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Table 1-Physical and chemical properties

Sand  Silt Clay

Soil texture (%) (%) %)

PH EC FC  PWP

(griem®) (ds/m)  (%6,) (%O,)

Sandy loam 58 26 16

1.47 56 345 21 9




(yecdee) )bl alls 5l =d

(+/Y=+IY0) oyl e3> =D

ol s Gyl 5l elS 5l 2y O g ol Jslme
Lwgs diljgy S s Cugby g Lod .0 00l olS &y (glo ylad
SleMbl 4She Sl g pSoilul Jsuy  Ree
(09,8 Wl edy (90 ol iy ) wliilen
SLE(Y) g s iwgl soy9d Jsb o (13 5 )|

Cawlodds

(T b (B9 4 ol (2T S5 205

oS Sy b Sl oy Glp G5 ol »
@ 5 Jogl @le s slacle ) b Saise ((SjhensS
(ogn Sy 9 S5 (2 plg) 23y Jolpe cSw)
(S ges jl 59y 53 ab pbosl g pSojlal plo b plojen
N (il 3)90 (S5)8esS olS Sy jl iged Ve s
Sdigel (b otie 4 9 S (@ pSojlul slaiedy 85
ASD Fieldspec3 pb 4 uoj zwcinh o5y I alS
b alald b oleolSiwd gawd ;0 olSusdy pl b ool
Jobo 039350 (35031l jl alsjo 2 53 Cal 3B g 0392 JalS
b lagh cpl A8 CS ) eyl Yeom YO4 - slazse
e 5 55 0ill Jloi 2 (sl ol e (i Sl lSl
e g 4l (V) Jgdo b (b (WlSal (adls (pain
A5

ol L5 2590 GoleT ST Hlude 5 2T 5L
de dw Gl (S b gamlxe gt
bl Ol e 39l candts (ly b odlit] jroun Vg Seo
(2014) Alagao 4 Pelesco j5 (5 1 b oYy oo

245 oolaswl

Wy =W, + W) — (W, + Wp) ")

(p)5) Brae T =Wy
(p5) el 5| ot s 9550 0139 =Wa
(£5) oot T js =W,
(p5) oot 51 I3 srasmn g S0 5= WL
(p55) <) 0js = Wo
S aphls > o)ld (alBl 5 (alls 5l 30, pskaton,
2 ool y3j baslgy

_ W-Wp
- oa

d (v)
(k) sslal (Al 3os =d
(e pie) progmYg)Se colue =A
& 0l 3l bl lys 5 Mol oz ialS elaion;
A5 45,5 L5 03 aoy3 YoV gl £ 0lS canlio

GWR = -~

1-D

(")

(oiske) ool AL 5L =GWR

Ay b Jab 50 owlidlgd OMb! (pSilo-Y Jou>
Table 2- Averaging Climate Information During the Growing Season

Month Tempera Relative humidity
ture

mean (%)
January 20.5 63
February 22.7 74
March 22.8 56
April 28.2 32
May 31.6 28
June 34 29
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Table3- Spectral indices used in research

Index names Index Formulation Reference

NWI'5 (R970 - Rglo)/(R970 + R910) E|Say6d et al., 2017

WI1 (900;970) Rogo/Ro70 Penuelas et al., 1993
Wa}f][jffegte”t WI12(976:888) Roye/Rass

WI13(974;904) Rg74/Rao4 Elsayed et al., 2021
W14(988;895) Rogs/Rgos

RDVI (Rgoo — Re70)/(Rgoo + Re70)*/?  Roujean and Breon, 1995

Greenness OSAV] (1 +0.16)(Raoo = Re70)/(Reoo  pangudane et al., 2002
indices + Rg70 + 0.16)
NDVI (Ry50 = R705)/(R750 + Ryg5) 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 | 9 7.38 2698 3652 28.12 118.4
Nanoparticles( N) 1 459™  17.027 10617 9.67™ 9.98"
I*N 2 0.499™  2.60™ 281" 0.23™ 1.13™

