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Abstract

Early detection of plant water status is crucial for effective water management planning. Remote sensing
methods, particularly spectroscopy, offer a practical, reliable, rapid, and non-destructive approach to
monitoring plant biochemical parameters, including water status. This study investigated the potential of
several spectral water indices — WI1-4, NWI5, RDVI, NDVI, and OSAVI — for monitoring the water status
of tomato plants grown in a greenhouse. The experiment involved treatments with silica nanoparticles at
concentrations of 0 and 100 mg/L, combined with three irrigation regimes providing 80%, 100%, and 60%
of the plants' water requirement. The findings indicated that relative leaf water content in tomato plants
decreased with increasing water stress across different months and throughout the study. However,
significant differences in relative leaf water content were only observed between the full irrigation treatment
(100%) and the 60% irrigation treatment. Furthermore, plants treated with 100 mg/L silica nanoparticles
generally exhibited higher relative leaf water content compared to those without nanoparticles. Among the
spectral indices evaluated, NWIS demonstrated the weakest correlation with relative leaf water content, while
WI2 and WII1 showed the strongest. Overall, the results suggest that spectral indices can be effectively
employed for rapid, non-destructive, and reliable assessment of tomato plant water status in greenhouse
environments.

Introduction

Water stress is one of the most important factors reducing the production of agricultural
products worldwide. Early detection of plant water status is essential to optimize crop water use,
and implement water savings methods (Ballesteros et al. 2016). Remote sensing techniques, such
as spectroscopy, are recognized for their practicality, reliability, speed, and non-destructiveness in
studying the biochemical characteristics of plants, including the water status of plants (Ihuoma and
Madramootoo, 2019). This study aimed to investigate the potential of plant water spectral indices,
which include water indices 1-4 (WI1-4), normal water index S(NWIS), spectral vegetation
indices RDVI, NDVI, and OSAVI, to estimate water status in tomato plants.
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Methodology

The experiment was performed in the research greenhouse of the Department of Water and
Environmental Engineering Science, the Shahid Chamran University of Ahvaz, Khuzestan
Province, Iran (31°18'13"N, 48°39'40"E, Elevation: 22.5 m a.s.l) during the growing season of
2021 from January to June. The experimental treatments involved silica nanoparticles with the
concentrations of 0 and 100 mg/L, and three water regimes (100%, 80%, and 60% of crop water
requirement). The split-plot was used as the experimental design arranged based on randomized
complete design (RCD) with four replications (120 pots in total). Three irrigation regimes were
identified as the primary determinants, whereas the two degrees of nanoparticle concentration were
considered as the secondary ones. A total of 120 pots were used. RWC was used to describe the
water status of Tomato leaves. RWC was determined by the procedure set out by SHlemmer et al.
(2005). Concurrent with other measurements, spectral reflectance was measured using a portable
spectrometer (ASD FieldSpec 3, Analytical Spectral Devices Inc, USA) operated in the spectral
range of 350-2500 nm. The measured values of leaf reflectance were used for calculating the
spectral indices (water indices 1-4 (WI1-4), normal water index 5(nwi5), spectral vegetation
indices RDVI, NDVI, and OSAVI. The ability of spectral indices to assess such water status-related
RWC of tomato leaves under different irrigation regimes was studied. An analysis of variance
(ANOVA) was performed on the spectral indices and relative water content (RWC) using the split
plot design. The PROC GLM technique of SAS software (version 9.4, SAS Institute, Inc., Cary,
NC, USA) was used for this analysis. Then, the least significant difference (LSD) test was used to
compare the means and determine if they were significantly different from each other at p < .05
level.

