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Abstract

Water stress may greatly limit plant functionality and growth. Stomatal closure and

consequently reduced transpiration are considered as early and sensitive plant

responses to drought and salinity stress. An important consequence of stomatal clo-

sure under water stress is the rise of leaf temperature (Tleaf), yet Tleaf is not only fluctu-

ating with stomatal closure. It is regulated by several plant parameters and

environmental factors. Thermal imaging and different stress indices, incorporating

actual leaf/crop temperature and reference temperatures, were developed in previous

studies toward normalizing for effects unassociated to water stress on Tleaf, aiming at a

more efficient water stress assessment. The concept of stress indices has not been

extensively studied on the model plant Arabidopsis thaliana. Therefore, the aim of this

study was to examine the different indices employed in previous studies in assessing

rosette transpiration rate (E) in Arabidopsis plants grown under two different light envi-

ronments and subjected to salinity. After salinity imposition, E was gravimetrically

quantified, and thermal imaging was employed to quantify rosette (Trosette) and artificial

reference temperature (Twet, Tdry). Trosette and several water stress indices were tested

for their relation to E. Among the microclimatic growth conditions tested, RWSI1 ([Tro-

sette � Twet]/[Tdry � Twet]) and RWSI2 ([Tdry � Trosette]/[Tdry � Twet]) were well linearly-

related to E, irrespective of the light environment, while the sole use of either Twet or

Tdry in different combinations with Trosette returned less accurate results. This study

provides evidence that selected combinations of Trosette, Tdry, and Twet can be utilized

to assess E under water stress irrespective of the light environment.

1 | INTRODUCTION

As sessile organisms, plants are exposed to several adverse environ-

mental conditions during their life span and respond accordingly

through a variety of mechanisms to survive and reproduce. Drought

and salinity are major factors limiting plant functionality and growth

(Daryanto et al., 2017; González Guzmán et al., 2022; Zörb

et al., 2019) and their impacts on plants are exacerbating due to cli-

mate change (Corwin, 2021; Mukherjee et al., 2018). The early

responses to drought and salinity have been considered largely identi-

cal (Flexas et al., 2004; Munns, 2002). To minimize water loss to the

atmosphere (i.e., transpiration) under limited water uptake and main-

tain their internal water status, seed plants rapidly close their stomata

(Lawson & Vialet-Chabrand, 2019; McAdam & Brodribb, 2012). Sto-

matal closure and, consequently, the reduced transpiration rates are

considered as (1) early and sensitive responses of plants

(Munns, 2002) and (2) tolerance traits to water deficit (Bartlett

et al., 2016). Although stomatal conductance and transpiration rates

are widely and precisely quantified at leaf level using portable gas

exchange photosynthesis systems (e.g., Savvides et al., 2012;

Savvides & Fotopoulos, 2018), leaf porometers (Filippou et al., 2011,

2021), and gravimetric techniques (Cirelli et al., 2012), faster and
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higher throughput quantification methods are needed to accelerate

the production of new knowledge in the field.

An important consequence of stomatal closure under water

stress is the reduction in heat dissipation through transpiration

(i.e., latent heat transfer) and, therefore, the rise of leaf tempera-

ture (Jones, 1999a). Plant temperatures can be monitored using a

variety of methodologies depending on the aim of the study and

the available tools (e.g., Savvides et al., 2013, 2016). Infrared ther-

mography is a technique using a thermal imager to detect infrared

radiation (i.e., heat) emitted from an object and processing it to

estimate the object's temperature. Infrared thermography

(Jones, 2004) is one of the most widely used imaging techniques in

the field of plant–environment interactions (Costa et al., 2013;

Maes & Steppe, 2012). According to Jones (1999a), the idea of

using leaf (Tleaf) or canopy temperature (Tcanopy) as an indicator of

plant water stress was proposed over half a century ago

(e.g., Tanner, 1963). Considering the leaf energy balance equation,

Tleaf is not only varying with stomatal closure, but it is also regu-

lated by several plant parameters and environmental factors

(Jones, 1992, 2004) such as air temperature (Tair), radiation, air

vapor pressure deficit (VPD), and wind speed (Costa et al., 2013).

Therefore, if a study aims, for example, to compare the physiologi-

cal responses of a plant to different water stress levels under stable

weather conditions, Tleaf alone can be utilized as a reliable stress

indicator. On the other hand, if the weather conditions are fluctuat-

ing during the study, then their effects on Tleaf should be normal-

ized to properly assess the plant stress level (Jones et al., 2009).

Several stress indices have been developed through the years

to normalize for weather conditions (reviewed in Costa

et al., 2013). Initially, the development of the “stress degree day”
(i.e., the accumulated difference in temperature between the leaf

or crop canopy and the air along a certain period; Jackson

et al., 1977) represents an improvement over the use of Tcanopy

alone, since it allows for fluctuating Tair (Costa et al., 2013). There-

after, it was suggested that Tcanopy � Tair depends on VPD (Jackson

et al., 1981). Under non-limiting soil water conditions, a crop tran-

spires at a potential rate; however, the latter increases with

increasing VPD (Costa et al., 2013). The linear relationship between

Tcanopy � Tair and VPD was called “the theoretical non-water stress

baseline” (Jackson et al., 1981). At a given VPD, for a selected

crop, this baseline provides the minimum value to Tcanopy � Tair.

Tcanopy � Tair of a non-transpiring crop is insensitive to VPD, pro-

vides the upper limit to Tcanopy � Tair, and can be estimated if wind

speed and net solar radiation are known (Costa et al., 2013). Jack-

son et al. (1981) developed a crop water stress index (CWSI) based

on Tcanopy � Tair, the lower (i.e., the minimum possible value) and

the upper limit (i.e., the maximum possible value) to Tcanopy � Tair.

The higher the CWSI, the higher the estimated crop stress level

(Costa et al., 2013). Determining the theoretical non-water stress

baseline is time-consuming and CWSI does not account for changes

in aerodynamic resistance and radiation (Costa et al., 2013;

Prashar & Jones, 2016). Jones (1999a) proposed the replacement

of the theoretical non-water stress baseline and the upper limit

with the temperatures of two objects imaged in the same environ-

ment and at the same time with the canopy of interest. The two

objects represent a canopy (or a leaf ) with maximum transpiration

and a non-transpiring surface. This version of CWSI and a rearran-

gement of the latter (IG; proportional to stomatal conductance;

Jones, 1999a; Maes & Steppe, 2012) yielded better results across a

range of weather conditions (Jones, 1999a). However, CWSI and

IG, estimated based on reference surfaces, depend on the boundary

layer conductance (i.e., the ease in which gas and energy are

exchanged through the boundary layer, a thin zone of calm air sur-

rounding a leaf ), which in turn depends on the air flow near the leaf

surface (Jones, 1999a; Jones, 2002; Maes & Steppe, 2012). There-

fore, variations in wind speed and/or crop or leaf traits shaping

boundary layer conductance should be considered when utilizing

the water stress index concept (Jones, 2004; Maes &

Steppe, 2012). In addition, more candidate indices, using one of the

reference surfaces, were tested across a range of conditions in pre-

vious studies (e.g., Poirier-Pocovi & Bailey, 2020).

