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a  b  s  t  r  a  c  t

Thermal  imaging  can  become  a readily  usable  tool  for  crop  agricultural  water  management,  since  it
allows a  quick  determination  of canopy  surface  temperature  that,  as  linked  to  transpiration,  can  give
an  idea  of  crop  water  status.  In the  last  years,  the  resolution  of  thermal  imaging  systems  has  increased
and  its  weight  decreased,  fostering  their  implementation  on Unmanned  Aerial  Vehicles  (UAV)  for  civil
and agricultural  engineering  purposes.  This  approach  would  overcome  most  of  the limitations  of  on  site
thermal imaging,  allowing  mapping  plant  water  status  at either  field  or farm  scale,  taking  thus  into
account  the naturally  existing  or  artificially  induced  variability  at those  scales.  The  aim  of  this  work  was
to  evaluate  to which  extent  high-resolution  thermal  imaging  allows  evaluating  the  instantaneous  and
seasonal  variability  of  water  status  within  a vineyard.  The  novelty  and  significance  of our approach  is
that the specifically  designed  and  build  unmanned  aerial  vehicle  (UAV)  provided  very high-resolution
imaging  (pixel  <9  cm),  and  that it was  used at a commercially  relevant  acreage  (7.5  ha).  This  set-up  was
used to obtain  Crop  Water  Stress  Index  (CWSI)  from  thermal  images  in  a clear-sky  day.  CWSI values  were
and compared  to stem  water  potential  (�s) and  stomatal  conductance  (gs)  measured  at  14  sampling  sites
across the  vineyard  at the  moment  when  images  where  acquired.  In order to evaluate  the  potential  of
CWSI  acquired  in  a single  day  to  estimate  within-vineyard  patterns  of variation  in  water  status,  a  spatial
modeling  approach  was  used.  CWSI  correlated  well  with  �s and  gs at the moment  of  image  acquisition,

showing  to  have  a  great  potential  to monitor  instantaneous  variations  in water  status  within  a  vineyard.
The  information  provided  by  thermal  images  proved  to  be relevant  at a seasonal  scale  as  well,  although
it  did  not  match  seasonal  trends  in  water  status  but mimicked  other  physiological  processes  occurring
during  ripening.  Therefore,  if  a picture  of variations  in  water  status  is  required,  it would  be necessary  to
acquire  thermal  images  at  several  dates  along  the  summer.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

In the last two-decades, Precision Agriculture techniques have
een progressively implemented in viticulture, giving birth to

hat is called Precision Viticulture (PV). Along those years, PV has

ocused on delineating management zones, i.e.: on defining within-
ineyard areas that are relatively homogeneous, and different to

∗ Corresponding author.
E-mail address: gonzaga.santesteban@unavarra.es (L.G. Santesteban).

ttp://dx.doi.org/10.1016/j.agwat.2016.08.026
378-3774/© 2016 Elsevier B.V. All rights reserved.
other areas in the same vineyard (Arno et al., 2011; Arnó et al.,
2009; Urretavizcaya et al., 2014). This approach is very appropriate
for high-value crops such as grapevine and, when transferred to
grape-growing companies, it usually implies adopting site-specific
cultural practices for each zone defined (Bramley et al., 2011b;
Santesteban et al., 2013; Serrano et al., 2015). In those companies,
where new generation grape harvesters are available, the zones
delineated can also be used to automatically segregate grapes from

the same field into two  batches to improve global wine quality
(Bramley et al., 2011a; Santos et al., 2012).

dx.doi.org/10.1016/j.agwat.2016.08.026
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2016.08.026&domain=pdf
mailto:gonzaga.santesteban@unavarra.es
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Fig. 1. Aerial view of the vineyard indicating the location of (a

The most common sources of information on field spatial vari-
bility for zone delineation are (i) vegetation indices obtained from
irborne multispectral cameras, (ii) soil apparent conductivity or
esistivity, and (iii) data gathered in situ following a sampling grid
Arnó et al., 2009). However, those approaches are not considering
ny variable directly related to plant water status, which, in semi-
rid areas, is usually regarded to be the major factor determining
rape yield and berry composition (Medrano et al., 2014). Besides,
n a context of climate change, water status is also expected to play
n increasingly relevant role in cooler areas, as water deficit periods
long the growing season are expected to occur more likely in the
ear future (Ashenfelter and Storchmann, 2016; Fraga et al., 2012;
iguié et al., 2014), so PV approaches should pay much greater
ttention to water availability.

Whole field imaging using thermal cameras is a source of useful
nformation in this regard, as it allows estimating canopy temper-
ture, known to be related to plant transpiration and, therefore,
o plant water status (Jackson et al., 1988, 1981). High resolu-
ion thermal cameras have been successfully mounted on aircraft
latforms (Sepulcre-Canto et al., 2006) and on unmanned aerial
ehicles (UAV), increasingly using higher performance sensors in
erms of lower size and weight, and of greater spectral and spatial
esolutions. Last generation thermal cameras can reach centimeter
round resolution, providing enough accuracy for canopy extrac-
ion in discontinuous crops in rows such as grapevines and fruit
rees, and are a promising tool for field and irrigation management
pplications (Berni et al., 2009; Zarco-Tejada et al., 2012).

