
This technique, coupled with an automated system, can be used for irrigation scheduling.
Thus, it is necessary to set up a limit temperature to start the irrigation system and set the
irrigation time based on the soil water content. To use this process on a large scale, it is
necessary to apply an automation routine to process the thermal images in real time and
remove the weeds from the background to determine the canopy temperature.
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