& agriculture m\py

Article
Satellite and Proximal Sensing to Estimate the Yield
and Quality of Table Grapes

Evangelos Anastasiou L* Athanasios Balafoutis 12, Nikoleta Darra 1, Vasileios Psiroukis 1,
Aikaterini Biniari 3, George Xanthopoulos ! and Spyros Fountas !

1 Department of Natural Resources Management & Agricultural Engineering,

Agricultural University of Athens, Iera Odos 75, 11855 Athens, Greece; a.balafoutis@certh.gr (A.B.);
nicoletadarra@aua.gr (N.D.); vassilispsiroukis@gmail.com (V.P.); xanthopoulos@aua.gr (G.X.);
sfountas@aua.gr (S.F.)

Institute for Bio-Economy & Agri-Technology, Centre of Research & Technology Hellas,
Dimarchou Georgiadou 118, 38221 Volos, Greece

Faculty of Crop Science, Agricultural University of Athens, Iera Odos 75, 11855 Athens, Greece;
kbiniari@aua.gr

*  Correspondence: evangelos_anastasiou@aua.gr; Tel.: +30-210-529-4043

check for
Received: 30 April 2018; Accepted: 22 June 2018; Published: 26 June 2018 updates

Abstract: Table grapes are a crop with high nutritional value that need to be monitored often
to achieve high yield and quality. Non-destructive methods, such as satellite and proximal
sensing, are widely used to estimate crop yield and quality characteristics, and spectral vegetation
indices (SVIs) are commonly used to present site specific information. The aim of this study was
the assessment of SVIs derived from satellite and proximal sensing at different growth stages
of table grapes from veraison to harvest. The study took place in a commercial table grape
vineyard (Vitis vinifera cv. Thompson Seedless) during three successive cultivation years (2015-2017).
The Normalized Difference Vegetation Index (NDVI) and Green Normalized Difference Vegetation
Index (GNDVI) were calculated by employing satellite imagery (Landsat 8) and proximal sensing
(Crop Circle ACS 470) to assess the yield and quality characteristics of table grapes. The SVIs
exhibited different degrees of correlations with different measurement dates and sensing methods.
Satellite-based GNDVI at harvest presented higher correlations with crop quality characteristics
(r = 0.522 for berry diameter, r = 0.537 for pH, r = 0.629 for berry deformation) compared with NDVL
Proximal-based GNDVI at the middle of veraison presented higher correlations compared with NDVI
(r = —0.682 for berry diameter, r = —0.565 for berry deformation). Proximal sensing proved to be
more accurate in terms of table grape yield and quality characteristics compared to satellite sensing.

Keywords: spectral vegetation index; precision viticulture; remote sensing; table grapes; crop yield
and quality estimation

1. Introduction

Table grapes have been included in the human diet since ancient times. The global production
of table grapes reached 22.7 million tons in 2017 [1]. Table grapes can be defined according to their
berry colour (green, blue or red cultivars), the existence of seeds in berries (in seeded or seedless
cultivars) and the berry size (small, medium and large sizes). Seedless table grape varieties are the most
popular nowadays as they are more consumer friendly [2]. Table grapes are affected strongly in terms
of quantity and quality characteristics by agronomical practices and field conditions. The impacts
of pre-harvest activities influence the major quality variables of table grapes—total soluble solids,
acidity and berry diameter—which are strongly connected with storability and consequently, with shelf
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life, which has an impact on the final table grape price [3-6]. As a consequence, there is a need to
sufficiently and effectively assess table grape production at the field level in order to arrange better
postharvest operations (storage, packing, transportation to the final markets) during the growing
season. This assessment of final yield and quality at the field level during the growing season would
be very valuable to the farmers and remote sensing could provide such services.

Remote sensing has proved to be game changing for the agricultural sector, as it is one of the
backbones of precision agriculture. Remote sensing estimates the properties of a plant through
non-destructive processes in a fast and accurate way [7]. Remote sensing has a wide range of
applications in agriculture, including crop growth monitoring, crop yield and quality estimation,
identification of irrigation needs, as well as biotic and abiotic damage (e.g., pests infestations,
disease infections, hail damage, flood and drought damage) [8].

