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Verticilliumwilt (VW) caused by the soil-borne fungus Verticillium dahliae Kleb, is the most limiting disease in all
traditional olive-growing regions worldwide. This pathogen colonizes the vascular system of plants, blocking
water flow and eventually inducing water stress. The present study explored the use of high-resolution thermal
imagery, chlorophyllfluorescence, structural and physiological indices (xanthophyll, chlorophyll a + b, carotenoids
and blue/green/red B/G/R indices) calculated from multispectral and hyperspectral imagery as early indicators of
water stress caused by VW infection and severity. The studywas conducted in two olive orchards naturally infected
with V. dahliae. Time series of airborne thermal, multispectral and hyperspectral imagery was acquired in three
consecutive years and related to VW severity at the time of the flights. Concurrently to the airborne campaigns,
field measurements conducted at leaf and tree-crown levels showed a significant increase in crown temperature
(Tc) minus air temperature (Ta) and a decrease in leaf stomatal conductance (G) across VW severity levels, identi-
fying VW-infected trees at early stages of the disease. Higher Tc − Ta and G values measured in the field were
associated with higher VW severity levels. At leaf level, the reduction in G caused by VW infection was associated
with a significant increase in the Photochemical Reflectance Index (PRI570) and a decrease in chlorophyll fluores-
cence (F). The airborne flights enabled the early detection of VW by using canopy-level image-derived airborne
Tc − Ta, Crop Water Stress Index (CWSI) calculated from the thermal imagery, blue/blue–green/blue–red ratios
(B/BG/BR indices) and chlorophyll fluorescence, confirming the results obtained in the field. Airborne
Tc − Ta showed rising values with a significant increase of ~2 K at low VW severity levels, and was signif-
icantly correlated with G (R2 = 0.76, P = 0.002) and PRI570 (R2 = 0.51, P = 0.032). Early stages of disease
development could be differentiated based on a CWSI increase as VW developed, obtaining a strong corre-
lation with G (R2 = 0.83, P b 0.001). Likewise, the canopy-level chlorophyll fluorescence dropped at high
VW severity levels, showing a significant increase as disease progressed. These results indicate the poten-
tials of an early detection of V. dahliae infection and discrimination of VW severity levels using remote sens-
ing. Indicators based on crown temperature such as CWSI, and visible ratios B/BG/BR as well as fluorescence
were effective in detecting VW at early stages of disease development. In affected trees, the structural indi-
ces PRI, chlorophyll and carotenoid indices, and the R/G ratio were good indicators to assess the damage
caused by the disease.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Verticillium wilt (VW) of olive (Olea europea L.) trees, caused by
the soil-borne fungus Verticillium dahliae Kleb., is the most limiting
disease of this crop in all traditional olive-growing regions world-
wide (Jiménez-Díaz et al., 2012; Tsror (Lahkim), 2011) and causes
tenible (IAS), Consejo Superior
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severe yield losses and tree mortality (Levin, Lavee, & Tsror, 2003).
In Spain, the first reports of the disease, which was found to affect
olive crops in the Guadalquivir valley, were documented in the
early 1980s (Blanco-López, Jiménez-Díaz, & Caballero, 1984). However,
in the last 15–20 years the disease has spread to affect newly established
irrigated crops (Jiménez-Díaz, Olivares-García, Landa, Jiménez-Gasco, &
Navas-Cortés, 2011; Sánchez-Hernández, Ruiz-Dávila, Pérez de Algaba,
Blanco-López, & Trapero-Casas, 1998). Under field conditions, the first
VW symptoms in irrigated olive trees growing in V. dahliae-infested
orchards develop 18–24 months after plantation, depending on the
density of pathogen propagules in the soil, the V. dahliae pathotype
prevailing in the soil, the olive cultivar susceptibility and the environmen-
tal conditions (Levin et al., 2003; Navas-Cortés et al., 2008). In the
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Mediterranean region, over an annual cropping season, disease incidence
and symptom severity typically increase from late autumn–early winter
to spring and sharply decrease in summer, with no further development
until the next autumn; this results in polyetic epidemics over several
cropping seasons (Navas-Cortés et al., 2008).

