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Resumen: Los cítricos son uno de los cultivos frutales comerciales más importantes a nivel mundial, 
incluido el sureste de España, donde el clima es semiárido y la escasez de recursos hídricos para la 
agricultura precisa del uso de estrategias de ahorro de agua, como el riego deficitario regulado (RDC), 
o fuentes de agua no convencionales, como el agua regenerada (AR). No obstante, la aplicación de estas
estrategias requiere un adecuado manejo del riego y una previa caracterización del estado hídrico de 
la planta mediante herramientas eficaces. En este trabajo se evaluó la utilidad de la termografía para 
monitorear los cambios diurnos en la fisiología de árboles de pomelo regados con AR salina y/o RDC. 
Se midieron varios parámetros fisiológicos a nivel de hoja (potencial hídrico del tallo - Ψtallo -, conduc-
tancia estomática –gs- y clorofila total –Chl T-) e índices térmicos (temperatura del dosel –Tc-, diferencia 
entre la temperatura del dosel y del aire –Tc-Ta-, índice del estrés hídrico del cultivo –CWSI- e índice 
de conductancia estomática –IG-). En general, los resultados mostraron una significativa correlación 
entre los datos fisiológicos y térmicos. La Tc y la Tc-Ta se consideraron buenos indicadores para estimar 
el Ψstem, el CWSI para la Chl T y el IG para la gs, siendo este último el índice que mejor se correlacionó 
con todos los parámetros fisiológicos (mayor significación en los coeficientes de correlación) y, espe-
cialmente, con gs al mediodía. Dado que la conductancia estomática se ha definido recientemente como 
el mejor indicador del estado hídrico del pomelo (isohídrico), aquí nosotros sugerimos que el índice IG, 
medido mediante termografía, fue el indicador más útil en pomelos regados con AR y RDC. 

Palabras clave: Cítricos; clorofila; conductancia estomática; CWSI; potencial hídrico del tallo; tempera-
tura del dosel. 
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Abstract: Citrus is one of the most important commercial fruit crops worldwide, including the south-
eastern Spain, where climate is semi-arid Mediterranean and water is not always accessible for agricul-
ture. In order to overcome this problematic, the use of water-saving strategies such as regulated deficit 
irrigation (RDI) or non-conventional water sources such as saline reclaimed water (RW) are alternatives 
for farmers. Nevertheless, an adequate irrigation management previous characterization of plant water 
status by means of reliable tools is necessary when applying these strategies. In this work, the useful-
ness of the thermal imaging (thermography) for monitoring the diurnal changes in the physiology of 
grapefruit trees irrigated with saline RW and/or RDI was assessed. Discrete physiological indicators 
(stem water potential – Ψstem -, stomatal conductance –gs- and leaf total chlorophyll –Chl T-) and ther-
mal indices (canopy temperature –Tc-, the difference between canopy and air temperature –Tc-Ta-, 
crop water stress index –CWSI-, and stomatal conductance index –IG-) were measured during a daily 
evolution. Results, in general, showed excellent relationship between physiological and thermal data. 
The most suitable thermal indicators were: Tc and Tc-Ta to estimate Ψstem, IG to gs, and CWSI to Chl T. 
Overall, IG was the index that better was related with all the physiological parameters (higher signifi-
cance in the coefficients of correlation) and, specially, with gs at midday. Since stomatal conductance 
was recently considered the best indicator of the grapefruit water status (isohydric), we suggest here 
that the IG index measured by thermography was the more useful thermal indicator of grapefruit trees 
irrigated with saline RW and RDI. 

Keywords: Canopy temperature; citrus; chlorophyll; crop water stress index; stem water potential; sto-
matal conductance. 
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1. Introduction

