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Abstract

Viticulture is very sensitive to water stress, which is critical and influenced by all environmental factors,
relating to the crop quality and productivity of vineyards. In this study, water stress was examined in veraison
and harvest stages for nine different species with spectroradiometric measurements. Leaf water potential (LWP)
values from field measurements and original spectra-based (OSB) and continuum removed spectra-based
(CRSB) curves were analyzed with correlation and regression analysis to find the highest related wavelengths.
The analysis was done for both specific dates of field measurements (i.e. 08.08.2012 and 06.09.2012) and also in
aggregate i.e. all measured data. The specific date wavelength-based analysis revealed the “red edge region” as a
major water stress indicator. The highest correlated wavelength was found to be 684 nm of CRSB curves with
R=0.988. For the aggregate wavelength-based water stress analysis, the “violet and green regions” were
identified as the best indicators. The highest correlated wavelength was found to be 410 nm of OSB curves with
R=0.820. Furthermore, the Analysis of Variance (ANOVA) testing indicates that the results are significant at
relatively high confidence levels. The spectral-based method performed in this study provides fast, flexible, and
non-destructive water stress measurements of grapevines when compared to classical methods.
Key Words: Grapevine, Water Stress, Hyperspectral Remote Sensing

Asma Su Stresinin Hiperspektral Analizi
Oz

Bagcilik, iiriin kalitesi ve lizim baglarinin verimliligi ile ilgili tim cevresel faktorlerden etkilenen ve
hayati bir etken olan su stresine son derece duyarlidir. Bu ¢alismada, dokuz farkli asma tiirii i¢in ben diisme ve
hasat donemlerindeki asma su stresi spektroradyometrik 6l¢timlerle incelenmistir. Arazi 6lgiimleri ile elde edilen
yaprak su potansiyeli (LWP) degerleri ile en iliskili dalga boylarini bulmak i¢in orijinal spektrum temelli (OSB)
ve siirekliligi kaldirilmis spektrum temelli (CRSB) egriler korelasyon ve regresyon analizi ile analiz edilmistir.
Analizler hem 6l¢tim tarihleri i¢in ayr1 ayr1 degerlendirmeler ile (yani 08.08.2012 ve 06.09.2012) hem de tiim
dlciim verileri icin toplam tek bir veri seti olacak sekilde iki farkli yaklasim ile gergeklestirilmistir. Olciimlerin
ayr1 ayr1 analizi, “kirmizi kenar bolgesini” 6nemli bir su stres gostergesi olarak ortaya ¢ikarmistir. En yiiksek
korelasyonun R = 0.988 degeri ile CRSB egrisinin 684 nm dalga boyu oldugu belirlenmistir. Tiim dl¢iimlerin bir
arada degerlendirildigi su stresi analizi i¢in “mor ve yesil bolgeleri” en iyi gostergeler olarak tespit edilmistir. En
yiiksek korelasyonun R = 0.820 degeri ile OSB egrisinin 410 nm dalga boyu oldugu belirlenmistir. Ayrica,
Analysis of Variance (ANOVA) testinin sonuglari bu calismada elde edilen bulgularin yiiksek giiven
seviyelerinde anlamli oldugunu gostermektedir. Bu ¢alismada gerceklestirilen spektral tabanli yontem, iiziim
baglarmin / asma su stresi Olgmelerini klasik yontemlere kiyasla hizli, esnek ve tahribatsiz bir sekilde
saglamaktadir.