V. dahliae can be found in agricultural soils as resistant survival
structures called ‘microsclerotia’ that are stimulated to germinate by
root exudates (Schreiber & Green, 1963) and favorable soil environ-
mental conditions, forming hyphae that penetrate into the plant roots
and grow into their tissues until they reach the xylem vessels. The rapid
upward spread of the pathogen in vascular tissues occurs primarily
through conidia transported with the transpiration stream (Emechebe,
Leaky, & Banage, 1975; Garber & Houston, 1966; Presley, Carns, Taylor,
& Schnathorst, 1966; Talboys, 1962). This enables the pathogen to spread
throughout the aerial parts of its hostwithin one growing season. The net
effect of pathogen infection is a reduction in water flow that induces
water stress and is thought to be mainly responsible for the vascular
wilt syndrome caused by V. dahliae and other wilt pathogens (Ayres,
1978; DeVay, 1989; Van Alfen, 1989).

Water stress in plants caused by either V. dahliae infection or
drought-induced stomatal closure reduces the transpiration rate. In
turn, this decreases evaporative cooling and increases leaf temperature.
Early detection ofwater stress using remote sensing has been successfully
achieved in the past using thermal infrared radiation (Idso, Jackson, &
Reginato, 1978; Idso, Jackson, Pinter, Reginato, & Hatfield, 1981; Jackson
& Pinter, 1981; Jackson, Idso, Reginato, & Ehrler, 1977, Jackson, Idso,
Reginato, & Pinter, 1981). Thermal remote sensing of water stress has
been fulfilled using spectrometers at ground level (Idso et al., 1981,
1978; Jackson et al., 1977, 1981), thermal sensors at image level (Berni,
Zarco-Tejada, Suárez, & Fereres, 2009; Cohen, Alchanatis,Meron, Saranga,
& Tsipris, 2005; Leinonen & Jones, 2004; Sepulcre-Cantó et al., 2006,
2007; Zarco-Tejada, González-Dugo, & Berni, 2012) and satellite thermal
imagery (Sepulcre-Cantó et al., 2009). Working with hand-held infrared
thermometers on herbaceous crops, Jackson and co-workers (Idso et al.,
1978; Jackson et al., 1981) developed the Crop Water Stress Index
(CWSI), which became a popular thermal-based stress indicator. The
CWSI is based on the normalization of differences between canopy
(Tc) and air temperature (Ta) with evaporative demand (by means
of the vapor pressure deficit). Apart from the progress made in
water-stress detection using the thermal region, the visible part of
the spectrum has also been useful for early water stress detection.
This involves using indices focused on bands located at specific wave-
lengths where photosynthetic pigments are affected by stress condi-
tions. Two spectral indicators of water stress, spanning initial
through severe disease symptoms, are widely used. One is the Photo-
chemical Reflectance Index (PRI) (Gamon, Peñuelas, & Field, 1992).
This index is sensitive to the epoxidation state of the xanthophyll
cycle pigments and to photosynthetic efficiency, serving as a proxy
for water stress detection (Peguero-Pina, Morales, Flexas, Gil-Pelegrín,
& Moya, 2008; Suárez, Zarco-Tejada, Berni, González-Dugo, & Fereres,
2009; Suárez et al., 2010; Suárez et al., 2008; Thenot, Méthy, & Winkel,
2002). Another indicator of water stress is solar-induced chlorophyll
fluorescence emission (Flexas, Briantais, Cerovic, Medrano, & Moya,
2000, 1999, Flexas, Escalona, & Medrano, 1999, Flexas et al., 2002;
Moya et al., 2004; Zarco-Tejada et al., 2009, 2012), because of the strong
correlation found between steady-state chlorophyll fluorescence and
the reduced assimilation caused by water stress conditions. The PRI
has been used to assess pre-visual water stress at leaf level (Thenot
et al., 2002; Winkel, Méthy, & Thénot, 2002), at canopy level
(Dobrowsky, Pushnik, Zarco-Tejada, & Ustin, 2005; Evain, Flexas, &
Moya, 2004; Peguero-Pina et al., 2008; Sun et al., 2008) and using air-
borne imaging spectroscopy (Suárez et al., 2009, 2010, 2008). Chlo-
rophyll fluorescence is associated with photosynthesis and other
physiological processes, as demonstrated consistently in laboratory
studies (e.g., Krause & Weis, 1984; Papageorgiu, 1975). Over the
last five years, scientific interest in steady-state chlorophyll fluorescence
(Fs) obtained under natural outdoor conditions has increased
due to its potential development using remote sensing methods
(Soukupová et al., 2008). Although the contribution of fluorescence
to the vegetation's radiance signal is estimated to be 2–3%, methods
have been developed to extract the signal (Meroni, Colombo, & Cogliati,
2004; Meroni, Picchi, et al., 2008; Meroni, Rossini, et al., 2008; Meroni
et al., 2009;Moya et al., 2004), proving the feasibility of thefluorescence
retrieval using the O2-A absorption feature at 760 nm.