Water is essential for agricultural production. However, climate change is influencing the availability 
of water resources worldwide, reducing renewable surface water and groundwater resources at an 
alarming rate in most arid and semiarid regions [1] as the south-eastern Spain, where Citrus is one of 
the most important commercial fruit crops. It is estimated that by 2025, round 2 billion people will be 
affected by water scarcity [2], with a potential impact on agricultural production. Strategic approaches 
to the optimization of water management include regulated deficit irrigation (RDI), where water defi-
cits are imposed during the phenological periods when fruit trees are less sensitive to water stress, with 
little impact on yield [3]. Also, non-conventional water sources, as a component of effective water con-
servation strategies, are required in agriculture in water-limited regions [4]. In this sense, reused re-
claimed water (RW) is considered a non-expensive and reliable alternative source. This water usually 
contains essential nutrients, beneficial for crop growth and for the growers in economic terms, but also 
salts and toxic ions which discharge into the wider environment and can accumulate in soil and crops 
overtime, with negative consequences for soils, plant physiology and yield, and underground water 
bodies [5]. These impacts of RW have been studied at the plant agro-physiology and ecosystem levels 
[6-14] for crops such as citrus, almond and olive. Nevertheless, an adequate irrigation management 
previous characterization of plant water status by means of reliable tools is necessary when applying 
these two strategies. The selection of this kind of indicators is crucial since a balance must be found 
between the sensibility of measuring the crop water status and the capability to implement its meas-
urement [15]. Stem water potential (Ψstem) is considered to be the parameter par excellence for the esti-
mation of the crop water status. However, it is a destructive, non-automatable and very time-consum-
ing method, which implies discontinuous measurements. Besides, recently, stomatal conductance has 
been considered as the best and most accurate physiological indicator of crops with a near isohydric 
behaviour as is grapefruit irrigated with RW and RDI [14]; though, their measures are also punctual, 
laborious and time consuming. Other of the most extended variables used in providing insight into 
crop water status is plant temperature. The leaf temperature is affected by the stomatal aperture, which 
is influenced by plant and soil water status as well as meteorological conditions, as it acts as a cooling 
mechanism by controlling the evapotranspiration [14]. The higher the crop water stress, the lower the 
stomatal aperture in order to prevent the plant from water exhaustion, thus leading to an increase of 
leaf temperature and, in general, the canopy temperature (Tc), defined as the average T of multiple leaf 
assemblages aggregated from individual branches up to whole crowns by [16]. Then, the Tc links di-
rectly to plant water stress [17]. Other physiological traits, as Ψstem or total leaf chlorophyll content (Chl 
T) also can influence canopy water exchanges. Though these interactions are relatively straightforward
to estimate in isolated leaves, they are much more challenging to model and measure at the canopy 
scale. Critically, many of these properties can vary across non-homogeneous canopies as a function of 
canopy position, and even within species and individual crowns [18]. Several techniques can be found 
to measure the Tc. Infrared thermoradiometers (IRT) are widely used and one of the most popular 
options providing remote measurement and field installation robustness. Nonetheless, the main draw-
back of IRT is that both emitted and reflected radiation from the different sources covered by the field 
of view is integrated in the bulk measurement, thus, hampering the determination of Tc exclusively 
[15]. Alternatively, thermal imaging (thermography) integrate a larger number of leaves for the T meas-
urement and could be, in some cases, more appropriate than methods that rely only in a few leaves 
from a specific location of the canopy as it happens with the fixed IRT [17]. For this, thermography is 
being widely applied, including from handheld [19], fixed on site [20] or land vehicle-attached devices 
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[21] to airborne vehicles [22] and satellites [23]. To our knowledge, so far few studies have been pub-
lished about the usefulness of thermography in citrus under water stress [17], and nothing under saline 
RW.  

Here, in order to evaluate the effects of water and saline stresses on plant physiology and the suit-
ability of different thermal indicators obtained by thermal imaging, hourly changes in the Ψstem, the 
stomatal conductance (gs), the Chl T, and the Tc, were measured at the end of the RDI period, on DOY 
257 at two times: early morning (t1, 08.00 GMT) and near midday (t2, 11.00 GMT). Then, different ther-
mal indices (Tc-Ta, the stomatal conductance index -IG- and the crop water stress index -CWSI-) were 
calculated. Thus, the main aims were: i) assess the effects of irrigation with RW and RDI on plant phys-
iology at two times of the day with different evaporative demand; ii) the suitability of Tc measurement 
by thermography, iii) the best thermal indicator of the plant water status, and iv) the appropriate mo-
ment to take the thermal readings. We hypothesize that the treatment that combines both stresses (RW 
and RDI) will be the most physiologically affected. The more useful indicator will be the one that best 
correlates with stomatal conductance, since grapefruit is an isohydric crop. 