Anahtar Kelimeler: Asma, Su Stresi, Hiperspektral Uzaktan Algilama
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Introduction:

Plant water stress determination and measurement is vital and necessary for many forestry,
agricultural, land rehabilitation and conservation applications (Govender et al., 2009; Demirel et al.,
2014; Demirel et al., 2018; Camoglu et al., 2018; Camoglu et al., 2019a). Grapevine physiology (Naor
et al., 1994; Williams and Araujo, 2002; De Bei et al., 2011), vegetative and reproductive growth
(Schultz and Matthews, 1993) and yield has been highly correlated with water stress (Greenspan et al.,
1996; Williams and Araujo, 2002). Grapevine productivity and quality are highly related to water
stress (Kennedy et al. 2002; Cifre et al., 2005; Rodriguez-Pérez et al., 2007; De Bei et al., 2011). Leaf
water potential (LWP) is typically used as an indicator of water stress, which provides information
about soil type, soil moisture, salinity, available water, environmental conditions, agronomic practices,
crop growth and climate as an integrated system. (Turner, 1981; Williams and Araujo, 2002; Eitel et
al., 2006; Kakani et al., 2007; Gutierrez et al., 2010).

Pressure chamber technique, which is a frequently used destructive LWP measurement
method, provides a simple, reliable, rapid, economical and portable LWP measurement (Scholander et
al., 1965; Ritchie and Hinckley, 1975; Eitel et al., 2006; Govender et al., 2009; Gutierrez et al., 2010;
De Bei et al., 2011; Camoglu et al., 2019a). This technique can be used to identify correlations
between the water stress and the grapevine physiology (Williams and Araujo 2002; Rodriguez-Pérez
et al., 2007).

Remote sensing is frequently used in agricultural monitoring (Ozelkan et al., 2016; Giirsoy
and Atun 2018) and provides successful results especially in plant condition analysis studies (Ince et
al. 2014; Ozelkan et al., 2015; Giirsoy and Atun 2019). Remote sensing technologies benefit from
spectral reflectance data to determine plant water stress (Sims and Gamon, 2002; Stimson et al., 2005;
Eitel et al., 2006; Fitzgerald et al., 2006; Govender et al., 2009; Demirel et al., 2014; Camoglu et al.,
2018; Camoglu et al., 2019b). Compared to the pressure chamber technique, remote sensing
techniques provide a means for a more reliable, instant, simple and nondestructive water status
measurement (Hunt et al. 1989; Rodriguez-Pérez et al., 2007).

It has been shown in the literature that several wavelengths (760 nm, 970 nm, 1190 nm, 1240
nm, 1400 nm, 1450 nm, 1900 nm, 1940 nm, 2700 nm, and 2950 nm) are reactive to water absorption
(Tucker, 1980; Penuelas et al., 1993; Gao, 1996; Ceccato et al., 2001; Stimson et al., 2005; Eitel et al.,
2006; Kakani et al., 2007, Rodriguez-Pérez et al., 2007; Gutierrez et al., 2010). The effect of
background materials (such as soil) and atmospheric absorptions on the water absorption bands may
cause sensing problems. Continuum removal analysis (CRA) is used to overcome this problem
(Kokaly and Clark 1999; Rodriguez-Pérez et al., 2007). CRA gives opportunity to isolate the relevant
absorption features, therefore the coefficients of determination increase and more sensitive absorption
features can be identified (Kokaly and Clark 1999; Rodriguez-Pérez et al., 2007).

The purpose of this study is to introduce a hyperspectral remote sensing-based technique for
water stress analysis of grapevines. To illustrate the proposed application to grapevine, leaves from
nine grape species were examined by comparing mid-day LWP values and spectral reflectance
measurements. LWP values were associated with both original spectra-based (OSB) and CR spectra-
based (CRSB) curves and analyzed with correlation and regression analysis to find the highest related
wavelengths.