Spectral vegetation indices (SVIs) are mathematical quantitative combinations of the absorption
and scattering rates of plants in different bands of the electromagnetic spectrum and are used to
measure the properties of a crop. SVIs provide a simple yet elegant method for measuring plant
responses throughout the season, exploiting the basic differences between soil and plant spectra,
and are often calculated as a type of relationship between reflected light in the visible and near infrared
(NIR) wavelengths. Healthy green plants have relatively low reflectance and transmittance in the
visible regions of the spectrum (high absorbance of light for photosynthesis). Their reflectance and
transmittance, however, are usually high in the near infrared (NIR) region. The most well-known
SVl is the Normalized Difference Vegetation Index (NDVI) [9]. NDVI has been correlated with crop
parameters, such as wet biomass, leaf area index, plant height and grain yield [10]. Based on the
NDVI, more indices have been generated that present equal or better performances in the estimation of
crop-related parameters and are based on the same or different bands of the electromagnetic spectrum,
such as the Normalized Difference Red Edge Index (NDRE) [11], the Advanced Normalised Vegetation
Index (ANVI) [12], the Green Normalised Difference Vegetation Index (GNDVI) [13], the Green
Red Vegetation Index (GRVI) [14], the Damage Sensitive Spectral Index (DSSI) [15], the Optimized
Soil-Adjusted Vegetation Index (OSAVI) [16], the Ratio Vegetation Index (RVI) [17], the Simple Ratio
(SR) [18] and the Enhanced Vegetation Index (EVI) [19]. Despite the usefulness of the SVIs in assessing
the crop growth and yield parameters, the platform that is used to acquire the different bands is very
important and can be divided into satellite, aerial and proximal platforms, based on the distance to the
assessed crop [20,21]. Consequently, satellite and aerial remote sensing can provide regular spatially-
and temporally-explicit information across large areas when compared to proximal sensing which is
mainly used for small scale applications with higher resolution [22].

After the first satellites were launched and effectively provided usable data, the need for
higher spatial resolution satellite imaging systems with quicker revisit cycles became obvious.
Nowadays, satellites with sub-meter resolution like GeoEye and WorldView, and only 1 day revisit
time can be used in agriculture [23]. In addition, there are freely available satellite imagery with 20 m
resolution and 5 days revisit time, like the one that is provided by the Sentinel satellites [24].

Satellite images from the SPOT satellites were used to zone the South African viticultural
terroirs [25]. Landsat imagery was used to locate vineyards in Spain [26]. Satellite data from Landsat 8,
MODIS and GOES were used to provide daily field scale evapotranspiration estimates over two
vineyards [27]. High-resolution multispectral satellite imagery from IKONOS was used to map the
leaf area of wine grape vineyards, providing plant growth models and decision support for irrigation
and canopy management from the resulted maps [28]. Kandylakis and Karantzalos (2016) used high
resolution satellite imagery and found that satellite data have the potential to describe wine grape
quality parameters [29]. Borgogno-Mondino et al. (2018) found that the NDVI derived from Landsat 8
imagery was highly correlated with NDVI derived from aerial imagery at a vineyard scale when
assessing vine vigor to produce prescription maps [30]. However, some studies indicated that the
spatial resolutions of medium resolution satellite imagery are not sufficient for assessing vineyards
due to the narrow vine spacing; this problem is more intensive in vineyards with large heterogeneity,
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and satellite data of higher resolution can produce comparable results with aerial platforms [31,32].
At the same time, temporal resolution and cloud cover that can occur at the time the satellite passes are
also limitations that should be taken into consideration [33]. Due to the latter, there is limited research
on the application of medium resolution satellite imagery in estimating wine and table grape yield
and quality characteristics.

In comparison to remote sensing, proximal sensing is based on the usage of ground-based moving
vehicles carrying various types of sensors that are suitable for continuous measurements of soil or
canopy parameters [31]. The advantages of proximal sensors advantages are (1) their high resolution
imagery; (2) their total independence from external parameters and limitations (e.g., cloud cover);
(3) their suitability for small fields; and (4) their simple application (i.e., mounting the sensor on
the tractor). Cerovic et al. (2008) presented a study on a non-destructive optical method that
allowed both flavonol and anthocyanin contents of intact berry skin to be measured. The data
was acquired with three optical sensor devices (a Dualex FLAV, a Dualex ANTH and a prototype
Multiplex) that were used for the screening of grape chlorophyll fluorescence [34]. Llorens et al.
(2011) compared Ultrasonic and Light Detection and Ranging (LIDAR) sensors with the traditional
manual and destructive canopy measurement procedure in vineyards, and both of the sensors
performed well. The authors concluded that the ultrasonic sensor is an appropriate tool for the
determination of the average canopy characteristics, while the LIDAR sensor provides more accurate
and detailed information about the canopy [35]. A mobile terrestrial laser scanner was used by
del-Moral-Martinez et al. (2016) to map the Leaf Area Index (LAI) of a vineyard, and then the
impacts of different scanning methods (on-the-go or discontinuous systematic sampling) on the
reliability of the resulting maps were examined, with an analysis of correlation between maps. It was
found that the terrestrial sensor can be used discontinuously in specific sampling sections separated
by up to 15 m along the rows, although this method naturally reduces the amount of field data
acquired [36]. Gatti et al. (2016) tested the performance of a terrestrial multi-sensor (MECS-VINE) in
terms of reliability and degree of correlation with several canopy growth and yield parameters in
grapevines. The results showed high correlation between the Canopy Index and any canopy parameter
at any date, especially canopy gaps and leaf layer number, as well as a good correlation between
cluster and berry weight, suggesting that the sensor is also potentially able to make accurate yield
estimations [37]. On the contrary, Kazmierski et al. (2011) and Fountas et al. (2014) found SVIs to have
limited performance in an assessment of wine grape yield and quality parameters through proximal
sensing [38,39].