Water stress indices are commonly related to stomatal conduc-

tance, a measure of stomatal closure (Jones, 2002), usually quantified

by porometric techniques (Jones, 1999a; Jones, 2002; Poirier-

Pocovi & Bailey, 2020). However, these leaf-level measurements may

not be representative of the whole-plant responses and water loss

(Cirelli et al., 2012). Some of the possible reasons for this are: (1) the

spatial heterogeneity in stomatal behavior present at leaf- and plant-

scale (McAusland et al., 2015); (2) the plant architecture and the het-

erogeneous air flow influencing boundary layer conductance (Rice

et al., 2001); and (3) the vapor pressure difference between the can-

opy and the atmosphere (i.e., the driving force for transpiration),

which can differ in a closed system such as a porometer. On the other

hand, whole-plant transpiration (E) measurement is of interest in the

context of whole-plant physiology (Cirelli et al., 2012). E is the water

loss in the form of water vapor from a plant surface, and thus a deter-

mining parameter of plant water use efficiency and crop stress toler-

ance (Ryan et al., 2016). E is not only governed by stomatal

conductance but also by the boundary layer conductance and leaf-to-

air vapor pressure difference, and thus the environmental factors and

plant traits determining the three distinct parameters (Jones, 1992).

Therefore, E estimation based on thermal imaging is essential to inte-

grate sub-organismal mechanisms, such as stomatal closure at leaf

level, and the environment into an easy-to-measure whole-plant level

response and water loss.

Arabidopsis thaliana (L.) is a model plant (Meyerowitz, 2001) highly

employed in high-throughput phenotyping platforms (Jangra

et al., 2021) to advance our understanding of genotype-to-phenotype

transitions. Thermal imaging has been employed and various stress

indices tested against different physiological parameters across a

range of conditions and plant species in the form of proximal or

remote sensing (reviewed in Pineda et al., 2021). Despite the wide

application of thermal imaging in A. thaliana research (e.g., Klem

et al., 2016; Merlot et al., 2002; Orzechowska et al., 2020), the con-

cept of water stress indices has not been extensively tested. The main

aim of this study was to examine the use of different water stress

2 of 14 SAVVIDES ET AL.
Physiologia Plantarum

 13993054, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13762 by C

yprus U
niversity O

f, W
iley O

nline L
ibrary on [11/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



indices employed in previous studies (Costa et al., 2013;

Jones, 1999a; Poirier-Pocovi & Bailey, 2020) in assessing rosette tran-

spiration rate in A. thaliana. For that purpose, we used plants grown

under two different light environments and subjected to different

salinity levels.

2 | MATERIALS AND METHODS

2.1 | Plant material and growth conditions

Seeds of A. thaliana (L.) Heynh. ecotype Columbia (Col-0) were strati-

fied (i.e., subjected for 3 days at 4�C) and germinated in soil

(Plantaflor® potting soil, DE). Following plant emergence, 3 days after

stratification (3 DAS), young seedlings were transplanted in custom-

made pots (Figure 1B) and subjected to two different photosynthetic

photon flux densities (PPFD), 80 and 168 μmol m�2 s�1 provided by

fluorescent tubes (54 W/T5/840 FHO, Sylvania Lighting). Exactly

40 plants per PPFD level were grown on growth stands in a climate

room. Growth under two PPFD levels but in a single climate room

with controlled air temperature, humidity, and air flow promoted the

reduction of local gradients in environmental factors other than radia-

tion. During growth, the mean air temperature (Tair) was approxi-

mately 22�C, and the mean relative humidity (RH) was approximately

55% (TT4 Humidity monitor, Sensitech). No considerable differences

were observed between the two different PPFDs regarding Tair

and RH.

2.2 | Salinity treatments

Twenty-four days after stratification (24 DAS), each plant was irri-

gated with 50 ml NaCl solution. Six concentrations of NaCl were used

(0, 100, 200, 400, 600, and 800 mM). Five plants per light treatment

and salinity level were used. Salinity stress was maintained for 4 days

until the end of the experiment. Soil water potential (Ψsoil) for every

container was measured in soil samples using a dewpoint water

potential meter (WP4, Decagon Devices, Inc.) immediately after the

end of the experiment (Figure 1A). As 800 mM NaCl concentration

caused severe stress resulting in significant leaf area loss within the

first day after stress induction, plants treated with 800 mM NaCl were

not included in further analysis.

2.3 | Transpiration rate, projected rosette area,
and final growth

Plant water loss was quantified according to Wituszy�nska et al. (2013)

and Wituszynska and Karpi�nski (2014), with some adjustments. Trans-

parent cylindrical plastic containers (270 ml volume) were filled with

potting soil (Plantaflor® potting soil, DE) and sealed with blue caps

(Figure 1B). Caps (38.5 cm2 surface area) were used to minimize soil

evaporation. The cap's blue color contrasted with the rosette and

facilitated image segmentation. Two holes (0.1 cm2 surface area) were

drilled, one at the center and one at the rear of each cap to assist the

outgrowth of the plants and irrigation, respectively. Water loss

through the holes due to evaporation was quantified during the

experiment in containers without plants and was subtracted from the

overall water loss. The transparent part of the container was covered

prior to the experiment with black tape to avoid light penetration into

the soil and roots (Cabrera et al., 2022). During growth and salinity

treatments, diel water loss was quantified by measuring the container

weight using a balance (0.001 g resolution) before and after irrigation.

Plants were irrigated when necessary to maintain the initial container

weight and soil moisture. Projected rosette area (PRA) was quantified

throughout the experiment and used as an indicator of plant growth

in time as well as for the calculation of rosette transpiration rate

(E, water loss per rosette area per unit time). PRA was quantified using

red, green, and blue (RGB) imaging and image analysis using the free-

ware ImageJ (Schneider et al., 2012) as described by Savvides and

Fotopoulos (2018). At the end of the experiment, rosettes were dis-

sected and final fresh (FW) and dry weights (DW, after drying in an

oven at 80�C) were quantified. Rosette water content (WC) was then

estimated based on the following formula ([FW � DW]/DW) � 100.