Materials and Methods:

Study Area

Tekirdag is in the Eastern Thrace region of Turkey, which has a very old and rooted viticulture
tradition (Durgut and Arin, 2005). The LWP and spectroradiometric measurements were performed in
the national collection vineyard of Tekirdag Viticultural Research Station, which is in the boundaries
of the following coordinates: northwest 40.973562°N - 27.461911°W and southeast: 40.969184°N -
27.477504°W (Figure 1). The region is under the effect of Marmara climate that is a transition climate
between the Continental, the Black Sea and the Mediterranean climates, where the summers are not as
rainy as the Black Sea climate and not as dry as the Continental climate, and the winters are not as
warm as the Mediterranean climate and not as cold as the Continental Climate (Sensoy et al., 2008).
Long year’s monthly average temperature is 14°C and long year’s annual total precipitation is 585
mm. The rainiest period is December with 82.8 mm, and the driest period is August with 12.5 mm
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precipitation. The July and August are hottest periods with 24°C, and the coldest is January with
5°C.The climate conditions of the study area enable the growth of many grape species, which is more
than 1200 according to the Tekirdag Viticultural Research Station actual report.

600 Kilometers|

Figure 1. The study area.

LWP Measurement Method

LWP measurements were performed using the “Model 3115-Portable Plant Water Status
Console- Scholander Pressure Chamber”. Note that the LWP measurements should be performed fast
and carefully in two steps. First, a fully developed healthy and sun-exposed leaf is determined, which
reflects the phenological era. The leaf is cut as fast as possible from the end of the petiole and placed
into the pressure vessel to prevent changes from dehydration and evaporation and to get accurate
results (Turner, 1988; Smith and Prichard, 2003; Eitel et al., 2006; Govender et al., 2009). Second, the
vessel is pressurized until the first exudation of sap from the cut surface of petiole. This pressure is
where the negative of the atmospheric pressure is equal to the plant’s hydrostatic pressure and
therefore it is equal to LWP (Turner, 1988; Smith and Prichard, 2003; Eitel et al., 2006; Govender et
al., 2009). LWP measurements were performed just after spectroradiometric measurements for nine
grape species.

The LWP results including temporal differences, average and standard deviation values of 9
species are summarized in Table 1. The LWP and spectral reflectance measurements were performed
on 08.08.2012 (1* measurement - M1: veraison stage) and on 06.09.2012 (2nd measurement - M2:
harvest stage).

According to phenological era, the average water stress of the M2 is higher than M1. A water
stress increase was observed in the Alphonse, Atasarisi, Cinsaut, Razaki, Semilion, Tekirdag
Cekirdeksizi and Yapincak, and a decrease was observed in Gamay and Merlot. The average water
stress values were -1.56 MPa and -1.68 MPa on 08.08.2012 and 06.09.2012, respectively. The average
difference of water stress between two phenological stages is 0.13 MPa. The standard deviations of
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M1 and M2 are 0.05 Mpa and 0.17 Mpa, respectively. The standard deviation of M2 values is higher
than the first one, because the species differ, in shape during or after the harvest stage.
Table 1. The water stress results (Wie.r(-MPa): mid-day LWP leaf in negative megapascal).

08.08.2012 06.09.2012 Difference

Species
W leat(-MPa) Weat(-MPa) W leat(-Mpa)

Alphonse Lavallée -1.55 -1.85 0.30
Atasarisi -1.52 -1.66 0.14
Cinsaut -1.60 -1.65 0.05
Gamay -1.52 -1.35 -0.17
Merlot -1.65 -1.58 -0.07
Razaki -1.60 -1.86 0.26
Semillion -1.50 -1.62 0.12
Tekirdag Cekirdeksizi -1.52 -1.90 0.38
Yapincak -1.50 -1.64 0.14
Average -1.55 -1.68 0.13
Standard Deviation 0.05 _0.17 0.17

The temporal change of water stress was examined due to meteorological and phenological
changes in this section. It is well-known that events like slowdowns in development and
photosynthesis activity, and rises at water stress depend on the decrease in soil moisture and the
harvest phenological stage (Carbonneau, 1998; Bertamini and Nedunchezhian, 2003; Deloire et al,
2004; Ozelkan et al. 2015). Although such events trigger the increase in water stress, the difference of
average of water stress between two phenological stages is not much in our case, which can be
explained based on the meteorological data. Between the two measurement dates, there had been only
6.2 mm precipitation. Considering the evapotranspiration in summer, the 6.2 mm precipitation value is
not sufficient to make the soil moist. Accordingly, the water stress increases until the rainy season.