In viticulture, proximal thermal sensing has been shown to be
 good tool to estimate plant water status (Fuentes et al., 2012;
rant et al., 2007; Jones et al., 2002; Pou et al., 2014). In those
pproaches, a thermal camera is directly used to get a lateral view,
r mounted on a shaft or a crane, to get a zenithal view; and rel-
tively good agreement is observed between canopy-temperature
erived indices and plant water potential or stomatal conductance.
n the contrary, the implementation of UAV-based thermal imag-

ng solutions has not been well explored yet in viticulture, since
he resolution obtained must be sufficient to enable targeting pure
anopy pixels, avoiding mixed soil/vegetation pixels (Gonzalez-

ugo et al., 2015), which is particularly complicated in most
ineyards due to the structure of the crop, trellised in narrow rows.
n one of those works, Baluja et al. (2012a) evaluated the water sta-
us variability of a commercial rainfed Tempranillo vineyard using
pling Points (SP) and (b) Water status Sampling Points (WSP).

a UAV platform, and observed that some vegetation indices, not
derived from thermal images but from multispectral ones, were
better correlated to stomatal conductance and leaf water potential,
probably as they reflected a longer term response. Another research
team also working in Spain, evaluated the correlation between Crop
Water Stress Index (CWSI, a canopy-temperature derived index)
and leaf water potential, reporting that correlation improved at
noon (Bellvert et al., 2014), and exploring the potentiality of the
technique for setting thresholds useful for irrigation scheduling
(Bellvert et al., 2015a, 2015b).

Gonzalez-Dugo et al. (2013) recently suggested that the require-
ments to achieve the water stress monitoring using aerial platforms
are: (a) establish a strong correlation between stress indices and
actual water stress in the field; (ii) the spatial resolution must be
sufficient to enable targeting pure canopy pixels, avoiding mixed
soil/vegetation pixel; (iii) the ability to evaluate entire fields in
individual flight; (iv) faster turn-around acquisition times and pro-
cessing in order to provide quasi-real time water status maps
helping the farmer decision-making process.

The aim of this study is to evaluate the interest of
high-resolution UAV-based thermal imaging to estimate the
instantaneous and seasonal variability of plant water status within
a vineyard. The significance of our approach is that we worked at a
commercially realistic scale (7.5 ha), the high resolution of the ther-
mal  images acquired (9 cm pixel−1), and that we tested to which
extent the information provided by one flight campaign can be used
to evaluate spatial variability in water availability across the season.

2. Material and methods

2.1. Vineyard characterization

The experimental work was performed in a 7.5 ha vineyard
located in Traibuenas, Navarra, Spain (42◦22′20.1′′N 1◦37′34.2′′W,
WGS84, Altitude: 328 m),  in a region characterized by a semiarid
climate (Bs type in Koppen’s classification; P < 350 mm;  ETPPenman
>1150 mm).  The vineyard is trained as a vertical shoot positioned
bilateral cordon, bud number fixed at 12 buds per m of row line,

plant spacing being 3 m between rows and 1 m within the row.
The vineyard was  18 years-old at the beginning of the experiment,
it was managed according to standard practices in the area, and
vines were not affected in a significant way  by pests or diseases,
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Fig. 2. UAV platform designed for simultaneous data acquisition (a) an

ith the sole exception of approx. 2% of the vines showing slight to
oderate esca symptoms.
Spatial variability within the vineyard was characterized set-

ing up two sampling grids. The first one (Fig. 1a), dedicated to
he agronomical characterization of the vineyard, was comprised
f 92 sampling points (SP), and followed a relatively regular rect-
ngular pattern with a mean distance of 25 × 25 m between SP. The
econd grid was dedicated to vine water status characterization,
ollowed an irregular pattern (Fig. 1b) conformed by 14 water sta-
us measurement points (WSP). On every SP and WSP, 10 vines
ocated at two adjacent rows were marked, and all of them used for
he experimental measurements and sampling procedures detailed
elow.

The agronomical characterization of the 92 SP included the fol-
owing measurements:

 Vegetative growth, estimated as the total shoot cross sectional
area (SCSA) per vine. The basal diameter of all the shoots in the 10
vines in the SP was measured with a hand-held caliper at the end
of July, once apical growth had stopped. At winter rest, trunk cross
sectional area (TCSA) was determined measuring trunk diameter
30 cm above-ground.

 Yield, determined at harvest by counting and weighting all the
clusters produced in the 10 vines at each SP.