Findings

The results showed that the relative water content (RWC) of leaves in tomato plants under
deficit irrigation treatments in different months, and throughout the study period decreased by
increasing water stress. Nevertheless, the disparity in the magnitude of this index was only notable
in the treatment including complete irrigation and meeting 60% of the plant's water needs. Besides,
the relative water content of tomato leaves in the nanoparticles with the concentrations of 100 mg/1
was higher than 0 mg/l. Spectral indices were closely and significantly associated with RWC
Spectral indices had a close and significant relationship with RWC in an average of measurements
(0.66 **< R2<0.78**). Among all tested spectral indices, NWI5 and WI1, WI2 showed the least
and greatest consistent association with relative water content, respectively. Among eight spectral
indices, four satisfied most of the criteria used to determine the accuracy of the models to predict
RWC The models based on WI2, WI3, WI4, WI1, OSAVI, and RDVI provided more accurate

estimates of RWC the estimated values of parameters studied were always less than the measured
ones over the entire set of measurements. In conclusion, spectral reflectance could be useful for
fast, non-destructive, and reliable assessment of water status of tomato plants in greenhouse
conditions.

Conclusions

The tomato plant is one of the strategic crops in the agricultural sector. Considering relatively
high demand for tomatoes and the lack of water, there is a need for optimal management of water
consumption, and irrigation planning for the sustainability of producing agricultural products,
including tomato plants. The capability of water spectral indices, including water index 1-4 (WI1-
4), normal water index 5 (NWI5), vegetation spectral indices RDVI, NDVI, and OSAVI in studying
water stress status of tomato plants under the effect of irrigation regimes, and silica nanoparticles
in greenhouse conditions by determining The relationship between spectral indices and relative
water content index of plant leaves (RWC) was investigated. The potential for a rapid and non-
destructive assessment of changes in the water status of tomato plants in greenhouse conditions has
been demonstrated by the substantial correlation between the spectral indices and the relative leaf
water content index. It can be a good measure to express the water status of plant. The work
presented in this paper assessed the feasibility of using spectral indices to detect water stress in
tomato plants. Water scarcity had an adverse effect on water status (RWC), and this parameter
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decreased with the reduction of irrigation water. However, applying 100 mg/L of nanoparticles
increased the water condition index (RWC). Our study showed that WI1-4, NWI5, OSAVI, RDVI,
and NDVI were sensitive indicators for detecting water stress levels in greenhouse tomato plants.
Consequently, the use of spectral data in crop monitoring enables the rapid, non-destructive, and
dependable estimation of plant water status. The optimization of agricultural water use for
increased crop yield can be achieved by analyzing these features in real-time and providing the
producers with qualitative and quantitative information. Based on the findings of this study, it was
difficult to select a single index for precise estimation of plant water status. Therefore, innovative
data management techniques that would integrate various vegetation indices are needed to widen
the scientific knowledge on crop stress monitoring and provide irrigators with precise indices for
scheduling irrigation. Furthermore, future research efforts should be geared towards the integration
of thermal and narrow-band spectral indices to provide more precise information about plant water
status.
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Table 2- Averag of Climate Information During the Growing Season

Month Temperature Relative humidity

mean (%)

January 20.5 63
February 22.7 74
March 22.8 56
April 28.2 32
May 31.6 28
June 34 29

93 90 oolatul 3yg0 b B Sl Y Jous
Table3- Spectral indices used in research

Index names Index Formulation Reference
NWI-5 (Rg70 — Ro10)/(Ro70 + Ro10) Elsayed et al., 2017
WI1 (900;970) Rooo0/Ro70 Penuelas et al., 1993
WaFerd.comem WI2(976;888) Roye/Rass
fndiees WI3(974:904) Ro74/Roo Elsayed et al., 2021
WI4(988;895) Rogg/Rgos
RDVI (Rgoo — Re70)/(Rgoo + Rg70)?  Roujean and Breon, 1995
Greenness 1+0.16)(Rggp — R R
indices OSAVI ( ) (Raoo + R;:;))-{(O. f%‘; Haboudane et al., 2002
NDVI (Rz50 = R705) /(R750 + Rygs) Gitelson and Merzlyak, 1994
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Table 4-The results of variance analysis of the effect of irrigation regime, silica nanoparticles, and
their interaction on relative leaf water content

Source of variation Degree of Mean square
freedom February  March  April May The whole period