2. Materials and methods
Study area and irrigation treatments. The experiment was conducted at a commercial citrus or-

chard, located to the Northeast of the Murcia region in Campotéjar, 7 km north of Molina de Segura 
(38◦07’18’’N, 1◦13’15’’W). The experimental plot of 0.5 ha was cultivated with adult ‘Star Ruby’ grape-
fruit trees (Citrus paradisi Macf) grafted onto Macrophylla rootstock (Citrus macrophylla) planted at 6 
× 4 m. The irrigation scheduling and experimental design are described in more detail in [3,9,14]. All 
trees received the same amount of fertilizers, which were applied through the drip irrigation system of 
215 kg N, 110 kg P2O5 and 150 kg K2O ha–1 ·year–1. Weeds were eradicated in the orchard by applying 
the farmers’ commonly used pest control methods. The plot was always irrigated with two water 
sources. The first irrigation water was pumped from the Tajo-Segura canal (transfer water, TW) and, 
the second one, from the North of “Molina de Segura” tertiary WWTP (reclaimed water, RW). The latter 
had high salt and nutrient levels with a high electrical conductivity (EC) close to 4 dS·m−1, while, for the 
TW, the EC values were close to 1 dS·m−1. Saline water was automatically mixed with water from TW 
at the irrigation control-head to lower its EC to ≈3 dS·m−1 in order to establish a constant EC during the 
experiment. Two irrigation treatments were established for each water source: a control (C) in which 
the crop was irrigated according to water requirements (100% ETc), and a regulated deficit irrigation 
(RDI), applying only 50% of ETc during the second phase of rapid fruit growth. RDI period began on 
DOY 185 (4 July) and ended on DOY 260 (17 September). The daily evolution was carry out on DOY 
257. The physiological and thermal measurements were carried out twice a day: at 08.00 GMT (t1) and 
at 11.00 GMT (t2). 

Physiological crop response. Physiological data were measured in order to obtain the plant-truth data. 
Stomatal conductance (gs) and stem water potential (Ψstem) were determined on eight fully-expanded 
leaves from the mid-shoot area of each tree per treatment (two leaves from each replicate). The gs was 
determined with a portable photosynthesis system (LI-6400 Li-Cor, Lincoln, Nebraska, USA) as de-
scribed by [7]. The Ψstem was determined using a pressure chamber (model 3000, Soil Moisture Equip-
ment Corp., California, USA) as described by [10]. The osmotic water potential at full turgor (Ψ100s) and 
leaf chlorophyll determination was carried out as described by [14] and [7], respectively. Osmotic ad-
justment was calculated by [14]. 

Thermal response. Average canopy temperatures (Tc) were measured using thermography twice in 
the course of the day (at t1 and t2) from the sunlit side of the canopy [24] in eight plants per irrigation 
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treatment. One thermal image from the canopy, from each of the eight plants per treatment, was ob-
tained from a constant distance (d) of 0.5 m. The selected plants were the same on which gas exchange 
was immediately measured. Thermal images were obtained manually with a thermal imager (Therma-
Cam FLIR-e50 System, Inc., Danderyd, Sweden). Camera features and input used are described by [25]. 
Where the canopy was imaged, dry and wet reference leaves were used to simulate leaves with fully 
closed and fully open stomata, respectively [24]. Wet reference leaves were sprayed with water to main-
tain their moisture level, and dry reference leaves were covered both sides with petroleum jelly. Ther-
mal images were processed with ThermaCam Explorer software (FLIR Quick Report, FLIR Systems, 
Danderyd, Sweden). Tc for each thermal image was obtained as the average of delimited portions of 
mature leaves, excluding reference leaves. The temperatures of the reference leaves (Twet and Tdry) in-
cluded in the thermal image were obtained as the mean values of each of them (see in [25]). The tem-
peratures of the reference leaves (Twet and Tdry) in conjunction with Tc were used to obtain thermal 
indices: the stomatal conductance index (IG) and the crop water stress index (CWSI). The index IG = 
(Tdry - Tc)/(Tc - Twet) is theoretically proportional to stomatal conductance of water vapour (Jones et al., 
2002). The CWSI = (Tdry - Tc)/(Tdry - Twet) [26] commonly varies between 0 and 1. Values close to 0 indi-
cate a fully transpiring leaf/crop (i.e. no stress); whereas values close to 1 indicate a non-transpiring 
leaf/crop (i.e. maximum stress). The air temperature was obtained from several thermoradiometers 
placed in the upper part of the tree canopies in the experimental plot. 