 Grape composition at harvest: one 300-berry sample was  taken at
each SP was taken to determine berry weight (BW) as well as the
main composition parameters. After crushing, total soluble solids
concentration (TSS) was measured with a temperature compen-
sating refractometer RFM840 (Bellingham-Stanley Ltd., Kent, UK),
pH and titratable acidity (TA) using a pH-Burette 24 auto-titrator
(Crison, Barcelona, Spain), malic (MalA) and tartaric acid (TarA)
concentration was measured enzymatically using an autoana-
lyzer (Easychem, Systea s.p.a., Italy), whereas yeast assimilable
nitrogen (YAN) was estimated following the procedure described
by Aerny (1996) with the modifications detailed in Garcia et al.
(2011). Total anthocyanins (TAnt) content was evaluated after
4 h extraction at pH = 1.0 following the methodology described in
Glories and Augustin (1993).

 Berry carbon isotope ratio (�13C), measured in 50-berry samples
gathered at harvest, then oven-dried and ground into a fine homo-
geneous powder, and analysed as using an Elemental analyzer

(NC2500, Carlo Erba Reagents, Rodano, Italy) coupled to Isotopic
Mass Spectrometer (Thermoquest Delta Plus, ThermoFinnigan,
Bremen, Germany) as detailed in Santesteban et al. (2012). This
measurement was done in 2014 and in 2015.
iled view of multispectral (b) and thermal (c) cameras mounted on it.

The characterization of the 14 WSP  included, in addition to
the agronomic measurements described for the SP, weekly mea-
surements of stem water potential at mid-morning (�s-m) and at
noon (�s-n). Measurements were taken from 15 days after fruit set,
until harvest time in 2014 and 2015. At each WSP, five healthy
leaves were bagged 1.5 h prior to measurement using zip-bags
covered with a metalized high-density polyethylene reflective
film (SonocoRF, Sonoco Products Co., Hartsville, SC, USA). Stem
water potential was determined using a Scholander pressure bomb
(P3000, Soil Moisture Corp., Santa Barbara, CA, USA).

Last, we also had information available on soil apparent elec-
tric conductivity (ECa) and on Plant Cell Density (PCD) vegetation
index. ECa was  estimated in December 2014, when soil was  at
field capacity, at every SP using a handheld EM38 conductivity
meter (Geonics Ltd, Ontario, Canada). PCD was calculated as the
ratio between RED/NIR bands from images acquired by an airborne
RGB-NIR sensor, gathered in a commercial mission performed by a
private company (Agropixel SA) on August 10th of 2015. PCD values
were normalized to a 8-bit scale (0–255).

2.2. UAV platform and payload

The UAV platform (Fig. 2a) was  a modified multi-rotor
MikrokopterOktoXL (HiSystems GmbH, Moomerland, Germany),
an open-source project described in detail in Matese et al. (2015),
which included a pre-assembled hardware and a GPS V3.0 mod-
ule as positioning system, able to carry a 2 kg payload for 15 min
flight time. Flight parameters communication to the ground opera-
tor were provided by a radio link at 2.4 GHz, while another channel
at 5.8 GHz was  used for remote sensing data transmission. The core
of the UAV system is a Flight Control board (FlightCtrl), based on
an ATMega1284P microcontroller (Atmel Corporation, San Jose, CA,
USA), which communicates with the eight brushless controllers by
a two-wire bi-directional serial bus (I2C). It integrates a pressure
sensor and 3-axis accelerometers to calculate and align the UAV
with gravity. The FlightCtrl is linked to a navigation control board
(NaviCtrl), equipped with an ARM9 microcontroller (Atmel Corpo-
ration, San Jose, CA, USA) and a MicroSD slot card for waypoint
data storage. An integrated navigation sensor system based on a 3D
digital compass to monitor the z (yaw) axis rotation and a LEA-6
GPS module (U-blox AG, Thalwil, Switzerland) with a circular error

of about 2 m,  allow various levels of autonomous flight. The UAV
mounts eight ATMEGA8 control cards (Atmel Corporation, San Jose,
CA, USA), dedicated to the management of each brushless motor
with a very quick time response (less than 0.5 ms). The flight plan-
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ing was conducted with Mikrokopter Tools software, which allows
he user to generate a route of waypoints as a function of the sen-
or Field Of View (FOV), the degree of overlap between images and
he ground resolution needed. A universal camera mount equipped
ith three servomotors allows a correct image acquisition by cor-

ecting the tilt and rolling effects.
A FLIR TAU II 320 (FLIR Systems, Inc., USA) was used for ther-

al  data acquisition. This sensor, optimized for UAV application,
s of minimal size (44.5 × 44.5 × 30.0 mm)  and weight (72 g). Imag-
ng sensor characteristics, i.e. 324 × 256 pixels and 24◦ × 18◦ FOV

ith fixed focal length of 19 mm,  allows obtaining images of about
0 × 30 m at the ground, with a resolution of 0.13 m/pixel at 100 m
ight altitude. The camera is equipped with an uncooled sensor able
o measure longwave radiation in the spectral range 7.5–13 �m.
adiometric calibration was conducted in the laboratory, using
lackbodies under varying target and ambient temperatures to
evelop radiometric calibration algorithms following the proce-
ure described in Berni et al. (2009).