Other meteorological parameters of the measurements’ eras are given in Table 2. All
physiological activities of plants, particularly photosynthesis, can be continued at optimum level
between 25-30°C (Ferrini et al., 1995; Uzun, 2004; Greer and Weedon 2012). Higher temperatures
trigger the water stress with the increase in the amount of water into the air by transpiration. The
average temperature of M1 and M2 (14:00-15:00) are 32.46°C and 27.56°C, respectively. The average
solar radiation of M1 and M2 (14:00-15:00) are 3413.15 pmol.s'm? and 2994.77 pmol.s'm?
respectively. Based on these findings, we can conclude that M1 conditions would lead to higher water
stress. The average UV of M1 and M2 (14:00-15:00) are 6.6 and 5.17, which are in moderate to high
levels according to the UV index (TSMS, 2013; ARPANSA, 2013; CCOHS, 2013). Again, based on
UV values, first day measurements should be more stressful than the second. Decrease in relative
humidity (RH), in other words, the increase of vapor pressure difference between plant and air
expedites water lose due to transpiration and again, the plant enters to a state of water stress (Eamus
and Shanahan, 2002). The average RH of M1 and M2 (14:00-15:00) are 48.14% and 62.23%
respectively, thus first day measurements should be more stressful than the second based on the RH as
well. Increase in wind speed causes to trigger the increase in transpiration that again causes water
stress (Lambers et al., 2008). The average wind speed of M1 and M2 (14:00-15:00) are 14 km.h™ and
10.92 km.h™ respectively, thus, first day measurements should be more stressful than the second
depend on the wind speed.
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Table 2. 10-minute frequency average meteorological parameters in the measurement time intervals.

Solar

Atmospheric 2 m Air Relative Wind

Measuremen Wind Radiation
Pressure UV  Temperature  Humidity Speed

t Dates Direction Intensity

(mb) O (%) (km.h)
(umol.s™m?)
08.08.2012 1012.79 6.6 32.46 48.14 7 14.04 3413.15
06.09.2012 1011.29 5.1 27.56 62.23 7.08 10.92 2994.77

As discussed above, according to analysis of available meteorological data, the water stress
average of the M1 is expected to be higher. On the other hand, according to phenological era, the
water stress average of the M2 is expected to be higher. It seems overall, the phenological conditions
have slightly stronger influence than the meteorological conditions, thus the water stress average of
the M2 values turned out to be slightly higher than M1. The M1 and M2 phenological stages,
conditions, information and photos of the corresponding species are presented in Table 3 and Figure 2.
In M1, none of the species were in harvest phase, and even fruits of some species did not fully reach
maturity. In M2, five of the species (Alphonse Lavallée, Atasarisi, Gamay, Merlot, Tekirdag
Cekirdeksizi) just passed the harvest phase, four of them (Cinsaut, Razaki, Semilion, Yapincak) were

very close to the harvest phase.

Table 3. The 2012 phenological stages’ dates of studied species.

Species Bud Burst Flowering Veraison Harvest
Alphonse Lavallée 06.04.2012 28.05.2012 23.07.2012 27.08.2012
Atasarisi 05.04.2012 02.06.2012 25.07.2012 25.08.2012
Cinsaut 05.04.2012 30.05.2012 26.07.2012 07.09.2012
Gamay 04.04.2012 28.05.2012 20.07.2012 16.08.2012
Merlot 04.04.2012 28.05.2012 23.07.2012 04.09.2012
Razaki 06.04.2012 30.05.2012 03.08.2012 12.09.2012
Semillion 05.04.2012 28.05.2012 03.08.2012 11.09.2012
Tekirdag Cekirdeksizi 04.04.2012 29.05.2012 30.07.2012 24.08.2012
Yapincak 02.04.2012 28.05.2012 03.08.2012 11.09.2012
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Figure 2. M1 (left) and M2 (right) phenological conditions of the corresponding species.