While many studies have been conducted on wine grapes using satellite and proximal remote
sensing, the application of these methods in table grapes is considered relatively new. In particular,
the application of freely available satellite imagery on table grapes is very limited, as is the comparison
of this method with proximal sensing. Table grapes differ from wine grapes mainly due to the use
of different trellis systems which have increased exposure to sunlight and thus, could have different
impacts on the spectral measurements. Therefore, the main aim of this study was to assess the use of
freely available satellite and proximal remote sensing methods on the production of table grapes and
the correlation with yield and quality.

2. Materials and Methods

2.1. Field Site

The study was conducted at a commercial table grape vineyard located in Southern Greece
during the 2015, 2016 and 2017 cultivation years (Figure 1). The vineyard was planted in 2006
with Vitis vinifera L. cv. Thompson seedless (37°54.532" N, 22°44.798" E, Corinth, Greece) at 1.4 ha.
The variety was grafted onto 1103 Paulsen rootstock. The field exhibited variation in soil texture
with two different soil types (sandy clay loam and clay loam). Table grapes were trained to a double
cross arm trellis system and spaced at 1.8 m x 2.6 m. The vineyard received numerous vineyard
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operations (canopy management) to adjust the more vigorous vegetation. In addition, plant growth
regulators and fertilizers were excessively used to reach commercial standards regarding the berry
diameter and sugar content along with high yield. The vineyard was irrigated with approximately
2400 mm/ha, while 16 spraying applications of foliar fertilizers, plant protection products and crop
growth regulators and 4 canopy management practices were applied on an annual basis. A regular
grid of 36 cells (298-404 m? per cell) was set up to facilitate field sampling in order to assess crop
vigour, yield and grape quality covering the total area, as shown in Figure 2. This methodology was
also used by Tagarakis et al. (2013) and Farid et al. (2016) [40,41].
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Figure 1. Satellite image of the table grapes in the commercial vineyard.
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Figure 2. Landsat 8 false color images with (a) 30 m and (b) 10 m resolution.
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2.2. Remote Sensing Measurements

Crop vigour at 3 different developmental stages of the berry, namely (i) veraison (SV), (ii) mid
of veraison (MV) and (iii) technological maturity (H), was assessed by measuring the Normalized
Difference Vegetation Index (NDVI and the Green Normalized Difference Vegetation Index (GNDVI)
(Table 1). The selection of these specific development stages was due to the fact that during these
stages, there is a rapid change in berry composition, such as sugar accumulation, which is reflected to
final yield and quality [42]; several studies have found high correlations between SVIs and grape yield
and quality characteristics at these developmental stages [20,23,39].

Table 1. The spectral vegetation indices that were used in this study.

Spectral Vegetation Index Equation Bibliography
Normalized Difference Vegetation Index NDVI = % [43]
Green Normalized Difference Vegetation Index GNDVI = % [13]