2.4 | Thermography

All thermal images were obtained with a thermal camera Optris PI450

(Optris GmbH), equipped with a 38o � 29o lens (focal length,

f = 15 mm) that operates in the wavebands 7.5–13 μm and has ther-

mal sensitivity of 0.04 K and optical resolution of 382 � 288 pixels.

F IGURE 1 (A) Soil water potential (Ψsoil) quantified for each

salinity treatment. Different letters above the bars indicate significant
differences between the means (p < 0.05; n = 5 measurements, each
on an independent plant) by one-way analysis of variance (Tukey
test). Error bars indicate the standard error of the mean (SEM).
(B) Custom-made plant containers used in the study. (C) Sample
infrared image indicating the rosette temperature (Trosette), reference
wet (Twet), and dry (Tdry) temperatures.
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Rosette emissivity was set at 0.95 (Jones, 2004). The thermal and

RGB camera were secured on a stand with the lenses vertically posi-

tioned (using a clinometer). The two cameras were positioned 20 cm

above the surface of the plants and between the light sources (i.e., to

avoid plant shading). Images were captured during the morning (2 h

after the lights were turned on) of the second and fourth day after

stress imposition. Four plants were imaged simultaneously in a single

acquisition with two reference objects (Figure 1C) under their growth

conditions (i.e., low light [LL] or high light [HL]). The reference objects

were dry and wet pieces of green felt (Jones, 1999b; Vialet-

Chabrand & Lawson, 2020) placed on two identical plastic containers

representing a non-transpiring surface and a surface with infinite con-

ductance, respectively. The wet reference was rewetted when needed

to maintain it saturated. The plants and reference objects were moved

in place (i.e., under the growth light intensity) for imaging and the

images were captured 15 min after relocation to ensure object tem-

perature stabilization.

Thermal images were segmented (i.e., background removed) using

masks obtained from processing RGB images. This was necessary

because rosette and pot caps had a similar temperature in some treat-

ments, making it difficult to segment using simple threshold algo-

rithms. A commercial software was used for most of the procedure

(i.e., Vision Development Module version 18.5 for LabVIEW from NI).

First, original RGB images (Figure S1A) were transformed to the Inter-

national Commission on Illumination (CIE) L*a*b* color space using

the “IMAQ RGBToColor 2 VI” procedure. Each of the three CIE

L*a*b* channels was stored and processed independently;

Figure S1B–D shows each channel. Then, pot caps were found in the

thermal (Figure S2A) and CIE b* channel images (Figure S1D) by look-

ing for circular edges using the “IMAQ Find Circular Edge 3 VI” algo-

rithm. This allowed us to find coordinates for caps centers in each pot

for both images (Figures S1E and S2B). As the used lenses were not

telecentric and each camera had a slightly different angle with respect

to the rosettes plane, there were small perspective differences

between the thermal and RGB/CIE L*a*b* images. To correct for this,

we used in Python the “getPerspectiveTransform()” algorithm from

the OpenCV library (Bradski, 2000). As the pots were ordered in a

rectangular array in each image, we used the pot centers from four

pots located at the corners of each image as reference coordinates for

the quadrangle vertices (Figures S1E and S2B). The resulting images

had the same apparent perspective (Figures S1F–H and S2C) as if the

thermal and RGB/CIE L*a*b* images were acquired by placing both

cameras in spatial superposition. Next, we obtained a segmentation

mask for the coin (added to each image as size reference) using the

CIE L* channel and the “IMAQ Find Circular Edge 3 VI” algorithm.

Coin segmentation mask is shown in Figure S1I.

To segment the rosettes, we used the CIE a* and b* channels.

First, the “IMAQ AutoMThreshold 2 VI” classified the pixels into six

classes according to their intensity in both the a* and b* channels,

independently. Then, the “IMAQ MultiThreshold VI” selected the clas-

ses that corresponded to the rosettes; in this step, a human curator

aided in selecting the right classes. Next, the results from processing

the CIE a* and b* channels were added together, and a segmentation

mask was obtained using the “IMAQ AutoBThreshold” algorithm. In

the rosette segmentation mask, the coin was removed by using the

coin segmentation mask previously obtained from the CIE L* channel.

Finally, border and small particles were removed from the rosette seg-

mentation mask using the “IMAQ RejectBorder VI” and “IMAQ Remo-

veParticle VI” algorithms, respectively; for the latter algorithm,

10 erosions were used. Figure S1J shows the resulting rosette seg-

mentation mask. Rosette segmentation mask was then downscaled to

a tenth of its original size using the zero-order option from the “IMAQ

Resample VI” procedure; this was done to account for the lower reso-

lution in the thermal images. Next, borders in the scaled rosette seg-

mentation mask were identified by the “IMAQ EdgeDetection VI”
algorithm, using the differentiation method. This allowed us to pre-

cisely identify the border (i.e., edges) between leaves and the cap

background. Figure S1K,L shows the identified edges, and Figure S1l

shows a single rosette edge superimposed on the CIA a* to show the

resulting high-quality match. The same procedure failed to find edges

in the thermal images; therefore, a different procedure was used to

approximate the edges' locations.

Edges between leaves and background in the thermal images

were approximated using the following procedure. First, thermal

images were smoothed using linear filtering by the “IMAQ Convolute

VI” algorithm; for this, a 3 � 3 Gaussian convolution matrix

(i.e., kernel) was used. Next, the “IMAQ CannyEdgeDetection VI”

algorithm was used to find edges. Although this procedure was not

perfect (Figure S2D), it detected enough edges between leaves and

background to use the latter as guidelines to align this image with the

CIE L*a*b*-derived rosette segmentation edge mask.

Alignment between both edge masks was done by changing scale,

rotation, and XY position of the rosette edge mask (Figure S1K), and

then subtracting from it the thermal image edge mask (Figure S2D). If

the edges of both images are aligned, an image subtraction deletes

the edges; if the sum of all pixel values in the subtraction result is low,

it means that the alignment is good (Figure S2E,F). Therefore, we min-

imized the mask subtraction result to find the best alignment. This

was one by nesting for loops, which tested 29,000 alignment options

for each image. We used the “IMAQ Rotate VI”, “IMAQ Shift VI”, and
“IMAQ Resample VI” algorithms for rotating, displacing in X and

Y direction, and scaling the edge masks, respectively. Rotation and

scaling were done using bipolar interpolation. Figure S2E shows a CIE

L*a*b* rosette mask not yet perfectly aligned, scaled, and rotated on

top of an IR edge mask. After testing thousands of alignments, the

algorithm finds the rotation, scaling, and displacement needed for a

perfect match (Figure S2F). A human curator inspected the best align-

ment (Figure S2G) for approval. Figure S2H shows an example of the

resulting IR segmentation mask.