Spectral Reflectance Measurement Method

ASD Handheld Spectroradiometer operating in a spectral range of [375-1075] nm was used to
get the spectral reflectance of leaves. For each spectral application, the distances of dark current
correction, optimization, white reference and measurement were set to be same (10 cm) above the vine
leaf from a nadir orientation. The measurements were performed using a one-degree lens. The field of
view was 1°, covering a circular area of 0.1745 cm in diameter and the swath area of 0.0239 cm?. At
least 10 iterations were made for spectral reflectance measurement of each species, then the anomaly
curves were eliminated and the mean of 10 spectral curves was averaged to find the final spectral
curve of each grape species. Spectroradiometric measurements were performed just before LWP
measurements for the nine species. Finally, the values between [400-1000] nm were chosen in this
study due to the high noise outside this interval.

CR normalizes reflectance spectra in order to allow comparison of individual absorption
features from a common baseline (Clark, 1999; Kokaly and Clark 1999; Kokaly, 2001; Mutanga,
2003; Rodriguez-Pérez et al., 2007). Convex hull fitted over the top of a spectrum is called the
continuum. The CR reflectance, Rer(A) of each wavelength is generated by dividing the original
reflectance value Ro(A) to the reflectance value of the convex hull (continuum line) Rel(A) of the
corresponding wavelength (Equation [1]). Based on this relationship, if the spectrum and continuum
line are matching, the Rer(A) value will be 1, on the other hand, if there is absorption, the Rer(A) value
would decrease. (Schmidt and Skidmore, 2003; Mutanga, 2003; Rodriguez-Pérez et al., 2007).

Rer(A) = Ro(A)/Rel() [1]
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OSB and CRSB curves corresponding to the M1 and M2 spectral measurement and multi
temporal difference spectrum results are shown in Figure 3. In the original spectral curves, the high
differences are shown in mostly in the red edge and there are also variations at the visible region. In
contrast, the high differences are shown at the visible regions in the CR spectral curves. Multi
temporal difference spectra were used to define the phenological variations of water stress in further
sections. In multi temporal difference spectra, green and red edge regions seem to contain more
variations between species.
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Figure 3. a: M1 OSB-Curves, b: M2 OSB-Curves, c: OSB difference spectrum, d: M1 CRSB-Curves, e: M2
CRSB-Curves, f: CRSB difference spectrum.

Data Analysis

The relations between the water stress (LWP) and hyperspectral values were analyzed with
correlation and regression analyses. In the result section, Pearson correlation coefficient (R) and
coefficient of determination (R?) values of the findings were showed individually for each wavelength.
Simple linear regression models were developed to verify trends. In addition, the significance of
results was analyzed using Analysis of Variance (ANOVA), and Root Mean Square Error (RMSE).
The following section will present the major findings and recommendations based on the analysis.

Results and Discussion:

Specific Dates Analysis

In this part of the study, the analysis of specific dates (08.08.2012 & 06.09.2012) and optimum
intersection specific dates will be presented. OSB and CRSB from of 9 spectra were individually
correlated with 9 water stress values to find the most sensitive wavelengths for 08.08.2012 and
06.09.2012, respectively.