.3. Flight campaign

At early veraison (28th July 2015), the site was monitored with
 single flight survey at 70 m above ground level at solar noon, pro-
iding 9 cm pixel−1 ground image resolution. Camera settings were
et to a fixed exposure with automatic trigger at 2 s frequency. The
aypoint route was generated to obtain 80% overlap both between
hotos (forward overlap) and between flight lines (lateral overlap),

n order to achieve the highest accuracy in mosaicking elaboration
tep. The images were recorded during homogeneous and stable
adiation conditions, under clear sky conditions and with no wind.
he thermal acquisition by the UAV was made between 13:00 to
4:30 h by means of five consecutive flights of 15 min  each.

Shortly after thermal image acquisition by the UAV (5–10 min
ater), stem water potential (�s) and leaf stomatal conductance
gs) were measured in all the WSP. �s was measured following the
ame protocol and sample size used in the weekly measurements
f �s-m and �s-n, wheras gs was determined in three sunlit leaves
er WSP  using a hand-held porometer (SC-1, Decagon Devices Inc.,
ullman, Washington).

.4. Image data processing

Leaf emissivity acquired in the thermal infrared spectral region
llowed the computation of water stress related to leaf temper-
ture, through the estimation of CWSI (Crop Water Stress Index)
sing the modified Eq. (1) derived by (Jackson et al., 1988):

WSI = (Tleaf − Twet)/(Tdry − Twet) (1)

here Tdry and Twet are, respectively, the dry leaf reference tem-
erature representing a stressed leaf temperature and wet leaf
emperature reference in total absence of stress, while Tleaf indi-
ates the leaf surface temperature. Respect to the original equation
efined by Jackson, the modified one uses the canopy temperature
Tleaf) instead of the differences between canopy and air temper-
ture (Tc − Ta), moreover identify Tdry and Twet as the upper limit
Tc − Ta)UL and the lower limit (Tc − Ta)LL respectively.

Tleaf data in absolute temperature (◦C) were calculated from
hermal camera’s digital number (DN) using an empirical line cor-
ection. The DN-values in the thermal imagery represent at-sensor
adiance. Conversion was carried out in field conditions, by means
f three different colour panels (1 × 1 m)  at known temperature
s reference. Those measurements were achieved at the beginning

nd the end of each flight and replicated three times with a 10 s
elay. The reference target temperature was calculated taking into
ccount the emissivity coefficient of panel material (0.95). The aver-
ge temperature of the reference targets was 33 ◦C, 54 ◦C and 66 ◦C
Fig. 3. Filtered map  with rows of the vineyard after the soil removing procedure.

for the white, blue and black respectively during the entire flight
acquisitions. The temperature range of the three panels (black, blue
and white) had a variation of 6.6 ◦C, 3.4 ◦C and 1.5 ◦C respectively
during the five flights. The averaged values derived from 6 mea-
sures for each target and for each flight. The reference temperature
(Tdry and Twet) estimation procedure is a step that requires utmost
care and precision, as it represents a key factor in the stress map
computation. CWSI reference measurements were achieved at the
end of each flight and replicated three times with a 10 s delay. The
emissivity coefficient applied to leaf measurements was  0.98. The
average temperature of the Tdry reference was  36.1 ◦C and for Twet
23.6 ◦C. The temperature range of the Tdry and Twet had a varia-
tion of about 1.3 ◦C and 2.4 ◦C respectively during the five flights.
Many studies reported different methods to measure and calculate
these references (Alchanatis et al., 2010; Cohen et al., 2005; Grant
et al., 2007; Jones et al., 2002; Testi et al., 2008; Yuan et al., 2004).
In this work, we preferred the approach suggested by Jones et al.
(2002). In detail, leaves of two  sampling vines were coated on both
sides with petroleum jelly, in order to prevent the leaf transpiration
and interrupt the transpiration cooling phenomenon, simulating
the leaf physiological response to water stress conditions. At the
same time, the wet  reference was obtained wetting both sides of
other two  sampling vines. Temperature monitoring was  carried out
with a handheld thermal sensor FLIR I7, Tdry was measured 30 min
after applying petroleum jelly, while Twet 20 s after wetting leaves
with water.

Thermal images acquired by UAV were mosaicked using Agisoft
Photoscan Professional Edition 1.1.6 (Agisoft LLC, St. Petersburg,
Russia), a commercial computer vision software package. This
software provides a completely automated computer vision SfM
procedure, taking a set of images as input and automatically going
through the steps of feature identification, matching and bundle

adjustment. The procedure aligns images captured by the ther-
mal  camera. A polygon mesh was computed from the dense 3D
point, and the pixel values of each image were then projected
onto the mesh to create an orthomosaic. When combined with the
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Table  1
Descriptive statistics of agronomic characteristics within the vineyard. (a) Data from the sampling point (SP) grid, (b) data from the water status sampling point (WSP) grid.
For  each variable, mean, minimum (min), maximum (max), standard deviation (sd), coefficient of variation (CV), and percentiles 5, 25, 75 and 95 (p5, p25, p75, p95) are given.