2.5 | Stress indices

In this study, the terms “canopy” and/or “leaf temperatures” used in

literature were replaced by “rosette temperature” and, correspond-

ingly, CWSI was renamed as RWSI.
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Trosette, Trosette � Twet, Tdry � Trosette, and five stress indices based

on Trosette, Tdry, and Twet developed/tested in previous literature

(Jones, 1999a; Poirier-Pocovi & Bailey, 2020) were evaluated as to

their relationship with E.

Tdry � Trosette is the difference between the temperature of a non-

transpiring surface and the temperature of a rosette. Tdry � Trosette is

expected to have values higher than zero and decrease with decreasing

stomatal conductance under a stable aerial environment.

Trosette � Twet is the difference between a rosette and a wet sur-

face's temperature. Trosette � Twet is expected to have values higher

than zero and increases with decreasing stomatal conductance under

a stable aerial environment.

CWSI using artificial references (referred to as I2 in the study by

Jones, 1999a) is an index analogous to a previously developed index

derived from energy balance equations (Idso et al., 1981; Jackson

et al., 1981):

CWSI¼1� λE
λΕpot

¼ Tcanopy�Tairð Þ� Tcanopy�Tairð Þnwsb

Tcanopy�Tairð Þul� Tcanopy�Tairð Þnwsb

ð1Þ

An analytical explanation and steps toward the derived equation

(Equation 1) are given by Jackson et al. (1981) and Maes and Steppe

(2012). λ is the latent heat of vaporization of water. The potential crop

is identical to the actual crop but it is transpiring at maximal rate (Epot).

The ratio between actual and potential transpiration (E/Epot) ranges

from one to zero when the actual crop does not transpire. Tcano-

py � Tair is the measured difference, (Tcanopy � Tair)nwsb is the esti-

mated difference at the same VPD under non-limiting soil water

conditions (non-water-stressed baseline), and (Tcanopy � Tair)ul is the

non-transpiring upper limit (Costa et al., 2013). CWSI is expected to

have values between zero and one and increase with increasing water

deficit. CWSI does not account for changes in Tcanopy due to radiation

and aerodynamic resistance, and the non-water-stressed baseline can

be different under different radiation conditions (Costa et al., 2013;

Jones, 1999b) and the non-transpiring upper limit may also vary

(Ben-Gal et al., 2009).

Jones (1999a) substituted the temperature of a non-transpiring

canopy with Tdry (i.e., the temperature of a dry surface) and base tem-

perature, the temperature of a non-stressed canopy, with Twet

(i.e., the temperature of a wet surface):

RWSI1 ¼ Trosette�Twet

Tdry�Twet
ð2Þ

Even though, there is no theoretical relation between RWSI1 and

1 � [λE/λEpot], this approach is more practical because the tempera-

tures of (artificial) reference surfaces are measured directly with

Trosette and no additional microclimatic measurements are required

(Maes & Steppe, 2012). RWSI1 is expected to have values closer to

zero; the larger the difference between Tdry and Trosette and the closer

to one, the smaller is the difference between Tdry and Trosette.

Thermal index of relative stomatal conductance (IG; Equation 3) is

an alternative index based on the rearrangement of the energy bal-

ance equation (referred to as I4 in the study by Jones, 1999a). For

most values of gs, IG is linearly proportional to stomatal conductance

(Jones, 1999a), as demonstrated under a wide range of conditions

(Maes & Steppe, 2012). This index uses the same references as RWSI1

but gives low values in stressed crops and higher values with increas-

ing stomatal conductance (Costa et al., 2013).

IG ¼ Tdry�Trosette

Trosette�Twet
ð3Þ

Three additional RWSIs evaluated on almond orchards (Poirier-

Pocovi & Bailey, 2020) were also incorporated and tested in this

study. RWSI2 (Equation 4) is similar to RWSI1 but the numerator in

the case of RWSI2 is the difference between Tdry and Trosette:

RWSI2 ¼ Tdry�Trosette

Tdry�Twet
ð4Þ

In theory, Trosette is always much higher than Twet except when VPD is

close to zero or the rosette is wet (Poirier-Pocovi & Bailey, 2020).

Excluding the previously mentioned conditions, it is expected that

RWSI2 will (1) show values between zero and one and (2) increase

with decreasing Trosette and increasing plant/crop stomatal opening.

It would be more practical if one of the two reference surfaces is

not needed for the estimation of a stress index. The wet surface is

especially problematic as it needs to be continually rewetted. RWSIdry

normalizes Tdry � Trosette with Tdry (Poirier-Pocovi & Bailey, 2020):

RWSIdry ¼ Tdry�Trosette

Tdry
ð5Þ

According to the authors, since Tdry is expected to be equal or higher

than Tleaf, the index is, in theory, expected to (1) have values equal

(when leaf is not transpiring) or bigger (when leaf is transpiring) than

zero and (2) increase with increasing plant/crop stomatal opening

(Poirier-Pocovi & Bailey, 2020).

RWSIwet normalizes Trosette � Twet with Twet (Poirier-Pocovi &

Bailey, 2020):

RWSIwet ¼ Trosette�Twet

Twet
ð6Þ

According to the authors, since Tleaf is expected to be equal or higher

than Twet, the index is expected to (1) have values equal or bigger than

zero and (2) increase with increasing plant/crop stomatal closure

(Poirier-Pocovi & Bailey, 2020).

2.6 | Statistical analysis

Jamovi (Version 1.2; jamovi.org) was used for statistical analysis. One-

way analysis of variance (ANOVA) followed by Tukey post hoc test

(p < 0.05) was employed to test the effect of salinity on soil water

potential. Two-way ANOVA, using light environment and salinity as

fixed factors, followed by Tukey post hoc test (p < 0.05) was

employed to test the effect of the two factors on projected leaf area,

rosette fresh and dry weight, rosette WC, rosette temperature,

rosette transpiration rate, and stress indices among plants treated
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with different salinity levels grown under LL and HL conditions. Multi-

ple regression analysis (MRA) was employed to assess the relation

between E and each of the indices, also considering light and time of

measurement as predictor variables (categorical expressed as dummy

variables). Autocorrelation, collinearity, and normality tests were per-

formed during the MRA. Finally, the two-way linear associations

(i.e., correlations) between rosette transpiration, rosette temperature,

and the different indices used in this study were tested using Pearson

correlation coefficient (r), and correlation matrices were prepared to

summarize and visualize possible associations between the selected

variables. The scale used for the interpretation of the size of a correla-

tion coefficient is based on Mukaka (2012).