A Crop Circle proximal canopy sensor (ACS-470, Holland Scientific Inc., Lincoln, NE, USA)
with the sensor located at a height of 1.5 m from the soil surface and 1.2 m horizontally from the
vines was used to scan the side canopy area in order to assess crop vigour from proximal sensing,
while Landsat 8 satellite imagery was used to assess it through satellite remote sensing. Three lenses
with different band absorptions were used to calculate the above SVIs with the Crop Circle canopy
sensor (550 nm—GREEN, 670 nm—RED and 760 nm—NIR), while Band 3 (GREEN), Band 4 (RED)
and BAND 5 (NIR) from Landsat 8 were utilized for the calculation of the same SVIs. The reason for
choosing the NIR wavelength was its high reflection in healthy leaves due to its relationship with
many leaf structural features [44]. The red wavelength region was chosen because it presents strong
absorption peaks for assessing the chlorophyll content [45], and some researchers have found that
higher absorption in the green wavelength region increases the efficiency of plant photosynthetic
activity compared to the red wavelength region [46]. Specifically, atmospherically corrected Landsat-8
satellite images (L2 products) were downloaded from the EarthExplorer, which is the satellite imagery
data hub of the United States Geological Survey (USGS) agency (https:/ /earthexplorer.usgs.gov/).
The satellite imagery was resampled at a 10 m resolution by bilinear resampling in order to address the
cell grid scale of the experimental site and to match the resolution of the freely available Sentinel-2A
imagery (Figure 2). According to Zhang et al. (2018) similar results can be obtained between Sentinel-2A
and Landsat-8 surface reflectance values by employing this method [47]. The measurement dates of
the proximal canopy sensing and satellite sensing can be seen in Table 2.

Table 2. Dates of acquisition of satellite and proximal sensing data.

Year  Satellite Imagery Dates  Proximal Sensing Dates

16 July 2015 18 July 2015
2015 1 August 2015 30 July 2015
2 September 2015 1 September 2015

18 July 2016 16 July 2016
2016 3 August 2016 2 August 2016
19 August 2016 17 August 2016

14 July 2017 9 July 2017

2017 30 July 2017 26 July 2017

15 August 2017 16 August 2017
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2.3. Tnble Grape Measurements

The table grapes were hand harvested during 2-3 September 2015, 21-22 August 2016 and
16-17 August 2017. The actual yield was estimated during the harvest period by measuring the total
number of bins per cell and multiplying it with the average bin weight of the harvested table grapes.
Fifty berries were randomly taken in each vineyard cell at harvest by sampling five berries from
one cluster per grapevine from a total of ten grapevines to assess berry and must parameters [48].
Berry diameters were estimated using the image analysis software, Image] 1.46r (Research Services
Branch, NIMH, Bethesda, MD, USA). Specifically, each berry from the berry sample was placed in a
custom made berry holder in an upright position and photographed with a digital camera (Konica
Minolta Dimage Z6 (6.0 Mpixel), Minolta Co. Ltd., Osaka, Japan). The retrieved digital image was
imported into Image] to calculate the Feret’s diameter of every berry, where the mean value for every
berry sample lot was calculated. The individual berry fresh weight was determined for each sample
of 50 berries per vineyard cell using a digital scale. The initial sample of 50 berries per cell was split
in half to measure the deformation force in each of the 25 berries (deformation distance was taken as
1 mm based on Bourne (2002) [49]), and the rest of the 25 berries were used to measure the maximum
force to detach the berry’s peduncle. The texture analysis was carried out in a Texture Analyser
TA-XT2i (SMS, Surrey, UK). Upon completion of the non-destructive measurement, berry juice was
extracted. The extracted juice was used to measure the total soluble solids (°Brix) with a digital
refractometer (SR400), the total titratable acidity with a Fruit Acidity Meter GMK-708 (G-won Hitech
Co., Seoul, Korea) and the pH with a pH meter AD8000 (Adwa Hungary Kft., Szeged, Hungary).
The ripeness index is important for the table grape market and was calculated by dividing the total
soluble solids (TSS) with the total titratable acidity (TTA), as presented in Equation (1) [50].

TSS

Rl = ——
TTA

@

2.4. Map Construction and Statistical Analysis

The maps for vegetation images, yield and quality parameters for the three years of study were
produced using ArcGIS 10.2 software (ESRI Inc., Redlands, CA, USA). For the assessment of the
performance of satellite and proximal remote sensing on the estimation of table grape yield and
quality, a statistical analysis was executed, including descriptive statistics, Pearson’s correlation and a
regression model. The regression model analysis was performed only for the SVIs that presented the
highest correlation for each approach and at a certain crop stage. The statistical analysis was conducted
with statistical software (Statgraphics 16, StatPoint Technologies Inc., Warrenton, VA, USA).

3. Results
3.1. Descriptive Statistics

3.1.1. Table Grape Yield and Quality Characteristics

The table grape parameters presented different degrees of variation, as shown in Figure 3.
Specifically, pH, total soluble solids and mean berry diameter presented coefficients of variance (CV)
equal or lower than 10%. However, yield, berry detachment, total titratable acidity, berry deformation
and the ripeness index presented higher CVs, with the highest values being given by yield and grape
detachment (32% and 33%, respectively) (Table 3).
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Table 3. Descriptive statistics of the yield and quality characteristics of table grapes for the three years.