Error N 9 18.12 5.08 181 23.98 1.53

CV(%) 1.56 1.89 201 291 1.64

** * ns: significant effect at 1%, 5%, and no significant effect, respectively

(ke D05 g3 9 (S3leT Wglito Slam 33 38 (N3 4295 ol &5 3 DT (b Slgomo (Sl (S duylio—0 J3ur
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
100 87.34° 85.98° 83.92° 82.15° 84.85°
lgo 86.16° 84.47° 82.49% 80.58° 83.43°
leo 85.91° 84.04° 81.64° 77.99° 82.39°
Nanoparticles (mg/I)
Fo 86.03° 83.99° 82.02° 79.59° 82.91°
F100 86.91° 85.67" 83.35" 80.86° 84.20°
I *N
l100F 100 87.79° 86.33° 84.22° 82.58° 85.23?
l100Fo 87.17% 85.54° 83.84° 81.46° 84.50°
lsoF 100 86.54 85.44° 83.31° 81.35° 84.16%
lgoFo 86.42% 84.93* 83.06° 80.21% 83.28"
leoF 100 85.82% 83.53" 81.67%* 78.70" 82.81°
leoFo 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

1100F0
1100F100 *
I80F0
I8OF100
160F0
160F 100

03 04 05 06 o7 08 09 10 " 18 "7 18 19 20 21 22 23 24

2 13 1
Wavelength

Fig.1- Leaf reflection spectrum of tomato plant in water stress and nanoparticles treatments
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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 WI1 WI2 WI3 Wi4 NWI5
Irrigation regime(%)
l100 0.8519° 0.7311  0.8143*  1.0163* 0.9757* 0.9803° 0.9421*  -0.00752°
a
lso 0.8513% 0.7:327 0.8135°  1.0150° 0.9762° 0.9812° o.gzb134a -0.00747%
al
>
s leo 0.8508? 0.7360 0.8129°  1.0129° 0.9770° 0.9814° 0.9444°  -0.00740°
o]
(«5]
- Nanoparticles (mg/l)
Fo 0.8511*° 0.7341  0.8133°  1.0141* 0.9765%° 0.9812° 0.9436°  -0.00744%
a
Fio  0.8515% 0.7324 0.8137°  1.0154° 0.9760° 0.9807° 0.9430*  -0.00748%
Irrigation regime(%)
l100 0.8515° 0.7327  0.8139°  1.0163* 0.9767*° 0.9818% 0.9438°  -0.00750°
a
lgo 0.8509° 0.75,42 0.8133%*  1.0142° 0.9775° 0.9826" o.sazbtsza -0.00744%
f% leo 0.8504* 0.7378  0.8127°  1.0126° 0.9783° 0.9829° 0.9462°  -0.00737°
C
s
Nanoparticles (mg/l)
Fo 0.8508* 0.7358  0.8132°  1.0137° 0.9780° 0.9826° 0.9453*  -0.00742°
a
F100 0.8511° 0.7340 0.8135*  1.0150° 0.9769° 0.9822% 0.9448*  -0.00745°
Irrigation regime(%)
100 0.8497° 0.7365  0.8134®°  1.0154° 0.9780° 0.9844% 0.9459°  -0.00745°
a
Igo 0.8491° 0.71;)84 0.8127°  1.0139° 0.9809° 0.9857" o.9zb172a -0.00739%
al
T e 0.8486° 0.7319 0.8124*  1.0121° 0.9823° 0.9867° 0.9482°  -0.00733"
<
Nanoparticles (mg/l)
Fo 0.8490° 0.7404  0.8126°  1.0133* 0.9810° 0.9858% 0.9475°  -0.00737°
a
Fio  0.8493% 0.7376 0.8131°  1.0143° 0.9798° 0.9854%° 0.9467°  -0.00741%

Irrigation regime(%)



l10o 0.8493*  0.7407 0.8130° 1.0148° 0.9814* 0.9860% 0.9485"  -0.00742°
lso 0.8487° 0.7£bl47 0.8124° 1.0132° 0.9834" 0.9873" 0.9%96a -0.00737°
al

leo 0.8481° 0.7;189 0.8116° 1.0117° 0.9848° 0.9879" 0.9508"  -0.00730"