3 | RESULTS

3.1 | Rosette growth

The PRA showed an exponential increase in time irrespective of the

light environment prior to the salinity imposition (Figure 2A,B). PRA

increase rate was much higher under HL when compared with LL,

resulting in twofold higher final PRA of plants grown under control

conditions (0 mM NaCl treatment, Ψsoil = �0.15 MPa; Figure 1A) at

the end of the experiment (Figure 2C). Statistically significant differ-

ences in PRA between the salinity levels were observed a day after

salinity imposition for plants grown under LL and the subsequent day

for plants grown under HL (Figure 2A,B). More specifically, at LL and

HL, plants treated with 600 mM NaCl (Ψsoil = �0.86 MPa) exhibited

significantly lower PRA than control plants at Days 25 and

26, respectively.

At the end of the experiment, PRA, FW, and DW were lower at

LL than HL irrespective of the salinity level (Figure 2C–E), while

rosette WC did not show differences between LL and HL (Figure 2F).

At HL, plants subjected to ≥200 mM NaCl (Ψsoil ≥ �0.24 MPa)

showed significantly lower PRA and plants subjected to ≥400 mM

NaCl (Ψsoil ≥ �0.49 MPa) showed significantly lower FW compared

with the control plants (Figure 2C,D). At LL, plants subjected to

≥200 mM NaCl showed significantly lower PRA and plants subjected

to 600 mM NaCl showed significantly lower FW in comparison with

control plants (Figure 2C,D). At LL, no significant difference was

F IGURE 2 (A,B) Projected rosette area (PRA change over time after placing the plants under the two photosynthetic photon flux densities
levels (blue triangle) and until 4 days after the salinity-imposed stress (red triangle) at high (HL) (A) and low light (LL) intensity (B). Stars indicate
the presence of statistically significant differences between the salinity treatments (p < 0.05; n = 5). (C–F) The final PRA (C), rosette fresh weight
(FW; D), rosette dry weight (DW; E), and rosette water content (WC; F) of Arabidopsis plants grown under the high (white bars; HL) and LL
intensity (gray bars; LL) treated with different salinity levels. Different letters above the bars indicate significant differences between the means
(p < 0.05; n = 5 measurements, each on an five independent plant) by two-way analysis of variance (Tukey test). Error bars indicate the standard
error of the mean. The p-value on the top of each bar graph indicates significant interaction between light environment and salinity (p ≤ 0.05).
DAS, days after stratification.
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observed in DW between salinity treatments, while plants subjected

to ≥400 mM NaCl at HL showed significantly lower DW compared

with the control plants (Figure 2E). Rosette WC was significantly

lower only for plants subjected to 600 mM NaCl at both light environ-

ments (Figure 2F). Significant interactions between the light environ-

ment and salinity were only observed for PRA (p < 0.001) and FW

(p < 0.001).

3.2 | Rosette transpiration, rosette temperature,
and stress indices

Rosette transpiration rate (E) was higher in plants grown in HL than LL

under 0 mM NaCl (Figure 3A). This difference diminished with

increasing salinity levels and E was eventually comparable between

plants under HL at 600 mM NaCl and plants under LL. E significantly

decreased in plants under ≥400 mM NaCl when compared to 0 mM

NaCl, irrespective of the light environment. No substantial differences

were observed between Day 2 (Figure 3) and Day 4 (Figure S3)

regarding E, Trosette, and the reference temperatures. Small differ-

ences, if any, are noted in the text below.

Trosette was higher in plants grown in HL than LL, especially at

high salinity levels (Figure 3B). Trosette significantly increased in plants

under ≥400 mM NaCl when compared with 0 mM NaCl, irrespective

of the light environment.

Tdry was higher in HL than LL and no significant differences were

observed when the dry surface was imaged together with plants trea-

ted with different salinity levels (Figure 3C). Twet was also higher in

HL than LL and no significant differences were observed when the

wet surface was imaged together with plants treated with different

salinity levels (Figure 3D). The difference in Tdry between HL and LL

was larger when compared with Twet and that resulted in higher

Tdry � Twet under HL (Figure 3G). Tdry was always higher and Twet

always lower than Trosette.

Tdry � Trosette ranged between approximately 2�C and 6�C across

salinity levels and light environments (Figure 3E). Tdry � Trosette was

higher in plants grown in HL than LL under 0 mM NaCl. This differ-

ence diminished with increasing salinity levels. Tdry � Trosette signifi-

cantly decreased in plants under ≥400 mM NaCl compared with

0 mM NaCl in HL and LL-Day 4 (Figure S3E). No significant differ-

ences were observed across salinity levels in LL-Day 2 (Figure 3E).

Trosette � Twet ranged between approximately 3�C and 7�C across

salinity levels and light environments (Figure 3F). Trosette � Twet signif-

icantly increased in plants under ≥400 mM NaCl compared with

0 mM NaCl, irrespective of the light environment. Significant interac-

tions between the light environment and salinity were observed for

E, Trosette, Tdry � Trosette, and Trosette � Twet (p ≤ 0.001).

RWSI1 was higher in plants grown in LL than HL under 0 mM

NaCl (Figure 4A,B). This difference diminished with increasing salinity

levels. RWSI1 significantly increased in plants under ≥400 mM NaCl

compared with 0 mM NaCl, irrespective of the light environment. No

substantial differences were observed between Day 2 (Figure 4A) and

Day 4 (Figure 4B).

IG and RWSI2 were higher in plants grown in HL than LL under

0 mM NaCl (Figure 4C–F). This difference diminished with increasing

salinity levels. RWSI2 and IG significantly decreased in plants under

F IGURE 3 (A) Rosette transpiration rate (E), (B) rosette temperature (Trosette), (C) dry surface temperature (Tdry), (D) wet surface temperature
(Twet) measured, (E) Tdry � Trosette, (F) Trosette � Twet, and (G) Tdry � Twet calculated at Day 2 for Arabidopsis plants grown under the high (HL; white
bars) and low light (LL) intensity (gray bars) treated with different salinity levels. Different letters above the bars indicate significant differences
between the means (p < 0.05; n = 5 measurements, each on an five independent plant) by two-way analysis of variance (Tukey test). Error bars
indicate the standard error of the mean. The p-value on the top of each bar graph indicates significant interaction between light environment and
salinity (p ≤ 0.05).
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≥400 mM NaCl when compared with 0 mM NaCl, irrespective of the

light environment on Day 2. Concerning Day 4, RWSI2 significantly

decreased in plants under ≥200 mM NaCl in LL (Figure 4F).

RWSIdry was higher in plants grown in HL than LL under 0 mM

NaCl (Figure 4G,H). This difference diminished with increasing salinity

levels. RWSIdry significantly decreased in plants under ≥400 mM NaCl

in LL-Day 2, and HL-Day 2–4 (Figure 4G,H), and under ≥200 mM

NaCl under LL-Day 4 compared with 0 mM NaCl (Figure 4H).