SP sampling grid

mean min  p5 p25 p75 p95 max  sd CV

TCSA (cm2 vine−1) 23.2 16.4 18.5 20.9 25.2 29.3 31.3 3.06 13.2
SCSA  (mm2 vine−1) 906 558 667 809 995 1173 1224 72.5 8.0
Yield  (kg vine−1) 3.0 0.7 1.4 2.2 3.8 5.0 5.6 1.09 36.2
BW  (g) 1.97 1.52 1.58 1.77 2.14 2.41 2.87 0.25 12.9
TSS  (◦Baumé) 14.30 12.45 13.14 13.71 14.95 15.45 15.66 0.72 5.0
TA  3.40 2.10 2.80 3.00 3.70 4.30 5.30 0.53 15.7
pH  3.76 3.50 3.60 3.70 3.80 4.00 4.00 0.13 3.3
MalA  2.50 1.50 1.60 2.10 2.80 3.51 4.40 0.55 21.9
TarA  6.8 5.8 6.2 6.4 7.1 7.5 7.8 0.43 6.3
YAN  200 99 131 168 230 284 312 45.7 22.8
TAnt  2248 1624 1767 2000 2497 2724 3158 313 13.9
�13C (‰) −26.4 −27.9 −27.8 −27.2 −25.8 −25.1 −24.1 0.84 3.2

WSP  sampling grid

mean min  p10 p25 p75 p90 max sd CV

TCSA (cm2 vine−1) 22.3 17.7 18.2 21.0 23.5 27.2 28.6 2.76 12.4
SCSA  (mm2 vine−1) 902 667 713 831 971 1116 1181 128.7 14.3
Yield  (kg vine−1) 3.5 1.4 1.7 2.6 4.2 5.2 5.3 1.12 32.1
BW  (g) 2.02 1.82 1.83 1.89 2.19 2.21 2.22 0.15 7.5
TSS  (◦Baumé) 14.23 13.05 13.13 13.92 14.65 15.09 15.13 0.61 4.3
TA  3.30 2.74 2.83 3.17 3.50 3.53 3.54 0.24 7.3
pH  3.79 3.63 3.65 3.70 3.89 3.92 3.93 0.09 2.4
MalA  2.59 1.80 1.95 2.30 2.90 2.95 3.00 0.35 13.4
TarA  6.6 6.2 6.3 6.5 6.9 7.0 7.0 0.23 3.5
YAN  202 150 163 187 219 241 249 25.5 12.6
TAnt  2248 1915 1946 2127 2422 2518 2529 191 8.5
�13C (‰) −25.7 −27.5 −26.9 −26.1 −25.1 −24.6 −24.4 0.76 3.0

T y wei
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CSA: trunk cross-sectional area; SCSA: sum of shoot cross sectional area; BW:  berr
cid;  YAN: Yeast available nitrogen; TAnt: total anthocyanins; �13C: carbon isotope

PS positions, this process allows the creation of a high-resolution
rthophoto and a digital elevation model (DEM) of the research site.

.5. Row extraction and spatial analysis

The DEM output from Agisoft software allowed developing a fil-
ering procedure of the pure row pixels, since they have greater
eights from the ground, and can be easily discriminated by global
hresholding algorithms. The first step was to applicate the Top-
at morphological operation (Gonzalez and Wintz, 2002) directly
n the DEM image. Through this technique, usually used for non-
niform illumination correction, we made “flat” the terrain that
ay  in fact be pending. Then, using a global thresholding method

Otsu et al., 1979), two different zones were obtained: rows and
round. The Otsu method discriminates the two classes auto-
atically determining a threshold that maximizes the interclass

ariance. The purpose of this procedure is to split the image f (x, y)
n two parts (row and inter-row), imposing a threshold on the his-
ogram image intensity that, in this case, coincides with the height.
EM rows in the image have a height, then intensity, almost con-

tant, consistent with each other and always more than the ground.
ata extraction for single plants was made averaging values in
.8 × 0.3 m polygons along rows (Fig. 3), polygon size being chosen
o properly identify each plant from the adjacent ones.

.6. Evaluation of the relationship between CWSI and plant water
tatus

In order to evaluate the instantaneous correspondence between

ater status characterization through standard proxy techniques

nd thermal imagery, the �s and gs values measured at the WSP
n the flight campaign day were compared to their CWSI through
egression analysis.
ght; TSS: total soluble solids; TA: titratable acidity; MalA: malic acid; TarA: tartaric
 SP: sampling-point; WSP: water-status sampling point.