Table Grape Parameters Min Max  Mean SD CV (%)
Yield (kg/ha) 4518 38432 20612 6575 32%
Berry Detachment (N) 4265 14373  8.332 2.752 33%
pH 2.90 3.93 3.49 0.29 8%
Total Soluble Solids (TSS, °Brix) 15.7 23.2 18.6 1.3 7%
Total Titratable Acidity (TTA, %)  0.10 0.39 0.22 0.05 21%
Berry Diameter (mm) 19 28 23 2.215 10%
Berry Deformation (N/mm) 1.131 3.227 1.934 0.501 26%
TSS/TTA 45 209 87 21 24%
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Figure 3. Cont.
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Figure 3. Maps of (a) yield 2015, (c) yield 2016, (e) yield 2017, (b) ripeness Index 2015, (d) ripeness
Index 2016 and (f) ripeness Index 2017. The value ranges of all table grape parameters are presented
according to the four quartiles.

3.1.2. Satellite Based SVIs

GNDVI had a lower coefficient of variance compared to the NDVI for all different crop stages,
while the CVs for both SVIs increased between the SV crop stage and the H stage (Table 4). The SVIs
had higher ranges of values near harvest, indicating that the top canopy’s vine leaves had higher
photosynthetic rates near harvest [51,52].

Table 4. Descriptive statistics of the satellite based spectral vegetation indices (SVI) at different crop
stages for the three years.

Satellite Sensing SVIs Min Max Mean SD CV (%)

SNDVISV 0.505 0.749 0.658 0.060 9%
S GNDVI SV 0.544 0.701 0.648 0.032 5%
SNDVIMV 0.509 0.769 0.649 0.066 10%

S GNDVIMV 0.544 0.710 0.641 0.038 6%

SNDVIH 0.493 0762 0.649 0.068 10%

S GNDVIH 0525 0.720 0.643 0.043 7%

SV: start of veraison crop stage, MV: middle of veraison crop stage, H: technological maturity crop stage.

3.1.3. Proximal Based SVIs

The proximal-based SVIs presented different coefficients of variance during the three
developmental stages. Specifically, the NDVI presented the highest CV at the start of veraison, while the
CVs of both SVIs decreased during the next crop stages. NDVI had the fastest drop in CV compared to
GNDVI, with a value of 3% during the MV and H crop stages. Moreover, the highest values of SVIs
occurred during the MV crop stage. This was due to the fact that that leaves that are found in the
center of vine canopy are considered fully developed and present the highest photosynthetic activity
compared to the others [51,52] (Table 5).
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Table 5. Descriptive statistics of the proximal-based spectral vegetation indices at different crop stages
for the three years.

Proximal Sensing SVIs Min Max Mean SD CV (%)

P NDVISV 0.187 0.924 0.631 0.166 26%
P GNDVI SV 0336 0.691 0.573 0.091 16%
P NDVIMV 0.717 0.824 0.793 0.022 3%

P GNDVIMV 0339 0.718 0.615 0.068 11%

PNDVIH 0.623 0.836 0.775 0.027 3%

P GNDVIH 0390 0.771 0.615 0.059 10%

SV: start of veraison crop stage, MV: middle of veraison crop stage, H: technological maturity crop stage.

3.2. Pearson’s Correlation

3.2.1. Satellite SVIs x Table Grapes Characteristics

Yield did not present correlations with NDVI nor GNDVI at any crop stage. Berry detachment
correlated positively with both SVIs and had the highest correlation during the H crop stage.
Moreover, GNDVI presented the highest correlation (r = 0.536, p < 0.01) among the two different
SVIs with the berry detachment parameter. The same pattern of correlations was presented with the
pH parameter, with GNDVI again showing the highest correlation (r = 0.537, p < 0.01). Both SVIs were
negatively correlated with the total soluble solids, with the highest correlation during the MV stage
(r=—0.362 and r = —0.373 for NDVI and GNDV], respectively). There was no correlation between the
TTA and the SVIs that were derived from satellite remote sensing. The berry diameter was correlated
with both SVIs only at H stage, with GNDVI presenting the highest correlation (v = 0.522, p < 0.01).
Berry deformation was correlated in all three crop stages with both SVIs, while GNDVI at the H crop
stage presented the highest correlation with » = 0.629 (p < 0.01). The TSS/TTA ratio did not present
any correlation with the SVIs at any crop stage. In conclusion, at harvest, GNDVI presented significant
correlations at the p < 0.01 level with berry detachment, pH, total soluble solids, berry diameter
and berry deformation, indicating that it can be used to assess the multiple crop yield and quality
parameters at harvest (Table 6).