Irrigation regimes (1) 2 11.41™  17.68™ 15.19™ 63.49" 42.58™
Error I 9 7.38 26.98 36.52 28.12 118.4
Nanoparticles( N) 1 4.59m 17.02™  10.61"  9.67" 9.98™
I*N 2 0.499m 2.60"  2.81™  0.23™ 1.13"

Error N 9 18.12 5.08 1.81 23.98 1.53

CV(%) 1.56 1.89 2.01 291 1.64

** * ns: significant effect at 1%, 5%, and no significant effect, respectively
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Table 5- Comparison of the mean of the relative water content of tomato plant leaves in
different irrigation regimes and silica nanoparticles
Percentage of relative water content of tomato plant leaves (RWC)

Treatments February March April May The whole period
Irrigation regime
Tioo 87.34* 85.982 83.92? 82.15° 84.852
Iso 86.16* 84.47° 82.49% 80.58° 83.432
Teo 85.91° 84.04° 81.64° 77.99¢ 82.392
Nanoparticles (mg/1)
Fo 86.03° 83.992 82.022 79.592 82.912
Fioo 86.91° 85.67° 83.35° 80.86* 84.20°
I*N
Ti0oF 100 87.79* 86.33% 84.222 82.582 85.23¢%
TiooFo 87.17% 85.54* 83.842 81.46* 84.50*
Is0F 100 86.542 85.442 83.312 81.352 84.16%
IsoFo 86.42% 84.93% 83.06* 80.21% 83.28%¢
TsoF 100 85.82:0 83.53% 81.67% 78.70% 82.81°
IsoFo 85.14° 82.58% 81.09% 77.15% 81.49¢

Mean with the same letter in each column and for each Treatment are not significantly different based on the LSD test
at the 5% level

100F0 |

T100F100 M- oooeeo” \ | i
I80F0 = ; :
I80F100 - = o § i :

160F0
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Fig.1- Leaf reflection spectrum of tomato plant in water stress and nanoparticles treatments
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Fig.2- The response of different spectral indices to water stress and silica nanoparticles in tomato

*mean values with the same letter are not significantly different based on the LSD test at the 5% level
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Table 6- Mean values of spectral indices of tomato plants in different regimes of irrigation and
silica nanoparticles

Treatments NDVI RDVI OSAVI

WI2 WI3 wi4 NWIS

Irrigation regime(%)

Tioo 0.8519*  0.7311 0.81432 1.0163*  0.9757*  0.9803* 0.9421* -0.007522

Igo 0.8513* 0.7327 0.8135% 1.0150°  0.9762°  0.9812° 0.91}34‘"’ -0.00747*

:.g Iso 0.8508* 0.7360 0.8129* 1.0129¢  0.9770°  0.9814> 0.9444° -0.00740°
& Nanoparticles (mg/1)

Fo 0.8511*  0.7341 0.81332 1.0141*  0.9765* 0.9812* 0.9436*  -0.00744*

Fioo 0.8515% 0.7324 0.8137* 1.0154°  0.9760* 0.9807° 0.9430° -0.00748*
Irrigation regime(%)

Lioo 0.8515*  0.7327 0.81392 1.0163*  0.9767* 0.9818* 0.9438*  -0.00750*

Iso 0.8509* 0.7342 0.81332 1.0142%  0.9775®  0.9826° 0.94352a -0.00744*

g Iso 0.8504*  0.7378 0.8127* 1.0126°  0.9783°  0.9829° 0.9462° -0.00737°
> Nanoparticles (mg/1)

Fo 0.8508*  0.7358 0.8132° 1.0137*  0.9780* 0.9826* 0.9453*  -0.00742*

Fio0 0.8511* 0.7340 0.8135% 1.0150°  0.9769>  0.9822* 0.9448? -0.00745*
Irrigation regime(%)