Nanoparticles (mg/l)

Fo 0.8485*  0.7459 0.8121° 1.0128° 0.9836* 0.9873" 0.9499*  -0.00734%

F100 0.8488" 0.7337 0.8126* 1.0136° 0.9829" 0.9867° 0.9493°  -0.00738°

Irrigation regime(%)

l100 0.8506° 0.7353  0.8136°  1.0157° 0.9779° 0.9831° 0.9450°  -0.00747°
a

lgo 0.8500% 0.7375 0.8130*  1.0141° 0.9795° 0.9842° 0.9464°  -0.00741°
al

leo 0.8495% 0.7312 0.8124°  1.0123° 0.9806° 0.9847° 0.9474°  -0.00735°

Nanoparticles (mg/l)

The whole period

Fo 0.8499*  0.7390 0.8128* 1.0135° 0.9798* 0.9843" 0.9466°  -0.00739°
a

Fi00 0.8502* 0.7369 0.8132° 1.0146" 0.9789°  0.9838* 0.9460*  -0.00743*

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 Rz RMSE NRMSE R? RMSE NRMSE R? RMSE NRMSE R? RMSE NRMSE

NDVI 059 1.23 0.149 0.68 0.62 0.072 062 0.77 0.091 058 148 0.184
RDVI 061 121 0.147 0.67 0.59 0.068 0.60 0.76 0.090 0.56 1.50 0.187
OSAVI 058 0.95 0.150 055 0.58 0.067 059 0.83 0.099 056 151 0.189
Wil 069 095 0.115 0.74 051 0.059 0.69 0.64 0.075 064 1.26 0.157
Wi2 069 1.08 0.130 0.78 0.56 0.064 0.68 0.59 0.071 066 1.25 0.155
wI3 063 111 0.134 0.63 0.60 0.069 069 0.72 0.084 0.7 1.40 0.175
Wi4 064 116 0.140 062 055 0.064 065 0.70 0.083 069 141 0.175
NWI5 055 1.24 0.153 049 0.66 0.075 053 0.89 0.1 052 187 0..23
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Fig.3- The Linear regression relationship between spectral indices (WI11-4, NWI5, 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.

P 455 olF O 5 O i (Sgiom0 Ol iy § 0D (S 50311 3lao Ol (o Ogmw T3 Jho —£ ICh
adllan dyg0 b el cla wll g



oS Sy Ol s lgime adli b1y o copd o5V
g b b adls le b gee blo)l aih (K348
25 @ op O Sy ol s dlgme (a3l
WS balps 3 1y (S5,84555 obS ] Cunsy Olpuis O e
)Lum ..\)ly@ 9 odld QLAAJ (T gﬂ..]o L)‘)ﬁ) )I oolawl b le

R
Sh9liS i ) @dpal) Y gae 2 (S jhdasS olS
poi) ol 258 g (Sip S Vbl 4 g bl
b clr @bl il g O Gpas Clbs cy e
Wy Copde plateds D)l g (65y5liS Y gae Mg
5 oolatul wlS > a5 el 9 (gjysliS Ol Bpas
el 35 3590 )93 ol I iodi e 1 g (ng Sy

Sld g Limgh Ciglee Jlo coles I abuwg cpa
Sagg B s sl
il gy ool cSyd 5 (SCUWILA02.144)

(NWIS) & o Jloy Lasls (WIL-4) ¥y ol Lasls
s OSAVI 3 NDVI RDVI St i (slaasls
ljlo 5l cov (Sijh ansS olS o ST Cumdy
Gkl slals Ja)l).w » Kl @l 9l o d)\.ﬁ] caliseo

o Slgime asls g b gl asle le blo)l o
Culn o 288 JE sy 0,90 (RWC)elS S5

S0 9 KU

C)‘)‘? W olKuisly

el 108 5 S5 (5,800 65,y (el pslateny

References
Alsaeedi, A., EI-Ramady, H., Alshaal, T., EI- Garawany, M., Elhawat, N. and Al-Otaibi, A., 2019.
Silica nanoparticles boost the growth and productivity of cucumber under water deficit and salinity
stresses by balancing nutrient uptake. Journal Plant Physiology and Biochemistry. 139(12), pp.1-10.
doi:10.1016/j.plaphy.2019.03.008