RWSIwet significantly increased in plants under ≥400 mM NaCl

compared with 0 mM NaCl, irrespective of the light environment

(Figure 4I,J). RWSIwet was higher in plants grown in LL than HL at low

salinity levels and the difference was progressively reversed with

increasing salinity levels. No substantial differences were observed

between Day 2 (Figure 4I) and Day 4 (Figure 4J).

Significant interactions between the light environment and

salinity were observed for RWSI1, IG, RWSI2, RWSIdry, and

RWSIwet (p < 0.05).

3.3 | Relating water stress indices to rosette
transpiration rate

MRA was used to assess the relation between E and each of the indi-

ces also considering the light environment and the day of measure-

ment as predictor variables. No association was observed between

the day of measurement and E response (p > 0.05) irrespective of the

index incorporated in the model. MRA after model reduction

(i.e., model simplification by eliminating the insignificant terms,

i.e., day of measurement) is presented in Table 1. The variation in light

environment was significantly associated with variations in

E (p < 0.001) only when Trosette, Tdry � Trosette, Trosette � Twet, and

RWSIwet were incorporated as predictor variables in the models

(Table 1). In these models, based on adjusted R2, the percentage of

variation in the response that was explained by the model was ranging

between 0.82 and 0.87 (Table 1). Variations in light environment were

positively related to variations in E when Trosette, Trosette � Twet, or

RWSIwet were incorporated and negatively when Tdry � Trosette was

incorporated as predictor variables. The standardized coefficient (β;

Navarro & Foxcroft, 2022) enables the comparison of the relative

importance of each predicting variable in the regression model. The

importance of light as predicting variable was high when combined

with Trosette and decreased when reference temperatures were incor-

porated in different combinations with Trosette (Table 1).

Trosette, Tdry � Trosette, Trosette � Twet, and RWSIwet were plotted

against E individually for LL and HL (Figure 5A–D), indicating the

dependence of the relation between these variables and E on the light

environment. The coefficient of determination (R2) of these relations

suggested a stronger linear relation between E and the latter variables

at HL (R2 ranges between 0.88 and 0.89) in comparison with LL

(R2 ranged between 0.43 and 0.64; Figure 5A–D).

Variation in light environment was not significantly associated

with variations in E when RWSIdry, RWSI1, RWSI2, or IG were incorpo-

rated as predictor variables in the models (Table 1). Regression

F IGURE 4 RWSI1, IG, RWSI2, RWSIdry, and RWSIwet at Day 2 and
Day 4 of Arabidopsis plants grown under the high (HL; white bars) and
low light (LL) intensity (gray bars) treated with different salinity levels.

Different letters above the bars indicate significant differences
between the means (p < 0.05; n = 5 measurements, each on an
independent plant) by two-way analysis of variance (Tukey test). Error
bars indicate the standard error of the mean (SEM). The p-value on
the top of each bar graph indicates significant interaction between
light environment and salinity (p ≤ 0.05).
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analysis after further model reduction (i.e., excluding light environ-

ment) revealed the relation between E and RWSI1, RWSI2, RWSIdry, or

IG (Figure 5E–H). E was linearly and positively correlated with RWSIdry

(R2 = 0.82; Figure 5E), RWSI2 (R2 = 0.84; Figure 5G), IG (R2 = 0.78;

Figure 5H), and negatively correlated with RWSI1 (R2 = 0.84;

Figure 5F). However, the relation between E and IG was eventually

better fitted in a polynomial curve mainly due to the wider range of IG

values observed at high compared to low E levels (R2 = 0.85;

Figure 5H).

The correlation matrices based on two-way linear associations

between all the variables (i.e., indices and E) tested in MRA, separately

for each light environment (Figure 6A,B) and overall (Figure 6C),

enable further insight. At a first glance, higher correlations were

observed between most of the variables tested under HL (Figure 6A)

than LL (Figure 6B). Incorporating the data from both light environ-

ments resulted in reduction in correlation coefficients, especially

when Trosette was related to the rest of the variables including

E (Figure 6C). Concerning E, very high correlations (jrj ≥ 0.9) were

observed with RWSIdry, RWSI1, and RWSI2 (Figure 6C). At HL, E was

very highly correlated (jrj ≥ 0.9) with all the indices, including Trosette,

except IG (r = 0.89; Figure 6B). At LL, E was highly correlated

(0.7 < jrj < 0.9) with all the indices, including Trosette, except Tdry � Trosette

(r = 0.66; Figure 6A). Concerning Trosette, an overall high correlation

(0.7 ≤ jrj ≤ 0.9) was observed with Trosette � Twet, while moderate

correlation (0.5 < jrj < 0.7) was observed with RWSIwet, low correlations

(0.3 < jrj < 0.5) with RWSIdry, RWSI1, RWSI2 and IG, and no correlation

with Tdry � Trosette (Figure 6C). At HL, Trosette was very highly correlated

(jrj ≥ 0.9) with all the indices (Figure 6B). At LL, Trosette was very highly

correlated with Trosette � Twet and highly correlated with all the rest indi-

ces, except Tdry � Trosette (r = �0.65; Figure 6A). Considering the

indices other than Trosette, they all showed very high or high corre-

lations between them at low (Figure 6A) or high (Figure 6B) or both

(Figure 6C) light environments. Overall, the highest correlations

were observed for indices that were calculated based on the same

temperatures (e.g., RWSI1, RWSI2, and IG) or indices that share a

certain combination of temperatures, for example, RWSIdry and

Tdry � Trosette (Figure 6C). Interestingly, very high correlations were

also observed between Tdry � Trosette and the four most prominent

indices derived from MRA, RWSI1, RWSI2, RWSIdry, and IG

(Figure 6C).

TABLE 1 Multiple regression analyses per index between rosette transpiration rate and two explanatory variables, the index and light
environment.