Thoo 0.8497*  0.7365 0.8134° 1.0154*  0.9780* 0.9844* 0.9459*  -0.00745*

Iso 0.84912 0.7384 0.8127* 1.0139*  0.9809°  0.9857° 0.94372a -0.00739*

Ta Ieo 0.8486° 0.7319 0.8124° 1.0121¢  0.9823¢  0.9867° 0.9482>  -0.00733°
= Nanoparticles (mg/1)

Fo 0.8490*  0.7404 0.8126* 1.0133*  0.9810*  0.9858* 0.9475* -0.00737*

1.0143* 09798  0.9854®° 0.9467*°  -0.00741°

Fioo 0.8493*  0.7376 0.8131*
b

= Irrigation regime(%)
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Tioo 0.8493*  0.7407 0.8130* 1.0148*  0.9814*  0.9860° 0.9485* -0.007422
Iso 0.8487*  0.7447 0.8124* 1.0132%  0.9834°  0.9873% 0.9496° -0.00737*
ab b

Ieo 0.8481*  0.7489 0.8116% 1.0117¢  0.9848°  0.9879® 0.9508° -0.00730°
b

Nanoparticles (mg/1)
Fo 0.8485*  0.7459 0.81212 1.0128*  0.9836* 0.9873* 0.9499*  -0.00734*

Fioo 0.8488*  0.7437 0.8126% 1.0136°  0.9829°  0.9867° 0.9493* -0.00738*
b

Irrigation regime(%)

Ti0o 0.8506* 0.7353 0.8136° 1.0157¢  0.9779*  0.9831* 0.9450* -0.00747*

a

Iso 0.8500*  0.7375 0.8130? 1.0141°* 09795  0.9842° 0.9464° -0.00741*
ab

Iso 0.8495*  0.7412 0.8124° 1.0123¢  0.9806° 0.9847° 0.9474° -0.00735°
b

The whole period

Nanoparticles (mg/1)
Fo 0.8499*  0.7390 0.8128* 1.0135*  0.9798*  0.9843* 0.9466*  -0.00739*

Fioo 0.8502*  0.7369 0.8132° 1.0146>  0.9789®  0.9838 0.9460°  -0.00743%®
b

Mean with the same letter in each column and for each Treatment are not significantly different based on the LSD test
at the 5% level
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Table 7- Values of R, RMSE, and NRMSE for each spectral indices to Estimate relative water
content (RWC) in tomato plants

February March April May
Spectral

indices  p2  RMSE NRMSE R* RMSE NRMSE R?> RMSE NRMSE R? RMSE NRMSE

NDVI  0.59 1.23 0.149 0.68  0.62 0.072 0.62  0.77 0.091 0.58 1.48 0.184
RDVI  0.61 1.21 0.147 0.67  0.59 0.068 0.60 0.76 0.090 0.56  1.50 0.187
OSAVI 058 095 0.150 0.55  0.58 0.067 059 0.83 0.099 0.56 1.51 0.189
WI1 0.69  0.95 0.115 0.74  0.51 0.059 0.69  0.64 0.075 0.64 1.26 0.157
WI2 0.69 1.08 0.130 0.78  0.56 0.064 0.68  0.59 0.071 0.66 1.25 0.155
WI3 0.63 1.11 0.134 0.63  0.60 0.069 0.69 0.72 0.084 0.7 1.40 0.175
WIi4 0.64 1.16 0.140 0.62  0.55 0.064 0.65 0.70 0.083 0.69 141 0.175

NWI5  0.55 1.24 0.153 049  0.66 0.075 0.53  0.89 0.1 0.52 1.87 0..23
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Fig.3- The Linear regression relationship between spectral indices (WI1-4, NWIS, NDVI, RDVI,
and OSAVI) and relative water content (RWC) of tomato plants under water stress and silica
nanoparticles in the whole research period with linear regressions fitted.
** *: significant effect at 1% and 5% respectively.
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Fig.4- The Linear regression relationship between observed and predicted values of relative
water content (RWC) of tomato plants based on the data of eight spectral indices studied.
** *: significant effect at 1% and 5% respectively.
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