Asgari, A., Houshmand, A., Boroumand Nasab, S. and Zivdar, SH., 2023. Potential application of
spectral indices for olive water status assessment in (semi)- arid regions: A case study in Khuzestan
Province, Iran. Journal American Society of Plant Biologists. 7(6), pp.478-494. doi:
10.1002/pld3.494

Ballester, C., Miguel, A.J., Juan, R. C. and Diego, S.l., 2013. The usefulness of thermography for plant
water stress detection in citrus and persimmon trees. Journal Agricultural and Forest Meteorology.
168(15), pp. 120-129. doi: 10.1016/j.agrformet.2012.08.005

Ballesteros, R., Ortega, J.F. and Moreno, M.A., 2016. FORETo: new software for reference
evapotranspiration  forecasting. Journal of Arid Environments. 124(3), pp.128-141.
doi:10.1016/j.jaridenv.2015.08.006

Bohman, B.J., Rosen, C.J. and Mulla, D.J., 2019. Evaluation of variable rate nitrogen and reduced
Irrigation management for potato production. Journal of Agronomy. 111(4), pp.2005-2017.
doi:10.2134/agronj2018.09.0566

Ebrahimi, H., 2020. Investigating the performance and efficiency of tomato juice consumption in low
irrigation conditions and the use of silica hanoparticles, Thesis, Shahid Chamran University of Ahvaz,
Iran. 124p. (In Persian).

El-Hendawy, S.E., Al-Suhaibani, N., Elsayed, S., Hassan, W.M., Dewir, Y.H., Refay, Y. and Abdella,
K.A., 2019. The potential of the existing and novel spectral reflectance indices for estimating the leaf
water status and grain yield of spring wheat exposed to different irrigation rates. Journal Agricultural
Water Management. 217(c), pp.356-373. doi: 10.1016/j.agwat.2019.03.006

Elsayed, S. and Darwish, W., (2017). Hyperspectral remote sensing to assess the water status, biomass,
and yield of maize cultivars under salinity and water stress. Journal Crop Production and
Management. 76(1), pp.62—72. doi:10.1590/1678-4499.018

Elsayed, S., El-Hendawy, S., Dewir, Y., Schmidhalter, U., Ibrahim, H., Ibrahim, M., Elsherbiny, O.
and Farouk, M., 2021. Estimating the Leaf Water Status and Grain Yield of Wheat under Different


https://doi.org/10.1016/j.plaphy.2019.03.008
http://dx.doi.org/10.1016/j.agrformet.2012.08.005
https://www.researchgate.net/journal/Journal-of-Arid-Environments-1095-922X?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
http://dx.doi.org/10.1016/j.jaridenv.2015.08.006
http://dx.doi.org/10.2134/agronj2018.09.0566
http://dx.doi.org/10.1590/1678-4499.018

10-

12-

13-

14-

15-

16-

17-

19-

20-

21-

Irrigation Regimes Using Optimized Two- and Three-Band Hyperspectral Indices and Multivariate
Regression Models. Journal Water. 13(19), pp.1-22. doi:10.3390/w13192666

Elsayed, S., Elhoweity, M., lbrahim, H.H., Dewir, Y., Migdadi, H.M. and Schmidhalter, U., 2017.
Thermal imaging and passive reflectance sensing to estimate the water status and grain yield of wheat
under different irrigation regimes. Journal Agricultural Water Management.189, pp.98-110.
doi:10.1016/j.agwat.2017.05.001

Elsayed, S., Rischbeck, P. and Schmidhalter, U., 2015. Comparing the performance of active and
passive reflectance sensors to assess the normalized relative canopy temperature and grain yield of
drought-stressed  barley cultivars. Journal Field Crop Research. 177(13), pp.148-160.
doi:10.1016/j.fcr.2015.03.010