At the seasonal scale, the evaluation of the appropriateness of
thermal images acquired at one date to estimate seasonal vari-
ability in water status along the field was  done through a spatial
modeling approach. Spatial modeling of leaf water potential along
the vineyard was done according to the approach proposed by
Acevedo-Opazo et al. (2010a, 2010b, 2008). In this approach, one
(or more) ancillary variable(s), whose spatial distribution is well
known, is combined with plant water status information at a ref-
erence site to elaborate a model that estimates plant water status.

In our paper, we  used the same procedure considered by
Herrero-Langreo et al. (2013), where more details on the methodol-
ogy can be found. Following that procedure, we considered carbon
isotope ratio (�13C) measured at the 92 SP in the previous season as
the ancillary variable, and the most stressed WSP  as the reference
site. The model was  calibrated and tested using the measurements
of �s at all the WSP, considering the measurements made weekly
in 2014 and 2015. Seasonal average leaf water potential at each SP
could then be estimated from the model. Independent models were
calculated for �s-m and �s-n. Following the empirical approach pro-
posed by Acevedo-Opazo et al. (2008), the spatial model tested in
this study, is shown in Eq. (2).

�̂
(

si, tj

)
=

(
b0 + b1.ı13C (si)

)
.�

(
sre, tj

)
(2)

Where
si corresponds to any of the 92 locations where a �13C value was

measured
sre corresponds to the reference site, where � was measured

throughout 18 dates.

tj corresponds to any of the 18 dates when � was measured at

the reference site, sre

�̂
(

si, tj

)
is the estimated � at each site, si, and date, tj .

ı13C (si) is the auxiliary variable, ı13C, at each site, si.
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�
(

sre, tj

)
is � measured at the reference site, sre, for each date

j .
b0 and b1 are the coefficients of the model
For each date, tj, the model extrapolates � measured at the ref-

rence site, � (Sre, tj), to any of the locations, si, where a �13C value
as measured. Hence, �13C (s), accounts for the spatial variability

f �, while temporal variation is indicated by �
(

sre, tj

)
. The model

as adapted to the case study following the same procedure con-
idered by Herrero-Langreo et al. (2013) where a more extensive
xplanation on the methodology can be found.

The comparison between CWSI and average seasonal �s-m and
s-n values was done using two different procedures. First, we

nterpolated maps for those variables onto a 3 × 3 m grid using
lock kriging performed with VESPER software (Minasny and
cBratney, 2002), and compared them visually. Kriging is an inter-

olation procedure in which estimates of values at unsampled sites
re interpolated on the basis of known values at georeferenced loca-
ions, weighted according to the parameters of the variogram – a

odel that describes variation within a dataset as a function of
he distance or lag separating the samples comprising it (Bramley
t al., 2011b). In our work, all variables were fitted to exponential
odels, taking as kriging parameters maximum distance = 100 m,

0 lags and 50% of lag tolerance. The second procedure for compar-
son was classifying CWSI in 3 and 5 classes through fuzzy k-means
luster analysis, and then calculating mean �s-m and �s-n values for
ixels belonging to each class with P > 0.8.  Fuzzy k-means analyses
nd boxplots were obtained using R software.

. Results and discussion

.1. Within-vineyard variability of agronomic variables

The vineyard considered showed a relatively wide range of

ithin-vineyard variability concerning vegetative growth, yield,

erry weight and grape composition (Table 1a). In general terms,
he range of variability embraced was high for all variables and
he coefficients of variation were twice those reported in previ-

ig. 4. Variation in Crop Water Stress Index (CWSI) in the 7.5 ha cv- ‘Tempranillo’
ineyard.
er Management 183 (2017) 49–59

ous studies for the same variety in a neighbouring region (Baluja
et al., 2012b; Urretavizcaya et al., 2016). That variability makes
the field suitable for a precision viticulture based management
(Urretavizcaya et al., 2014), aimed at decreasing variability or at
segregating grape batches according to their composition. Although
within-vineyard average values can be considered as adequate
for quality wine making – according to regional standards for
the variety-, the presence of less-ripen or “greener” grapes would
impact negatively in wine organoleptic quality (Kontoudakis et al.,
2011).

Within-field variability in vine water status was also remark-
able, �13C ranging from −24.1‰ to −27.9‰ (Table 1a). These values,
according to the scale proposed in (Santesteban et al., 2015), cor-
respond to conditions ranging from nearly severe water stress to
weak deficit. This variability in water status probably explains the
variability in other agronomical variables, since water availability is
known to be the major factor determining growth, yield and grape
composition in semiarid areas (Medrano et al., 2014).

The range of variability embraced by the WSP  grid was smaller
(Table 1b), but represented well the range of conditions observed
in the denser SP grid. In fact, in most cases, WSP  maximum and
minimum values were similar to percentiles 5–95 in the SP grid,
indicating that, in general terms, 90% of within-vineyard variability
is covered by the WSP  grid.