Table 6. Pearson’s correlation matrix between the satellite-based spectral vegetation indices and the
table grape yield and quality characteristics at different crop stages.

Satellite Berry Berry Berry

Sensing SVIs Yield Detachment pH 58S TTA Diameter Deformation TSS/TTA
SNDVISV —0.016 0.140 0.155 —0.307**  —0.043 0.131 0.222 % —0.011
S GNDVISV 0.083 0.153 0.161 -0.281*  —0.056 0.172 0.244 * —0.013
SNDVIMV —0.136 0.182 0.254**  —0.362*  0.020 0.128 0.278 ** —0.085
SGNDVIMV  —0.069 0.225*% 0.306**  —0.373**  0.033 0.181 0.338 ** —0.097
SNDVIH 0.048 0.459 ** 0.471*  —0.335*  0.008 0.424 ** 0.551 ** —0.022
SGNDVIH 0.150 0.536 ** 0.537*  —0.322*  0.006 0.522 ** 0.629 ** —0.009

** Correlation is significant at the 0.01 level; * correlation is significant at the 0.05 level.

3.2.2. Proximal SVIs x Table Grapes Characteristics

Both SVIs presented correlations with table grape parameters at the SV and MV crop stages,
while there were no correlations at harvest. Berry detachment presented a negative correlation with
GNDVI at the SV and MV crop stages and positive with NDVI at the MV crop stage. The same pattern
of correlations was presented with the pH parameter. In addition, the SVIs were correlated with TSS
during the SV and MV crop stages with the highest correlations being presented in MV for NDVI
(r = —0.255) and SV for GNDVI (r = 0.497). On the contrary, there was no correlation between TTA and
the SVIs at all crop stages. The berry diameter was correlated with NDVI (SV and MV crop stages)
and GNDVI (SV and MV crop stages) presenting the highest correlation with the latter at MV stage
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(r =0.682, p < 0.01). Berry deformation presented the highest correlation with the GNDVI at MV crop
stage. The TSS/TTA ratio presented a significant correlation only with NDVI at SV (r = 0.208, p < 0.05)
(Table 7). Finally, GNDVI at the MV crop stage presented significant correlations at the p < 0.01 level
with berry detachment, pH, total soluble solids, berry diameter and berry deformation, indicating that
it could be used to assess multiple crop yield and quality parameters a few weeks before harvest.

Table 7. Pearson’s correlation matrix between the proximal-based spectral vegetation indices and the
table grape yield and quality characteristics at different crop stages.

Proximal . Ber Ber Ber
Sensing SVIs Yield Detachrr};ent pH TSS TTA Diam?;er Deforertion TSS/TTA
P NDVISV 0.259 ** —0.037 —0.163 0.241* -0.173 0.014 —0.009 0.208 *
P GNDVISV 0.085 —0.400*  —0.627*  0497*  —0.066 —0.395** —0.444 ** 0.160
P NDVIMV 0.218 * 0.488 ** 0.524*  —0.255** —0.041  0.465** 0.549 ** 0.037
PGNDVIMV  —0423*  —0572*  —0493*  0.321** 0.169 —0.682 ** —0.565 ** —0.121
PNDVIH —0.115 —0.108 —0.146 0.102 0.002 —0.196 * —0.156 0.014
P GNDVIH —0.077 0.108 0.153 —0.039 —0.086 0.110 0.039 0.142

** Correlation is significant at the 0.01 level; * correlation is significant at the 0.05 level.

3.3. Regression Analysis

GNDVI at harvest presented the highest correlations when compared with the NDVI for the
different crop stages. For this reason, a linear regression analysis was performed using this SVIin order
to evaluate its performance in assessing the yield and quality characteristics of table grapes for the
highly correlated table grape characteristics. Accordingly, the assessment of proximal-sensed GNDVI
at the MV crop stage to estimate the yield and quality characteristics of table grapes was performed
through linear regression models only for the characteristics that had significant Pearson’s correlations.
The results of this analysis are presented in the sub-sections below.

3.3.1. Satellite GNDVI H x Table Grape Characteristics

The regression models between satellite-derived GNDVI and table grape yield characteristics
presented different degrees of accuracy. Specifically, the best fitted model was for the estimation
of berry diameter (adjusted R? = 88%), while the other models’ accuracies were between 28% and
83%. The linear regression model that was developed for TSS had a coefficient of determination
with adjusted R? of 28%, while the berry diameter model had an adjusted R? of 88%. Regarding the
produced yield of table grapes, the model had a coefficient of determination equal to 33% (Table 8 and
Figure 4).