Statistical analysis and experimental design. A weighted analysis of variance (ANOVA) followed by 
Tukey’s test (P ≤ 0.05) was used for assessing differences among treatments. Linear regressions among 

the physiological variables and thermal data were calculated. Pearson´s correlation coefficients were 
used to assess the significance of these relationships. These statistical analyses were performed using 
SPSS (vers. 23.0 for Windows, SPSS Inc., Chicago, IL, USA). The experimental design of each irrigation 
treatment was 4 replicate distributed following a completely randomized design. Each replicate con-
sisted of 12 trees, organized in 3 adjacent rows. Two trees of the middle rows from each replication 
were used for measurements and the rest acted as guards and were excluded from the study to elimi-
nate potential border effects. 

3. Results and discussion
3.1 Effects of water and saline stress on the water relations and leaf chlorophyll 
Regarding the water relations, both water and saline stress reduced significantly the Ψstem and gs 

respect to the control trees in the two samplings, mainly RW-RDI. This treatment showed the lowest 
Ψstem values, reaching an important stress (-2.4 MPa) at midday since it did not intensify its stomatal 
closure; that is, its gs was the same in both sampling times. Unlike, TW-RDI had high capacity to close 
stomata with the increase in evaporative demand at midday that protected it from a drop in Ψstem (Table 
1). Consequently, the correlations between stomatal conductance and water potential was higher in 
early morning (Ψstem = 13.27 gs - 2.13, R=0.71, p<0.005) than at midday (Ψstem =17.24 gs - 2.79, R=0.68, 
p<0.01). Chlorophyll synthesis was negatively affected by irrigation with RW but not because of RDI 
(Table 1). Concretely, the Chl b pigment was reduced to a greater extent than the Chl a pigment (by 
39% the Chl a, and by 46% the Chl b), giving rise to a significant increase in the Chl a/b coefficient of 
the RW trees respect to the control (by 13%) (Table 2). There were no significant correlations between 
ChlT and Ψstem or gs. From t1 to t2, the TW treatments (FI and RDI) significantly decreased the Ψstem 
and the gs. The RW trees also reduced the Ψstem, as expected, although maintained the same stomatal 
regulation over time (similar values of gs in both samplings) and increased the Chl T level at t2 respect 
to t1. 
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 Table 1. Physiological parameters: stem water potential (Ψstem, MPa), stomatal conductance (gs, 
mol·m-2·s-1) and total leaf chlorophyll content (Chl T, mg·g-1FM), at t1 (08.00 GMT) and at t2 (11.00 
GMT) on DOY 257 for each treatment: TW-FI (transfer water-full irrigation), TW-RDI (transfer wa-
ter-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation) and RW-RDI (reclaimed wa-
ter-regulated deficit irrigation). Each value is the average ± SD of eight individual trees. Different 
letters in the same row indicate significant differences among treatments according to Tukey’s test 
(p<0.05). Asterisk indicates significant differences between time samplings for the same treatment 
according to repeated measures ANOVA (*p < 0.05). 

 Parameter Sampling time TW-FI TW-RDI RW-FI RW-RDI 

Ψstem 
t1 -0.68±0.02c* -1.06±0.02b* -1.01±0.08b* -1.85±0.11a* 

t2 -1.20±0.07c -1.70±0.07b -1.66±0.10b -2.37±0.13a 

gs 
t1 0.11±0.03c* 0.07±0.02b* 0.06±0.01b 0.05±0.01a 

t2 0.08±0.01b 0.04±0.01a 0.07±0.01b 0.05±0.01a 

ChlT 
t1 1.97±0.13b 1.64±0.25b 0.97±0.13a* 1.11±0.13a* 

t2 1.95±0.15b 1.49±0.18ab 1.26±0.12a 1.42±0.14a 

Table 2. Chlorophyll a (Chl a), chlorophyll b (Chl b) and coefficient a/b (Coef a/b) at t1 (08.00 
GMT) and at t2 (11.00 GMT) on DOY 257 for each treatment: TW-FI (transfer water-full irrigation), 
TW-RDI (transfer water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation) and 
RW-RDI (reclaimed water-regulated deficit irrigation). Each value is the average ± SD of eight indi-
vidual trees. Different letters in the same row indicate significant differences among treatments ac-
cording to Tukey’s test (p<0.05). Asterisk indicates significant differences between time samplings 
for the same treatment according to repeated measures ANOVA (*p < 0.05). 