Analysis of the relation between water stress and OSB & CRSB-Curves using specific dates
measurement

Study with OSB-Curves: Correlation coefficients between water stress and original spectral
reflectance values for the 9 grape species are shown in Figure 4 for each wavelength for M1 and M2
measurements. [400-730] nm interval of each veraison and harvest stages were found to be highly
correlated with water stress. M1 was found to be less correlated with [400-730] nm compared to M2.
The M2 water stress values influence the electromagnetic spectrum much more than M1 especially in
[400-510] nm and [630-680] nm, where correlation is expected with chlorophyll content and plant
stress (Chappelle et al, 1992; Carter and Miller, 1994; Zarco-Tejada et al., 2000; Govender et al.,
2009). The reason why M2 is much more correlated with spectra can be explained as follows: The
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water stress values and standard deviation value of M1 were smaller than the M2 values. Based on the
distinctive phenological stage differences, M2 was found to be more sensitive to spectra.
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Figure 4. Correlations between water stress and OSB-Curves’ values for M1 and M2, and correlation between
temporal difference of W..s(-MPa) and temporal difference of OSB-Curves.

In the M1 analysis, [510-662] nm and [672-713] nm intervals were found to be R>0.8
correlated with water stress. The highest correlation was found at 695 nm with R=0.914 (R*=0.8357).
In the M2 analysis, [400-726] nm interval was found to be R>0.8 correlated with water stress. The
highest correlation was found at 686 nm with R=0.972 (R?=0.9453). 695 and 686 nm wavelengths are
in the red edge region. The temporal difference values of water stress (Table 1) and OSB-Curves
Figure 3 were computed to find the correlated wavelengths that are sensitive to temporal change of
water stress. Generally, ~560 nm and ~715 nm regions were found to be more sensitive to
differentiations in temporal original spectra. In the interval of [400-726] nm, R>0.8 was found and the
highest correlation was found at 684 nm with R=0,924 (R?*=0,853). Figure 5 shows the individual
linear regression models and corresponding R? values for 684, 686 and 695 nm wavelengths. As seen
from the figure and based on the corresponding analysis of variance (presented in section 4.3), the
linear models provide a good and statistically significant fit (with significance probabilities close to
zero and >99 % confidence level).
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Figure 5. The relation between M1 W ..¢(-MPa) values and 695 nm of OSB-Curves, M2 ¥ e,(-MPa) values and
686 nm of OSB-Curves and temporal difference of W \e;(-MPa) and temporal difference of 684 nm of OSB-
Curves.
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Study with CRSB-Curves: Correlations between water stress and CR spectra values are shown
in Figure 6 for each wavelength for M1 and M2. Compared to the OSB-curves analysis, the correlation
between M1 and CRSB-curves was found to be lower.
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Figure 6. Correlations between water stress and CRSB-Curves for M1 and M2, and correlation between temporal
difference of We.f(-MPa) and temporal difference of CRSB-Curves.

In the M1 analysis, [519-587] nm and [690-742] nm intervals were found to be R>0.8
correlated with water stress. The highest correlation was found at 723 nm with R=0.942 (R*=0.8869).
In the M2 analysis, [400-754] nm interval was found to be R>0.8 correlated with water stress over.
The highest correlation was found at 684 nm with R=0.988 (R*=0.9767). 723 and 684 nm wavelengths
are in the red edge region as it was found in the original spectra analysis.

Similar analysis of the temporal differences of water stress (Table 1) and CRSB-Curves
(Figure 3) showed that ~560 nm and ~710 nm regions are more sensitive to differentiations in multi-
temporal original spectra. In the intervals of [402-435], [512-524], [545-572], [628-642] and [653-
748] nm, the correlation was found as R>0.8 and the highest correlation was found at 724 nm with
R=0.945 (R*=0.8931). Figure 7 shows the individual linear regression models and corresponding R?
values for 684, 723 and 724 nm wavelengths. Again, the figure and the analysis of variance (presented
in section 4.3) confirm that the linear models are fairly adequate in this case with high statistical
significance.
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Figure 7. The relation between M1, M2, temporal difference W ef(-MPa) values and 723 nm, 684 nm, 724 nm of
CRSB-Curves respectively.
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Aggregate Analysis

So far, the analysis was conducted for different dates of the veraison and harvest stages (i.e.
specific dates) separately (08.08.2012 and 06.09.2012). In this section, a consolidated analysis (i.e.
aggregate analysis) is presented for the total data (9+9=18 spectra and water stress data corresponding
to 08.08.2012 and 06.09.2012).