3.2. Evaluation of the instantaneous variability in water status
through thermal images

Thermal image processing led to a map  of CWSI distribu-
tion along the field (Fig. 4). A wide range of CWSI values was
found (0.28–0.69), confirming the relevance of within-field vari-
ability observed with agronomic variables, and the pertinence of
taking into account this variability. When CWSI values obtained
from thermal images for the WSP  were compared to instanta-
neous measurements in the field, they showed a relatively good
correspondence with both �s  and gs (Fig. 5, R2 > 0.65, P < 0.01), pre-
senting lower values of �s and gs at the WSP  with higher CWSI.
The coefficients of determination are relatively high partly as one
of the points monitored was  clearly more stressed than the remain-
ing ones, so when little variation in within-field water status exists
correlation can be expected to be lower.

The results obtained agree with those observed for thermal
imaging in vineyards, either using a proxy (Fuentes et al., 2012;
Grant et al., 2007; Jones et al., 2002; Pou et al., 2014) or a
remote (Baluja et al., 2012a; Bellvert et al., 2015a,b, 2014) sens-
ing approach. According to the principles established in early
research regarding temperature sensing as an estimator of plant
water status, plants having a greater water availability usually show
increased transpiration, which leads to certain evaporative cooling
and, as a consequence, to lower leaf temperature (Jackson et al.,
1988, 1981). Therefore, from this point of view, our results add fur-
ther evidence on the suitability of this approach, and reinforce the
potential role UAV thermal imaging may  have as an instantaneous
water-stress mapping tool.

3.3. Evaluation of the seasonal variability in water status through
thermal images

Spatial modeling of stem water potential applied following the
approach proposed by Acevedo-Opazo et al. (2010a, 2010b, 2008)
proved to be successful. The model allowed a good estimation of

�s-m and �s-n at the WSP  using the most stressed WSP  as the ref-
erence site, and carbon isotope ratio measured the previous season
(�13C) in the SP as ancillary information (Fig. 6). Thus, it could then
be used to estimate �s-m and �s-n values at the SP, subsequently
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Fig. 5. Comparison of Crop Water Stress Index values calculated from UAV-acquired thermal images and (a) stem water potential and (b) stomatal conductance measured
at  the WSP  at the same time.

Fig. 6. Plot of observed vs estimated values for (a) stem water potential at mid-morning (�s-m) and (b) noon (�s-n) stem water potential. Estimation was performed using
as  ancillary information �13C measured in the previous season. Water potential measurement dates are identified in colours (1–9: 2014; 10–18: 2015).
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Fig. 7. Maps of variations along the vineyard of: (a) carbon isotope ratio – 2014 (�13C2014, ‰); (b) carbon isotope ratio – 2015 (�13C2014, ‰); (c) mid-morning (�s-m) and
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d)  noon (�s-n) stem water potential (MPa); (e) Plant Cell Density (PDC, expressed 

ross-sectional area (TCSA, cm2 vine−1); (h) yield (kg vine−1); (i) berry weight (BW

epresented as maps in Fig. 7(c, d), which displays how water status
aried within the field.

a. Visual comparison of spatial patterns
From the visual comparison of the maps showed in Fig. 7, a

ecurrent spatial pattern, roughly agreeing to the topography of
he field, can be observed for PCD, �13C2014 and �13C2015 datasets,
hich had been obtained independently. This pattern had also clear

esemblances to ECa map, where a horizontal strip of higher ECa
alues matched areas of higher PCD and �13C values. This coher-
nce was not detected for the bottom-left part of the map, where
Ca showed intermediate or even low values, whereas relatively
igh values of PCD, �13C2014 and �13C2015 were observed. ECa mea-
urements are probably integrating several soil characteristics of
ifferent relevance for plant performance, which explain those dif-
erences in behaviour (Brevik et al., 2006). The spatial distribution
f �s-m and �s-n also followed the general pattern described above,
lthough differences were attenuated at the right-top of the map,
nd exacerbated at the right-bottom. Last, the distribution pattern
f classic agronomic variables followed a very different structure,
he eastern (right) part of the field showing higher values of plant
runk section (TCSA), yield and berry weight (BW), and lower berry
ugar content (TSS). CWSI estimated from thermal imaging fol-
owed a pattern that could be interpreted as a combination of the
wo major patterns described above (Fig. 4). On one side, a hor-
zontal strip of higher CWSI appeared in the middle of the field,
hough much milder levels of water stress were detected at the
ower part of the map. On the other side, certain degree of differ-
ntiation between the left and the right part of the map  can also be
ppreciated.

It is interesting to highlight that the highest CWSI values were
ound at the right-top of the map, corresponding exactly with the
iggest and most productive vines. This behaviour, can be regarded
s anomalous at first sight, but matches the water dynamics in this

ineyard. According to the expert knowledge of the technical staff
n the owning winery, that area has a deep soil, but much more
ravely than the rest of the field and, as a consequence, lower water
olding capacity. According to owners experience, that part of the
255 8-bit scale); (f) soil apparent electrical conductivity (ECa, mS cm ); (g) trunk
 total soluble solids (TSS, ◦Baume).

field usually shows a very active growth in spring and early sum-
mer, and usually a high crop. However, when deficit conditions
occur – from July on – soil water depletion happens faster, and
plants end the season with greater water stress than other parts
in the field. This behaviour can be explained as higher leaf area
(Reynolds and Heuvel, 2009) and higher crop load (Miller et al.,
1997; Naschitz and Naor, 2005) enhance water consumption and,
as a consequence, can result in decreased water reservoirs from
mid-season on.