Elmetwalli, A.H., ElI-Hendawy, S.E., Al-Suhaibani, N., Alotaibi, M., Tahir, M.U., Mubushar, M.,
Hassan, W.M. and El-Sayed, S., 2020. Potential of hyperspectral and thermal proximal sensing for
estimating growth performance and yield of soybean exposed to different drip irrigation regimes under
arid conditions. Journal Spectroscopy. 27(2), pp.93-105. doi.org/10.3390/520226569

Gao, B., 1996. NDWI- a normalized difference water index for remote sensing of vegetation liquid
water from space. Journal Remote Sensing of Environment. 58(3), pp.257- 266.
doi.org/10.1016/S0034-4257(96)00067-3

Gitelson, A.A., Merzlyak, M.M., 1994. Spectral reflectance changes associated with autumn
senescence of aesculus hippocastanum L. and Acer platanoides L. seaves. Spectral features and
relation to chlorophyll estimation. Journal of Plant Physiol. 143(3), pp. 286-292.
http://dx.doi.org/10.3390/w11030443

Haboudane, D., Miller, J.R., Tremblay, N., Zarco-Tejada, P.J. and Dextraze, L., 2002. Integrated
narrow-band vegetation indices for prediction of crop chlorophyll content for application to precision
agriculture. Journal Remote Sensing of Environment. 81(2-3), pp.416-426.
https://doi.org/10.1016/S0034-4257(02)00018-4

Haghighi, M., Parniani far., F. and Mozafarian, S., 2021. Investigating the performance and efficiency
of tomato juice consumption in low irrigation conditions and the use of silica nanoparticles. In 5th
International Congress of Agricultural Development, Natural Resources, Environment and Tourism of
Iran, Tabriz, Iran.

Hashemi Dehkordi, E., Mousavi, M., Moallemi, N. and Ghafariyan moghareb, M.H., 2017. Effect of
nanoparticles of titanium dioxide (anatase) on physiological characteristics of strawberry ( Fragaria
ananassa c.v. Queen Elisa) in hydroponic condition. Journal Plant Process and Function. 5(16), pp.1-
8. (In Persian).

Ihuoma, S.O. and Madramootoo, C.A., 2019. Sensitivity of spectral vegetation indices for monitoring
water stress in tomato plants. Journal Computers and Electronics in Agriculture. 163(c), pp.
doi.org/10.1016/j.compag.2019.104860

lhuoma, S.O. and Madramootoo, C.A., 2020. Narrow-band reflectance indices for mapping the
combined effects of water and nitrogen stress in field-grown tomato crops. Journal Biosystem
Engineering. 192(1), pp. 133-143. doi:10.1016/j.biosystemseng.2020.01.017.

Inoue, Y., Kurosu, T., Maeno, H., Uratsuka, S., Kozu, T., Dabrowska-Zielinska, K. and Qi, J., 2002.
Season-long daily measurements of multifrequency (Ka, Ku, X, C, and L) and full-polarization
backscatter signatures over paddy rice field and their relationship with biological variables. Journal
Remote Sensing of Environment. 81 (2-3), pp.194-204. doi.org/10.1016/S0034-4257(01)00343-1

Junttila, S., Vastaranta, M., Liang, X., Kaartinen, H., Kukko, A., Kaasalainen, S., Holopainen, M.,
Hyyppa, H. and Hyypp4, J., 2017. Measuring leaf water content with dual-wavelength intensity data
from terrestrial laser scanners. Journal Remote Sensing. 9(1), pp.1-20. doi.org/10.3390/rs9010008


http://dx.doi.org/10.3390/w13192666
http://dx.doi.org/10.1016/j.agwat.2017.05.001
http://dx.doi.org/10.1016/j.fcr.2015.03.010
https://doi.org/10.3390/s20226569
https://doi.org/10.1016/S0034-4257(96)00067-3
http://dx.doi.org/10.3390/w11030443
https://doi.org/10.1016/j.compag.2019.104860
http://dx.doi.org/10.1016/j.biosystemseng.2020.01.017
https://doi.org/10.1016/S0034-4257(01)00343-1
https://doi.org/10.3390/rs9010008