Analysis of the Relation between Water Stress and OSB&CR Curves using Aggregate Data

Correlations between total water stress values and original and CR spectra values are shown in
Figure 8 for each wavelength. OSB curves and water stress correlation distribution were found more
homogeneous than the correlation of CRSB and water stress. In the previous sections, it was indicated
that the CRSB curves detect the absorption feature and main differentiation regions of spectra and thus
this causes heterogeneity in the correlation distribution. ~760 nm, ~820 nm and ~930 nm regions were
identified as correlation anomalies with low R values in current study as seen in Figure 8. These
results seem to comply with the literature as “~690 nm = 02, ~720 nm = H20, ~760 nm = 02, ~820
nm = H20, ~930 nm = H20” were indicated as molecular absorption and sensitivity regions
(Borengasser et al., 2004; Mohan, 2008).
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Figure 8. Correlations between aggregate water stress values of grape species and OSB and CRSB-Curves.

Study with OSB Curves: In the original spectra analysis, [400-432], [507-529] and [673-687]
nm intervals were found to be R>0.8 correlated with water stress. The highest correlation was found at
410 nm with R=0.820 (R*=0.6728) (Figure 8). 410 nm is in the violet region.

Study with CRSB Curves: In the CR spectra analysis, [400-420] and [512-559] nm intervals
were found to be R>0.8 correlated with water stress. The highest correlation was found at 521 nm with
R=0.820 (R®=0.6722) (Figure 9). 521 nm is in the green region.

Figure 9 shows the individual linear regression models and corresponding R? values for 410
and 521 nm wavelengths, which again seem fairly adequate in this case. Next, we will elaborate on the
statistical significance of these results using the Analysis of Variance (ANOVA) methodology.
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Figure 9. The relation between 410 nm of aggregate OSB and W e.¢(-MPa) and the relation between 521 nm of
aggregate CRSB and W\e.s(-MPa).

Analysis of Variance - ANOVA

The significance of results was analyzed for each wavelength and the corresponding linear
relationship using ANOVA and RMSE. The names of determined wavelengths, data used, spectra type
(ST), associated formula, multiple R (M-R), coefficient of determination R? adjusted R? (A-R?),
significance F (S-F), and RMSE results are given in Table 4. The rest of the information
corresponding to the ANOVA tables (such as degrees of freedom, sum of squares, and F values) was
not shown here for conciseness. S-F values from the ANOVA were found to be very small that
indicates very good regression relation between wavelength and water stress. For example, in the
analysis between OSB 695 nm and water stress of 08.08.2012, S-F was found 0.000561 that indicates
99.9439% (=100%[1-0.000561]) confidence on the established relation. In addition, the RMSE values
are smaller than 0.1 that also indicates a high accuracy of results.

Table 4. ANOVA and Root Mean Square Error (RMSE) analysis results

Wavelength  Data used ST Formula M-R (R) R? (A-RY S-F RMSE
695 nm 8.08.2012 OoSB y =2.6509x - 1.8552  0.914142  0.835656 0.812178 0.000561 0.020355
686 nm 6.09.2012 0SB y =10.425x - 2.4742  0.972241  0.945252 0.937431 0.000011 0.037816
684 nm Difference 0osB y=9.2127x + 0.1315 0.923553 0.85295 0.831943 0.000377 0.063264

723 nm 8.08.2012 CRSB y=1.4412x -2.5644 0.941739  0.886873 0.870712 0.000148 0.016888

684 nm 6.09.2012 CRSB y = 7.88x - 2.5894 0.98826  0.976657 0.973323 0.000001 0.024693

724 nm Difference CRSB y =2.3476x + 0.1819 0.945041  0.893103 0.877832 0.000121 0.053939

410 nm Aggregate 0osB y=9.1262x -2.1186 0.820218 0.672758 0.652305 0.000031 0.077603