Index

Model coefficients

p

Model fit measures

Predictor B SE t β R R2 Adj. R2

Trosette Intercept 84.33 3.69 22.80 <0.001 0.92 0.85 0.85

Light 9.68 0.48 20.30 2.17 <0.001

Index �3.34 0.16 �20.80 �1.11 <0.001

Tdry � Trosette Intercept �3.17 0.66 �4.83 <0.001 0.91 0.82 0.82

Light �2.38 0.50 �4.79 �0.53 <0.001

Index 3.32 0.18 18.70 1.05 <0.001

Trosette � Twet Intercept 23.31 0.74 31.60 <0.001 0.93 0.87 0.87

Light 3.85 0.34 11.20 0.86 <0.001

Index �3.53 0.16 �22.30 �0.86 <0.001

RWSIwet Intercept 24.28 0.85 28.68 <0.001 0.92 0.85 0.84

Light 2.41 0.37 6.51 0.54 <0.001

Index �69.44 3.40 �20.42 �0.85 <0.001

RWSIdry Intercept �4.48 0.71 �6.33 <0.001 0.91 0.83 0.83

Light �0.82 0.45 �1.83 �0.18 0.07

Index 97.57 5.13 19.01 0.95 <0.001

RWSI1 Intercept 25.66 0.95 27.04 <0.001 0.92 0.84 0.83

Light 0.31 0.41 0.77 0.07 0.445

Index �31.25 1.60 �19.59 �0.90 <0.001

RWSI2 Intercept �5.59 0.74 �7.56 <0.001 0.92 0.84 0.83

Light 0.31 0.41 0.77 0.07 0.445

Index 31.25 1.60 19.59 0.90 <0.001

IG Intercept 2.16 0.47 4.61 0.005 0.89 0.79 0.78

Light �0.33 0.49 �0.68 �0.07 0.496

Index 7.19 0.44 16.43 0.90 <0.001

Note: Significant difference in bold values, p < 0.05; light: low and high; Β: unstandardized coefficient; SE: standard error; β: standardized coefficient.
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4 | DISCUSSION

The negative impacts of salinity and water limitation on A. thaliana

growth are well described in literature using advanced phenotyping

tools (Aguirrezabal et al., 2006; Awlia et al., 2016; Clauw et al., 2015;

De Diego et al., 2017; Van Der Weele et al., 2000). In this study, salin-

ity negatively affected the PRA and biomass of A. thaliana plants irre-

spective of light intensity. Nevertheless, in comparison with plants

grown under HL, plants grown under LL were affected earlier regard-

ing PRA, and light environment significantly influenced the salinity

effects on the final biomass and PRA. Despite the differences

observed between the two light environments, rosette WC was main-

tained across the increasing salinity levels and was significantly

reduced only when plants were treated with 600 mM NaCl

(Ψsoil = �0.86 MPa), irrespective of the light intensities, due to the

higher reduction of FW than DW. Based on growth traits, it can be

indicated that Arabidopsis plants in this study were subjected to salin-

ity stress ranging from low to severe, covering in this way a wide

range of stress levels.

When facing water limitations, plants respond by closing their

stomata to reduce transpiration rates (Figure 3A) and thus maintain

their internal water status (Figure 2F). Even though rosette transpira-

tion is considered an essential trait for plant water stress responses,

its quantification using typical methodologies (e.g., gravimetric or gas

exchange measurements) is quite laborious. Trosette can be used as a

good indicator of the variations in E when latent heat loss through

transpiration is reduced due to water stress, only under steady aerial

conditions (Figures 5A and 6A,B). However, Trosette cannot be safely

used as a good indicator of E if another factor shaping leaf heat bud-

get (e.g., radiative heat) is varying and thus influencing Trosette

(Figures 5A and 6C). In a natural environment, HL levels are usually

accompanied by high thermal radiation levels (i.e., increased radiative

heat load) that tend to increase leaf temperatures when other influen-

tial factors are maintained constant (Jones, 1992). Similarly, even in

more controlled environments, such as the experimental growth room

used in this study, specific light sources (e.g., high pressure sodium

lamps or fluorescent tubes) irradiate toward the canopy, the resulting

heat increased plant temperatures (Janda et al., 2015; Savvides

et al., 2013). Consequently, the effects of factors other than transpira-

tion on Tleaf must be normalized to properly assess transpiration.

In this study, the use of reference temperatures together with

Trosette to normalize for the aerial environment was successful only

when used in certain combinations. Firstly, subtracting Trosette from

Tdry (Figure 5B) or Twet from Trosette (Figure 5C) alone did not normal-

ize the effects of the environment on Trosette (Table 1). The same

applied when Trosette � Twet was divided by Twet (RWSIwet; Figure 5D).

The previously mentioned indicate that reference temperatures in

these combinations cannot or cannot fully normalize for the effect of

the studied environments on Trosette. Accordingly, normalizations with

only one of either Tdry or Twet were proven insufficient at removing

F IGURE 5 The relations between rosette transpiration rate (Ε) and Trosette (A), Tdry � Trosette (B), Trosette � Twet (C), RWSIwet (D), RWSIdry (E),
RWSI1 (F), RWSI2 (G), and IG (H). Circles and rhombus represent plants grown under low light (LL) and high light (HL) intensity, respectively. The
dashed line (in H) represents the linear and the solid line represents the polynomial relation between E and IG.
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the sensitivity of stress indices to factors other-than-stomatal conduc-

tance tested in previous studies (Poirier-Pocovi & Bailey, 2020). More

specifically, a sensitivity analysis based on almond trees showed that,

in sunny conditions, the combination of reference and rosette temper-

atures used for RWSIwet was sensitive to variations in wind speed,

radiation, RH, Tair, and stomatal conductance, while the combination

used for RWSIdry was sensitive to wind speed, radiation, and stomatal

conductance (Poirier-Pocovi & Bailey, 2020). RWSIdry in this study,

was well related to E irrespective of the radiation environment

(R2 = 0.82; Figure 5E) but not better than RWSI1 (R2 = 0.84; Fig-

ure5F) and RWSI2 (R
2 = 0.84; Figure5G). In detail, it seems that divid-

ing Tdry � Trosette by Tdry normalized for other-than-transpiration

effects on Trosette to a great extend while dividing by Tdry � Twet

yielded a better relationship with E.

According to Jones (2004), E is proportional to Tdry � Tleaf but a

constant of proportionality is necessary for any given conditions. It is

reasonable to hypothesize that quantifying the temperature of a dry

surface, or a non-transpiring surface, with Trosette assists in normalizing

for other-than-transpiration effects on Trosette. According to Maes and

Steppe (2012), Tdry � Tleaf can be a simplified index that avoids the

use of a wet reference surface, mainly since the influence of weather

conditions and leaf characteristics on this index is similar to that of IG.

In this study, even though Tdry � Trosette was not sufficient to normal-

ize for other-than-transpiration effects on Trosette (Table 1, Figure 5B),

it was very highly correlated with all the most prominent indices irre-

spective the light environment (Figure 6C), a fact that indicates its

high importance as a component of an index. Comparing RWSIdry with

the other prominent indices, RWSI1, RWSI2, and IG, it could be specu-

lated that the involvement of Twet in the normalization attempted is

minor in comparison with Tdry but necessary to achieve better associ-

ations with E (Figure 5). However, further study is needed to assess

the relative contribution of the dry and wet surface temperatures in

E assessment (e.g., Poirier-Pocovi & Bailey, 2020).