22- Kasraei, R. and Saedi, S., 2010. The effect of sewage sludge of Tabriz Petrochemical Complex on
tomato plant growth. Water and Soil Magazine. 25(1), pp.10-20. (In Persian). doi:
10.22067/JSW.V010.2913

23- Kovar, M., Brestic, M., Sytar, O., Barek, V., Hauptvogel, P. and Zivcak, M., 2019. Evaluation of
Hyperspectral Reflectance Parameters to Assess the Leaf Water Content in Soybean. . Journal Water.
443(1), pp.1-12. doi: 10.3390/w11030443

24- Lynch, J.P., 2019.Root phenotypes for improved nutrient capture. An underexploited opportunity for
global agriculture. Journal New Phytologist. 223, pp.548-564. doi:org/10.1111/nph.15738

25- Maghsoudi, K., Emam, Y. and Ashraf, M., 2015. Influence of foliar application of silicon on
chlorophyll fluorescence, photosynthetic pigments, and growth in water-stressed wheat cultivars
differing in drought tolerance. Journal Tubitak. 39(4), pp.625-634. doi;:10.3906/bot-1407-11

26- Mahmoodi, K., Alizadeh, Y., Abdul-Hamid, H. and Naji, H.R., 2020. Effect of nano Sio2 on
physiological features of Pistacia atlantica subsp. Mutica under drought stress. Journal Wood and
Forest Science and Technology. 26(4), pp.85-100. (In Persian). Doi:
10.22069/JWFST.2020.13986.1715

27- Nguy-Robertson, A., Gitelson, A., Peng, Y.,Vina, A., Arkebauer, T. and Rundquist, D., 2012. Green
leaf area index estimation in maize and soybean: Combining vegetation indices to achieve maximal
sensitivity. Journal of Agronomy. 104(5), pp.1336—1347. doi.org/10.2134/agronj2012.0065

28- Pelesco, VA. and Alagao, FB., 2014. Evapotranspiration Rate of Lettuce (Lactuca sativa L.,
Asteraceae) in a Non-Circulating Hydroponi cs System. Journal Society & Technology. 4(1), pp.1-6.
doi: 10.5281/jst.v4i1.18

29- Penuelas, J., Filella, 1., Biel, C., Serrano, L. and Save, R., 1993. The reflectance at the 950-970 mm
region as an indicator of plant water status. Journal Remote Sensing. 14(10), pp.1887-1905.
d0i:10.1080/01431169308954010

30- Penuelas, J., Pinol, J., Ogaya, R. and Filella, 1., 1997. Estimation of plant water concentration by the
reflectance water index WI (R900/R970). Journal Remote Sensing. 18(13), pp.69-75.
d0i:10.1080/014311697217396

31- Romero, A.P., Alarcén, A., Valbuena, R.l. and Galeano, C.H., 2017. Physiological assessment of
water stress in potato using spectral information. Journal Frontiers Plant science. 8, pp.1608.
doi.org/10.3389/fpls.2017.01608

32

Roujean, J.L. and Breon, F.M., 1995. Estimating PAR absorbed by vegetation from bidirectional
reflectance measurements Remote Sensing of Environment. Journal Remote Sensing of Environment.
51(3), pp.375-384. doi.org/10.1016/0034-4257(94)00114-3

33- Schlemmer, M.R., Francis, D.D., Shanahan, J.F. and J.S., Schepers., 2005. Remotely measuring
chlorophyll content in corn leaves with differing nitrogen levels and relative water content. Journal of
Agronomy. 97(1), pp.106-112. doi.org/10.2134/agronj2005.0106