Thus, although at some fields information provided by CWSI
could be redundant to that provided by vegetation indices, such
as NDVI or PCD, it was not the case in this vineyard. It is common
to assume that higher vigour areas will experience milder water
stress, but under some circumstances such as those described here
(deeper soils with lower water holding capacity), some parts of
the field having greater leaf area (estimated through PCD), could
experience higher water deficit at the end of the season.

b. Correspondence between CWSI classes and other variables
CWSI pixel values were classified in three and five classes using

fuzzy k-means. For each class, the values of the remaining vari-
ables calculated for each pixel were examined through boxplots
(Figs. 8 and 9). When three classes were defined (Fig. 8), the corre-
spondence between CWSI classes and seasonal water status related
parameters was  very low. Only a certain trend to lower �13C2015 for
increasing values of CWSI was  observed, and no correspondence at
all for �s-m and �s-n. However, there was a much higher degree of
agreement between CWSI and other variables. PCD was observed
to be higher at lower CWSI and, specially, very neat correspondence
was found between CWSI and agronomical variables, higher CWSI
plants showing higher values of TCSA, higher yields, bigger berries
and a decreased sugar content (TSS). When cluster analysis was
used to define five CWSI classes (Fig. 9), a very similar pattern was
found, CWSI holding a clearer relationship with yield, berry weight

and sugar content than water status related variables.

Therefore, CWSI measured at early veraison estimated very well
what was happening from an agronomic point of view between
the onset of ripening (occurring at the time of measurement)
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ig. 8. Correspondence of the 3 classes defined using Crop Water Stress Index (CW
nd  (d) noon (�s-n) stem water potential (MPa); (e) Plant Cell Density (PDC); (f) so
m2 vine−1); (h) yield (kg vine−1); (i) berry weight (BW, g); (j) total soluble solids (T

nd harvest. High CWSI classes were precisely those that had
reater yield and bigger berries (Fig. 8h, i; Fig. 9h, i), and showed

 delayed sugar accumulation (lower TSS, Figs. 8j and 9j). Varia-
ions in crop (sink size) have already been shown to play a major
ole to explain within-vineyard variations in grape composition
n semi-arid areas (Urretavizcaya et al., 2016), as it constitutes
ne of the two components of source-to-sink balance, critical for
rape quality (Howell, 2001). As mentioned above, higher yields
nhance water consumption (Miller et al., 1997; Naschitz and Naor,
005), and also cause lower sugar contents (Edson et al., 1995; Naor
t al., 1997), especially under deficit conditions (Santesteban et al.,
011).

On the contrary, CWSI measured at a single day did not pro-
ide a good estimation of variations of plant water status. The
ineyard considered in the study showed a stable structure of vari-
tion in seasonal water status, as there was a big resemblance
etween berry �13C measured in 2014 and 2015 (Fig. 7a, b). This
tability agrees with that observed for water status in other vine-
ards when several years were compared (Acevedo-Opazo et al.,
010b; Herrero-Langreo et al., 2013; Taylor et al., 2010). The rela-

ionship between berry �13C and water status has been widely
roved for cv. ‘Tempranillo’ (Santesteban et al., 2012), and it is sen-
ible to consider this spatial structure mirrors stem water potential
d (a) CWSI; (b) carbon isotope ratio – 2015 (�13C2014, ‰); (c) mid-morning (�s-m)
arent electrical conductivity (ECa, mS  cm−1); (g) trunk cross-sectional area (TCSA,
aume).

pattern, estimated here through modeling. The fact CWSI mea-
sured in a single – but representative – day did not follow this
seasonal pattern cannot be regarded to be indicative of a bad per-
formance for this index (or for this data acquisition platform). In
fact, high CWSI pixels corresponded to high yielding parts of the
field where sugar accumulation was  observed to be limited, pos-
sibly as during the last weeks before harvest available water was
not enough for such a leaf area and crop load. Thus, CWSI calculated
from high-resolution UAV-based thermal imaging has shown a high
potentiality for precision vineyard management applications, and
could be a complementary tool for the implementation of precision
irrigation systems that, in the near future, would help grape grow-
ers to manage water resources in a sounder and more sustainable
way.

4. Conclusions

UAV-based thermal imagery has a great potential to map
instantaneous variations in water status within a vineyard. The

information provided by thermal images proved to be relevant at
a seasonal scale as well, although it did not match seasonal trends
in water status, but mimicked other physiological processes occur-
ring during ripening. Therefore, if a picture of variations in water
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