RWSI1 was negatively correlated with E, while RWSI2 and IG,

were positively and strongly correlated, irrespective of the radiation

environment (Figures 5F–H and 6C). It should be noted here that

F IGURE 6 Correlation matrices indicating the correlations among rosette transpiration rate (Ε), Trosette, Tdry � Trosette, Trosette � Twet, RWSIdry,
RWSIwet, RWSI1, RWSI2, and IG at low light (A), high light (B), and overall (C). Bold numbers in cells indicate significant differences at p < 0.05.
Pearson coefficient (r), the value in each cell for each combination of variables, is a measure of the strength of the linear association and ranges
from 0 (negligible association) to 1 (very high association). Negative (blue shades) or positive (red shades) signs indicate whether the linear
association between the two variables is either positive (i.e., their values increase or decrease together) or negative (i.e., as the one decreases the
other increases and vice versa). The strength of each linear association was characterized as negligible (j0.0j � j0.3j), low (j0.3j � j0.5j), moderate
(j0.5j � j0.7j), high (j0.7j � j0.9j), or very high (j0.9j � j1.0j).
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RWSI1, RWSI2, and IG comprised of the same three parameters

(i.e., Trosette, Tdry, and Twet) in different combinations. In fact,

RWSI1 = 1 � RWSI2 and RWSI1 = (1 + IG)
�1. Consequently, when

RWSI1 is linearly and negatively related to E, a linear and positive rela-

tion would be expected for RWSI2 and a non-linear and positive rela-

tion would be expected for IG. Jones (1992) indicated that the water

stress index in the form of RWSI1 (Equation 2) is better related to

E than stomatal conductance. Alchanatis et al. (2010), working with

cotton plants, showed that, using artificial reference temperatures,

CWSI is linearly related to 1 � (E/Epot), a parameter that actually rep-

resents the change in E related to the potential transpiration from a

well-watered crop (i.e., [Epot � E]/Epot). According to Maes and Steppe

(2012), there is no firm theoretical relation between RWSI1 and 1 �
(E/Epot) due to the use of Twet instead of Tpot (i.e., the temperature of

a crop with potential transpiration), therefore E cannot be precisely

estimated using artificial references and the selected water stress

index. However, that does not necessarily impact the ability of RWSI1

(or RWSI2) to approximate changes/differences in E, as highlighted in

this study (Figure 5F,G). The combination of reference and rosette

temperatures used for RWSI1 here (i.e., CWSI) was further related to

stomatal resistance (Ben-Gal et al., 2009) and stem water potential in

olive trees and cotton plants (Ben-Gal et al., 2009; Cohen et al., 2005)

in previous studies.

IG was linearly related to stomatal conductance in many previous

studies tested on different species under a wide range of weather

conditions (Jones, 1999a, 1999b, 2002; Maes & Steppe, 2012), while

RWSI1 was related to stomatal conductance but not linearly

(Jones, 1999a; Maes & Steppe, 2012). It can be therefore suggested

that, when relating water stress to E, it is preferable to use RWSI1 or

RWSI2 rather than IG and the inverse when relating water stress to

stomatal conductance.

In addition, we here show that under reduced radiation levels, the

relation between E and Trosette is much weaker (Figure 5A), supporting

the notion that related experimentation or plant phenotyping using ther-

mal indices under low radiation levels may not give clear insights, espe-

cially when using instrumentation of low temperature resolution or

accuracy (Jones, 2018). Similarly, Poirier-Pocovi and Bailey (2020) indi-

cated that sunny, instead of shaded, conditions may be necessary to cap-

ture the effects of water status using thermal imaging because the

radiative term in the leaf energy balance amplifies the latent cooling term

and thus the sensitivity of leaf temperature to stomatal conductance.

Despite the large difference in PRA and E between the plants

growing at different radiation environments and the microclimatic dif-

ferences between the two light environments, RWSI1 or RWSI2 were

closely tracking E differences based on Trosette, Tdry, and Twet measure-

ments using thermal imaging. This indicates that, among others, the

reference surfaces chosen were appropriate for A. thaliana under the

experiment environments. However, reference surfaces resembling

leaf/canopy traits, especially influencing leaf/canopy energy balance,

should be preferred (Jones, 2018; Prashar & Jones, 2016).

The stress indices used provide instantaneous measurements.

Such instantaneous measurements, despite being taken only during

the morning, were well related to the rosette transpiration per day

under controlled conditions (Figure 5). Stomatal conductance, even

under constant light environments in controlled conditions, may show

diurnal patterns (e.g., Boccalandro et al., 2012), and it can thus be

assumed that stress indices estimated based on repeated measure-

ments within a day may also follow such patterns. On the one hand,

the strong association between daily rosette transpiration and

selected stress indices suggests that possible diurnal patterns in sto-

matal conductance are not as influential for E assessment using

instantaneous measurements under the present growth conditions.

On the other hand, more measurements within a day (e.g., Agam

et al., 2013) may yield better estimations of E and possible diurnal

patterns.

Overall, within the microclimatic growth conditions tested in this

study for A. thaliana, RWSI1 or RWSI2 can be successfully utilized as

an index for E. In contrast, the sole use of either of the reference sur-

face temperatures (Twet, Tdry) in different combinations studied here

can give less accurate results. Regarding the utilization of RWSI1,

RWSI2, or IG as stress indices, it should be noted that E or stomatal

conductance may fluctuate with radiation and other non-stress fac-

tors. A combination of thermal imaging with other techniques, such as

fluorescence or hyperspectral imaging, can give more comprehensive

insights into the impact of stress on plant function and growth

(Gerhards et al., 2019; Jangra et al., 2021). The artificial reference sur-

faces used were substantial and easy to obtain and utilize. However,

other recently tested artificial reference surfaces may be easier to use

or better approximating the surface of a non- and a maximal-

transpiring leaf (Jones, 2018; Maes et al., 2016; Vialet-Chabrand &

Lawson, 2020). Additionally, the results in this study were obtained

under steady-state conditions. A recent study compared stress indices

(such as RWSI1 and IG) with gas exchange parameters and indicated

limitations of the stress indices used in a dynamic environment

(Vialet-Chabrand & Lawson, 2020). Vialet-Chabrand and Lawson

(2020) suggested that these limitations can be overcome using artifi-

cial leaf surfaces with known conductance. Lastly, although the exper-

iment was performed under controlled conditions, differences in

Trosette were observed between the light treatments under non-limit-

ing-water conditions due to differences in the radiative heat emitted.

Consequently, caution should be taken for the co-existence of tem-

perature and light effects on plants during experimentation under

controlled conditions.
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