Parameter Sampling time TW-FI TW-RDI RW-FI RW-RDI 

Chl a 
t1 1.50±0.10c 1.24±0.19b 0.76±0.11a 0.86±0.10a 

t2 1.48±0.12c 1.14±0.14b 0.89±0.29a 1.11±0.10ab 

Chl b 
t1 0.47±0.04c 0.39±0.06b 0.21±0.03a 0.24±0.03a 

t2 0.47±0.03c 0.35±0.05b 0.25±0.08a 0.31±0.04ab 

Coef a/b 
t1 3.16±0.07a 3.17±0.08a 3.61±0.10b 3.53±0.11b 

t2 3.18±0.11a 3.22±0.11a 3.61±0.12b 3.57±0.11b 

A higher content of phytotoxic elements as Na+ (by 76.9 and 46.2% for RW-FI and RW-RDI, respec-
tively) and Cl- (by 33.3 and 12.1% for RW-FI and RW-RDI, respectively) was found in the RW treatments 
respect to the control, although there were no significant differences among treatments. A moderate 
osmotic adjustment (OA) was presented in the RW treatments (0.20 and 0.23 MPa for RW-FI and RW-
RDI, respectively) (Table 3). 

Table 3. Leaf osmotic potential at full turgor (Ψ100s) at midday, osmotic adjustment (OA) and 
leaf phytotoxic elements on DOY 257 for each treatment: TW-FI (transfer water-full irrigation), TW-
RDI (transfer water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation) and RW-
RDI (reclaimed water-regulated deficit irrigation). Each value is the average ± SD of four individual 
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trees. Different letters in the same row indicate significant differences among treatments according 
to Tukey’s test (p<0.05).  

Treatment Cl-

(%) 
Na+

(%) 
Ψ100s 
(MPa) 

OA 
(MPa) 

TW-fI 0.33±0.08a 0.013±0.001a -1.14±0.06a - 
TW-nI 0.25±0.05a 0.016±0.002a -1.08±0.09a +0.06 
RW-fI 0.44±0.05a 0.023±0.005a -1.34±0.11b -0.20 
RW-nI 0.37±0.11a 0.019±0.001a -1.37±0.13b -0.23 

      Overall, the lowest stem water potential was displayed in the RDI treatments, mainly in the trees which 
combined both water and saline stresses, followed by the trees full irrigated with RW. This reduction of water 
potential led to a stomatal closure in all stressed treatments respect to the control, according to Romero-
Trigueros et al. (2021b). Leaf chlorophyll content was affected by irrigation with saline RW in both sampling 
times, according to the results shown in [27] for citrus seedlings and in [7,3] for mandarin and grapefruit, but 
not by the water stress generated with the RDI. The differences in Chl T between the TW and RW treatments 
were smaller at midday than at predawn since the trees irrigated with RW increased their values from t1 to 
t2 because the increase in the Tc directly affected the accumulation of chlorophyll in leaves, as reported [28] 
for wheat leaves. Nevertheless, there is a lack of knowledge about the diurnal changes of chlorophyll in the 
recent literature. When the evaporative demand was higher, at midday, the non-saline treatments (TW trees) 
regulated stomata to slow the drop in water potential. On the contrary, the saline RW treatments presented 
a slight osmotic adjustment that maintained the stomatal opening at levels similar to those obtained at pred-
awn. Thus, the light accumulation of salts as Cl- and Na+ in the RW leaf did not cause a specific ion effect 
affecting the gas exchange, if not an osmotic effect, causing a higher water deficit. These plants performed 
an osmotic adjustment increasing osmotic potential at full turgor, as mechanisms to adapt to osmotic stress, 
which maintained the leaf turgor required to keep stomata open and sustain gas exchange [14; 29,30]. Nev-
ertheless, RW-RDI continued with a gs significantly lower than control, as at predawn. 