34- Shokri, S., Hooshmand, A., Golabi, M., Alemzadeansari, N. and Struve, D., 2021. Effect of Silica
Nanoparticles on Yield of Cucumber (Cucumis sativus L.) in Ahvaz region. Journal of Sustainable
Agriculture  and  Production  Sciences  .22(1), pp.279-292.  (In  Persion).  doi:
10.22034/SAPS.2021.44312.2624

35

Tripathi, D.K., Singh, V.P., Prasad, S.M., Chauhan, D.K. and Dubey, N.K., 2015. Silicon
nanoparticles (SiNp) alleviate chromium (V1) phytotoxicity in Pisum sativum (L.) seedlings. Journal
Plant Physiology and Biochemistry. 96(3), pp.189-198. doi: 10.1016/j.plaphy.2015.07.026


https://doi.org/10.22067/jsw.v0i0.2913
http://dx.doi.org/10.3390/w11030443
https://doi.org/10.1111/nph.15738
http://dx.doi.org/10.3906/bot-1407-11
https://doi.org/10.22069/jwfst.2020.13986.1715
https://doi.org/10.2134/agronj2012.0065
http://dx.doi.org/10.5281/jst.v4i1.18
http://dx.doi.org/10.1080/01431169308954010
http://dx.doi.org/10.1080/014311697217396
https://doi.org/10.3389/fpls.2017.01608
https://doi.org/10.1016/0034-4257(94)00114-3
https://doi.org/10.2134/agronj2005.0106
https://doi.org/10.22034/saps.2021.44312.2624
https://www.sciencedirect.com/journal/plant-physiology-and-biochemistry
https://doi.org/10.1016/j.plaphy.2015.07.026

36- Wang, J.J., Tian, X., CHen, L. and Wang, H.G., 2021. Grain Estarch Estimation using Hyperspectral
Data and its Relationship with Leaf Water Contents for Broomcorn Millet( Panicum Milliaceum L).
Journal Ecology and Environmental Research. 20(1), pp.431-445. doi:10.15666/aeer/2001_431445.

37- Yasir, QM1. and Zhang, W., 2022. Estimation of Leaf Water Content of Different Leaves from
Different Species Using Hyperspectral Reflectance Data. Journal Annals of Agricultural & Crop
Sciences. 7(2), pp.1111-2022. doi:10.26420/annagriccropsci.2021.1111

38- Zhang, Q., Li, Q. and Zhang, G., 2012. Rapid determination of leaf water content using VIS/NIR
spectroscopy analysis with wavelength selection. Journal of Spectroscopy. 27(2), pp.93-105


http://dx.doi.org/10.15666/aeer/2001_431445
http://dx.doi.org/10.26420/annagriccropsci.2021.1111

Feasibility Assessment of Water Stress Monitoring in Tomato Plants
Using Spectral Indices in Greenhouse Conditions

A. Hadighanavat, A. Hooshmand?", P. Tishehzan®, N. Alemzadeansari, K. Rangzan®

1- Ph.D. student, Department of Irrigation and Drainage, Faculty of Water and Environmental, Shahid Chamran University of
Ahvaz, Ahvaz, Iran.

2*- Professor, Department of Irrigation and Drainage, Faculty of Water and Environmental Engineering, Shahid Chamran
University of Ahvaz, Ahvaz, Iran. (Hooshmand_a@scu.ac.ir )

3- Assistant Professor, Department of Environmental, Faculty of Water and Environmental Engineering, Shahid Chamran University
of Ahvaz, Ahvaz, Iran.

4- Associate Professor, Department of Horticulture and Crop Science, Faculty of Agriculture, Shahid Chamran University of Ahvaz,
Ahvaz, Iran.

5- Professor of Remote Sensing and GIS, Faculty of Earth Sciences, Shahid Chamran University of Ahvaz, Ahvaz, Iran.

Keywords: Plant Water Status, Relative Water Content, Remote sensing, Spectrometry.

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 (lhuoma
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 5(NWI5), spectral
vegetation indices RDVI, NDVI, and OSAVI, to estimate water status in tomato plants.

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 SHIemmer
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 (WI11-4), 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
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concentrations of 100 mg/l was higher than O 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 **< R?<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 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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