521 nm Aggregate CRSB y =3.3433x - 24503 0.819854  0.67216 0.65167 0.000031 0.077673

Conclusions:

In this study, we applied a remote sensing-based spectroradiometric technique for water stress
analysis of grapevines. Considering the specific dates of veraison and harvest stages first, the study
results showed that the best wavelength-based indicator of LWP is in the red edge region for both
OSB and CR data. Red edge, which is approximately between a minimum range of [690-740] nm and
a maximum range of [670-780] nm is highly related with plant water stress) Jayaraman and Srivastava,
2002; Fitzgerald et al., 2006; Eitel et al., 2006; Blackburn, 2007; Govender et al., 2009; Liu et a.,
2013). The results are in alignment with the previous studies that reported that the shape and position
of red edge was found to be an indicator of chlorophyll content, biomass and hydric status of plants
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(Penuelas et al., 1993; Filella and Penuelas, 1994; Liu et al., 2013) and highly correlated with water
stress of grapevines (Broge and Leblanc 2001; Rodriguez-Pérez et al., 2007).

High correlations of OSB-Curves and the LWP values were found to be R= 0.914 (R?=0.8357)
at 695 nm and R=0.972 (R°=0.9453) at 686 nm for M1 and M2 specific dates, respectively. The
correlation between temporal difference spectra and LWP data was found to be most correlated with
684 nm with R=0.924 (R?*=0.853). High correlations of CRSB-Curves and the LWP values were found
to be R=0.942 and R?*=0.8869 at 723 nm for M1 and R=0.988 and R?=0.9767 at 684 nm for M2. The
correlation between temporal differences spectra and LWP data was found to be most correlated with
724 nm with R= 0.945 and R?=0.8931. In other words, if red edge reflectance increases, the water
stress decreases.

When the data was analyzed as an aggregate (total data of 18 points), good correlations were
found with water stress between 400-432 nm (in the violet region), 507-559 nm (in the green region)
and 673-687 nm (in the end of the red and beginning of the red edge). Note that these findings are in
alignment with previous research which showed correlations between chlorophyll content and plant
stress (Chappelle et al, 1992; Carter and Miller, 1994; Zarco-Tejada et al., 2000; Govender et al.,
2009). In other words, as an aggregate result of the current study, if violet, green and red-red edge
reflectance increases, water stress decreases. An ANOVA analysis confirmed that the findings are
statistically significant at over 99% confidence levels.

Consequently, the OSB and CRSB results were found to be similar in most part. According to
specific date’s analysis results, the water stress is highly correlated with the red edge region
wavelengths. According to aggregate (total data) analysis’ results, the water stress values are highly
correlated with violet, green and red edge region.

Water is vitally important for all living things and lack of water causes stress. Viticulture,
which is a precious agricultural activity, is excessively influenced by all environmental factors.
Spectral data provides integrated information about a plant reflecting soil type, soil moisture, salinity,
available water, environmental conditions, agronomic practices, crop growth and climate. In addition,
hyperspectral spectroradiometric techniques supply non-destructive measurement method compared to
the traditional pressure chamber’s LWP. This study may be useful to monitor the water status and
stress of grapevine and the other plants using remote sensing. The hyperspectral remote sensing
findings may be adapted and tried in the different satellite, airborne or in-situ remote sensing sensors
such as multispectral and hyperspectral and others. The findings may be used for different activities
associated with plant such as agriculture and forestry. The irrigation scheduling of agricultural-
viticultural activities may be organized and determined using the results and finding of this study.
However, wavelengths were found and verified with water stress values, the other measurements of
different parameters such as soil moisture, photosynthesis, leaf temperature and stoma conductance
and others that affect plant water stress may be performed in the future studies. As compared with the
classical methods, this study validates that the spectral-based methods provide faster, more flexible
application, more sensitive and non-destructive water stress measurements.
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