3.2. Effects of water and saline stress on the thermal indices at canopy level. Relationships between physio-
logical parameters and thermal indices. 
The Tc and the difference between Tc-Ta increased significantly at t2 in the RW-FI and mainly in 

both RDI treatments, respect to the control. RW-RDI reached the highest levels at t2. The treatments 
TW-RDI and RW-FI had similar values of Tc at t2; however, when the values of Tc were normalized 
with air temperature (Ta), the higher significantly values of Tc-Ta were found in RW-FI. Thus, the nor-
malization of Tc by Ta showed more significant differences among treatments than the value of Tc 
without normalizing. The Tc increased in all trees from t1 to t2, as expected, and the Tc-Ta values de-
creased. The CWSI was also significantly higher in the RW-FI and RDI treatments, mainly in RW-RDI 
at t1. The CWSI was generally similar in both sampling times. Respect to the IG, all treatments decreased 
it vs control (TW-FI>TW-RDI>RW-FI>RW-RDI). The IG index decreased from t1 to t2, agreement with 
gs data (Table 4). 

Table 4. Thermal indicators: canopy temperature (Tc, ºC), difference between canopy and air 
temperature (Tc-Ta, ºC), crop water stress index (CWSI) and stomatal conductance index (IG) at t1 
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(08.0 GMT) and at t2 (11.00 GMT) on DOY 257 for each treatment: TW-FI (transfer water-full irriga-
tion), TW-RDI (transfer water-regulated deficit irrigation), RW-FI (reclaimed water-full irrigation) 
and RW-RDI (reclaimed water-regulated deficit irrigation). Tc was collected by thermography. Each 
value is the average ± SD of eight individual trees. Different letters in the same row indicate signif-
icant differences among treatments according to Tuckey’s test (p<0.05). Asterisk indicates significant 
differences between time samplings for the same treatment according to repeated measures ANOVA 
(*p < 0.05). 

Thermography 

Thermal indicator Sampling 
time TW-FI TW-RDI RW-FI RW-RDI 

Tc t1 31.49±1.24a* 33.00±1.16a* 32.67±1.33a* 33.01±1.01a* 
t2 33.35±1.80a 35.69±1.27b 36.35±1.50b 37.97±1.45c 

Tc-Ta t1 9.37±1.95a* 10.88±1.31a* 10.55±0.86a* 10.89±1.15a* 
t2 0.34±1.36a 2.67±1.27b 3.31±1.55c 5.28±0.90d 

CWSI t1 0.51±0.01a 0.61±0.01b 0.69±0.04b 0.73±0.03c* 
t2 0.55±0.04a 0.61±0.03ab 0.67±0.02b 0.66±0.05b 

IG t1 3.62±0.02b* 2.77±0.02ab* 2.67±0.02a* 2.28±0.03a* 

t2 2.43±0.03d 1.69±0.03c 1.61±0.02b 1.50±0.02a 

It is important to emphasize also that the CWSI (Table 4) detected the TW-RDI treatment had level 
of stress similar to that of RW-RDI at t2 since it is theoretically a function of the relative transpiration 
[31]. This was not what the water potential measurements at leaf level reflected (Table 1) because the 
sensitivity of CWSI was attenuated in grapefruit trees by feedback of stomatal closure [14,32]. 

    Significant correlations between physiological and thermal indicators were found (Table 5). The Tc 
and Tc-Ta indicators were significantly correlated with Ψstem, gs and Chl T in both sampling times, 
being the level of significance lower for the gs at midday (t2) and for the Chl T at early morning (t1). 
The CWSI significantly correlated with Ψstem and Chl T at both sampling times, and with gs only at t1. 
The slopes were negative in all cases. The IG showed better relationship than the CWSI with the gs at 
t2. Besides, its slope was positive. This is, the greater the stomatal opening, the greater the IG. Alike, the 
IG was also significantly correlated with Ψstem and Chl T at both sampling times. In general, the results 
were excellent, except when Tc, Tc-Ta and CWSI were correlated with the gs at midday because the 
average Tc of TW-RDI (35.69±1.27) (Table 4) was lower than expected based on the gs data. This prob-
lem was solved by using the IG index. Therefore, our results were according to the literature which 
showed that infrared thermal imaging can be used to assess the crop water status under field conditions 

[17,33]. 