Table 8. Regression model of correlated crop parameters with satellite-derived GNDVI at the harvest

crop stage.
Regression Model Year Adjusted R? RMSE
Yield = 50389 — 37530 x S GNDVIH 2015
Yield = —18,473 + 64276 x SGNDVI H 2016 33% 5382 kg/ha
Yield = 5379 + 16583 x S GNDVIH 2017
Berry Detachment = —2.14 + 20.95 x SGNDVIH 2015
Berry Detachment = 13.86 — 13.77 x SGNDVIH 2016 83% 1.13N
Berry Detachment = 0.24 + 11.52 x SGNDVIH 2017
pH=431-0.79 x SGNDVIH 2015
pH=3.61 —0.79 x SGNDVIH 2016 83% 0.12
pH=4.03 - 0.79 x SGNDVIH 2017
TSS = 6.12 + 18.27 x SGNDVIH 2015
TSS =25.15 — 9.55 x S GNDVIH 2016 28% 1.10 °Brix

TSS =16.71 + 2.34 x SGNDVIH 2017
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(X 10000)
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pH Yield (kglha)

Berry Diameter (mm)

Table 8. Cont.

Berry Diameter = 24.7 + 1.5 x SGNDVI H 2015
Berry Diameter = 20 + 1.5 x S GNDVI H 2016 88% 0.8 mm
Berry Diameter =21 + 1.5 x SGNDVIH 2017
Berry Deformation = 0.21 + 3.44 x SGNDVIH 2015
Berry Deformation = —0.58 + 3.44 x SGNDVIH 2016 77% 0.24 N/mm
Berry Deformation = —0.3 + 3.44 x SGNDVIH 2017
The values of adjusted R? and RMSE refer to all three years of this study.
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Figure 4. Scatterplots of S GNDVI H with (a) yield, (b) berry detachment, (c) pH, (d) total soluble
solids, (e) berry diameter, and (f) derry deformation.

3.3.2. Proximal GRVI MV x Table Grape Characteristics

The linear regression models of table grape yield and quality characteristics with proximal sensed
GNDVI at the MV crop stage presented coefficients of determination ranging between 26% and 89%.
The berry diameter regression model had the highest coefficient of determination with an adjusted R?
of 89% and the lowest was for estimating TSS (adjusted R? = 26%). The yield estimation model had a
coefficient of determination of 31% (Table 9 and Figure 5).
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Table 9. Regression model of correlated crop parameters with proximal-derived GRVI at the middle of

veraison crop stage.

Regression Model Year Adjusted R? RMSE
Yield = 34965 — 17742 x P GNDVIMV 2015
Yield = 31970 — 17742 x P GNDVIMV 2016 31% 5450 kg /ha
Yield = 27654 - 17742 x P GNDVIMV 2017
Berry Detachment = 10.68 + 1.78 x P GNDVI MV 2015
Berry Detachment = 4.61 + 1.78 x P GNDVIMV 2016 81% 121N
Berry Detachment = 6.41 + 1.78 x P GNDVI MV 2017
pH=3.64 +0.27 x PGNDVIMV 2015
pH=2.97+0.27 x PGNDVIMV 2016 83% 0.12
pH=3.34 +0.27 x PGNDVIMV 2017
TSS =15.78 + 431 x P GNDVIMV 2015
TSS =16.74 + 4.31 x P GNDVIMV 2016 26% 1.12 °Brix
TSS =15.43 + 4.31 x P GNDVIMV 2017
Berry Diameter = 27.4 — 3 x P GNDVIMV 2015
Berry Diameter = 22.8 — 3 x P GNDVIMV 2016 89% 0.7 mm
Berry Diameter = 23.9 — 3 x P GNDVIMV 2017
Berry Deformation = 2.66 — 0.33 x P GNDVIMV 2015
Berry Deformation = 1.65 — 0.33 x P GNDVIMV 2016 72% 0.21 N/mm
Berry Deformation = 2.1 — 0.33 x P GNDVIMV 2017
The values of adjusted R? and RMSE refer to all three years of this study.
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4. Discussion