Table 5. Coefficients of correlation (R) and slope sign for linear regressions found between the thermal 
indicators: canopy temperature (Tc, ºC), difference between canopy and air temperature (Tc-Ta, ºC), crop 
water stress index (CWSI) and stomatal conductance index (IG), with stem water potential (Ψstem, MPa), 
stomatal conductance (gs, mmol·m-2·s-1) and total leaf chlorophyll content (Chl T, mg·g-1FM), at t1 (08.00 
GMT) and at t2 (11.00 GMT) of grapefruits trees, regardless of irrigation treatments, on DOY 257. *p<0.05, 
** p<0.01, *** p<0.005.   
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versus 
  Time  Slope sign    R 

Tc 

Ψstem 
t1 - 0.71*** 

t2 - 0.89*** 

gs 
t1 - 0.81*** 

t2 - 0.60* 

Chl T 
t1 - 0.63* 

t2 - 0.77*** 

Tc-Ta 

Ψstem 
t1 - 0.71*** 

t2 - 0.88*** 

gs 
t1 - 0.81*** 

t2 - 0.58* 

Chl T 
t1 - 0.63* 

t2 - 0.75*** 

CWSI 

Ψstem 
t1 - 0.80*** 

t2 - 0.69** 

gs 
t1 - 0.81*** 

t2 - 0.39 

Chl T 
t1 - 0.87*** 

t2 - 0.83*** 

IG 

Ψstem 
t1 + 0.86*** 

t2 + 0.70*** 

gs 
t1 + 0.86*** 

t2 + 0.77*** 

Chl T 
t1 + 0.80*** 

t2 + 0.76*** 

      Here, data from thermography determined accurately the Tc of the grapefruits and did it agree-
ment with the measured physiological parameters. In the particular case of the TW-RDI treatment, 
which important stomatal regulation from t1 to t2 (43%), the Tc values at solar noon were not as high 
as those of the RW-RDI treatment since this last one had a stomatal closure, of by 55% respect to the 
control, maintained over time (t1= t2) that increased the Tc more than that of TW-RDI. Overall, the most 
suitable thermal indicators measured by thermography to estimate the diurnal changes in the physio-
logical parameters were: Tc and Tc-Ta for stem water potential, IG for stomatal conductance and CWSI 
for Chl T. In addition, the IG was the index that better was related with the physiological parameters 
(higher significance in the coefficients of correlation) and specially with the gs at midday. As cited 
above, stomatal conductance was recently considered the best indicator of the water status of isohydric 
citrus [14]. Thus, we suggest here that the IG index measured by thermography was the more useful 
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thermal indicator of grapefruits irrigated with saline RW and RDI. Finally, it was remarkable the ad-
vantage of thermography since leaf number analyzed by thermal camera was large. Besides, thermal 
images were taken in the same area where the physiological measurements were made, this is, from 
the sunlit side of the middle of the canopy, while other methods as thermometry were pointing from 
above of the trees, avoiding then those areas that could introduce significant noise in the results [25].  

4. Conclusions

The usefulness of the thermal imaging (thermography) for monitoring the diurnal changes in the
physiology of grapefruit trees irrigated with saline reclaimed water (RW) and/or regulated deficit irriga-
tion (RDI) was assessed. Discrete physiological indicators as stem water potential, stomatal conductance 
and leaf total chlorophyll, and thermal indices (Tc, Tc-Ta, CWSI, and IG) were measured during a daily 
evolution. Results showed good relationships between all physiological and thermal data. Since stomatal 
conductance was defined the better indicator of the water status in isohydric citrus, it is suggested that the 
IG index is the more useful thermal indicator of the water status of grapefruits, making the thermography 
a promising tool for irrigation water management under these conditions of irrigation with saline RW and 
RDI. However, a manual segmentation for the extraction of the region of interest is required, which makes 
them unsuitable for continuous and autonomous measurement [34]. Future research should be directed 
to the design and validation of thermal image-based sensory platforms with automatic image processing. 
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