All the yield and quality characteristics of the table grapes presented high CV values except
for the berry diameter and total soluble solids. It is worth mentioning that the market value of
Thompson seedless table grapes is based on the total soluble solids and berry diameter. Due to this,
many agricultural operations, like the spraying of crop growth regulators are focused on producing
homogenized products in accordance with to the aforementioned parameters. The SVIs presented
correlations with specific yield and quality characteristics. Particularly, they were only correlated with
yield, berry detachment, berry diameter, berry deformation, pH and total soluble solids. Similar results
have also been found by other researchers [39,53], while there have been no other studies presenting any
correlations of SVIs with berry deformation and berry detachment. However, the correlation of these
two parameters with other yield and quality characteristics is also in accordance with other studies
on mechanical properties of berries [54-56]. In detail, the satellite-based SVIs presented positive
correlations with all of the aforementioned characteristics, except total soluble solids, during all
developmental stages, while there were correlations between proximal-sensed SVIs with the same
variables for the different crop stages. This is explained by the numerous operations (i.e., trimming)
that took place during vine growth and affected the side canopy of the vine leaves. This study is
aligned with Fountas et al. (2014) who stated that many field operations in vineyards, like in this
vineyard, may affect the correlations of SVIs with the yield and quality parameters of grapes [39].

The highest correlations between the SVIs and the table grape yield and quality characteristics
were presented at different crop stages for each of the two remote sensing methods.
Specifically, the SVIs that were derived through proximal sensing had the highest correlations with
table grape yield characteristics during the middle of veraison, while the satellite-derived SVIs
presented their highest correlations during harvest. The latter is in accordance with Sun et al. (2017),
who found that the best crop stage for estimating wine grape yield from satellite-derived data is before
harvest, while Garcia-Estevez et al. (2017) found that the highest correlation of NDVI derived from
proximal sensing with yield parameters of wine grapes was at veraison [57,58]. Thus, higher resolution
data, such as proximal sensing data, can provide earlier crop yield and quality estimations compared
to medium resolution remote sensing data. Landsat 8, with its small spatial resolution of 30 m, is a
good and cheap approach, but the new satellites, such as Sentinel 2, that provide freely available
data of higher resolution, are expected to facilitate this procedure. Moreover, this is explained by the
physiology of the vines. Specifically, the vine leaves are developed as the vine shoots grow, resulting in
more mature leaves being found near the trunk. This means that the more photosynthetically active
leaves are found near the trunk at the beginning of vine development, while as the vine grows to
senescence, these leaves are found at the edge of the shoot [51,52]. Consequently, the leaves that are
at the side canopy, which are measured with proximal sensing, have higher values of SVIs earlier in
the growing season compared to the satellite-based SVIs that measure the photosynthetic activity of
the top canopy leaves. This is an indication that the use of proximal sensing can present earlier and
more accurate estimations of important yield and quality characteristics without being affected by soil
background effects and lower resolution, which is the case for the satellite SVIs.

Furthermore, it was found that the satellite-based GNDVI at harvest provided comparable results
and, in some cases, better results for the estimation of table grape yield and quality characteristics
when compared to proximal-based SVIs. This finding comes in accordance with Tattaris et al. (2016)
study, in which the satellite imagery provided better results on estimating yield when compared with
aerial and proximal remote sensing [59]. This was also presented by Yang et al. (2013) who found that
the use of high resolution satellite imagery can provide comparable results with aerial data of higher
resolution [60].

Moreover, according to this study, there are higher correlations between satellite-derived GNDVI
and proximal-derived GNDVI with table grape yield characteristics when compared with NDVI.
Hall and Wilson (2013) found that SVIs, like the EVI (Enhanced Vegetation Index), perform better than
NDVI in estimating wine grape yield characteristics, thus supporting the findings of this study [61].
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Moreover, the saturation of NDVI at high values had lower correlations with crop parameters, like the
grapevine biomass and crop coefficient, resulting in lower estimations of crop yield characteristics and
crop evapotranspiration [62,63]. Consequently, there is need to assess the performance of different
SVIs in order to use the most appropriate method according to the variable being measured.

5. Conclusions

In this study, an assessment of different remote sensing methods (satellite and proximal) for
the estimation of crop yield characteristics was conducted during three crop growing seasons (2015,
2016 and 2017) on a commercial table grape vineyard cultivated with Thompson Seedless variety
grapes. Two different spectral vegetation indices were calculated based on the spectral information
that was derived from the different methods. The statistical analysis indicated that proximal sensing
resulted in higher accuracy in estimating crop yield characteristics when compared with satellite
sensing-derived estimations. Proximal sensing provided higher correlations earlier in the growing
season than the satellite sensing approach, suggesting that the first method can be used as a tool for on
time scheduling of table grape yield and quality estimation.

This type of study is valuable, as non-destructive methods for crop quantitative and qualitative
characteristics are increasing due to the benefits they provide to the end users (farmers, crop consultants,
public bodies, etc.). Further research is needed to assess new spectral vegetation indices and sampling
resolutions using different sensing methods (e.g., comparison of Unmanned Aerial Vehicle-based SVIs
with proximal and satellite sensing SVIs).
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