Remote sensing has been used to detect, monitor and quantify a
range of diseases in different crops. Comprehensive reviews on the
application of remote sensing to the detection of plant diseases are
available (e.g., Barton, 2012; Hatfield & Pinter, 1993; Jackson, 1986;
Nilsson, 1995; Sankaran, Mishra, Ehsani, & Davis, 2010; West et al.,
2003). Most studies have focused on foliar pathogens in annual crops,
where disease symptoms are mainly characterized by distinct color
changes in the aerial parts of the plant. However, this technology also
has shown potential for detecting root diseases in several crops
(e.g., Raikes & Burpee, 1998; Reynolds, Windels, MacRae, & Laguette,
2012; Wang, Kurle, Estevez de Jensen, & Percich, 2004). Canopy tem-
perature has shown to be particularly useful to detect root impairment
caused by soil-borne pathogens that lead to water stress symptoms, as
mentioned above. In fact, Pinter et al. (1979) found foliar temperatures
3–4 °C higher than those of healthy plants in sugar beet and cotton.
Other examples of the use of leaf temperature for the detection of
diseases caused by soil-borne pathogens include beans infected with
Fusarium solani, Pythium ultimum or Rhizoctonia solani (Tu & Tan,
1985); soybeans affected by brown stem rot caused by Phialophora
gregata (Mengistu, Tachibana, Epstein, Bidne, & Hatfield, 1987); the
flag leaf temperature of cereals with root and vascular diseases, such
as barley infected by Pyrenophora graminea and wheat infected with
Cephalosporium gramineum (Nilsson, 1995); and wheat with moderate
take-all symptoms caused by Gaeumannomyces graminis var. tritici
(Nilsson, 1991).

Other approaches have included the use of multispectral and
hyperspectral imagery, as well as airborne digital color or video
imagery, to detect crop diseases. Multispectral imagery enabled
the detection of head blight in winter wheat (Dammer, Möller,
Rodemann, & Heppner, 2011), assessment of severity of soybean
root rot (Wang et al., 2004) and to evaluate Rhizoctonia blight in
creeping bentgrass (Raikes & Burpee, 1998). Hyperspectral canopy
reflectance was used to quantify Rhizoctonia crown and root rot in
sugar beet (Reynolds et al., 2012) and to detect the co-infection of
sugar beet with this pathogen and the plant parasitic nematode
Heterodera schachatii (Hillnhütter, Mahlein, Sikora, & Oerke,
2011) as well as Fusarium head blight in wheat (Bauriegel, Giebel,
Geyer, Schmidt, & Herppich, 2011).

Some research has been conducted on remote detection of diseases
caused by V. dahliae. Nilsson (1995) reported that oilseed rape plants
infected with V. dahliae exhibited leaf temperatures 5–8 °C higher
than non-infected plants. Chen et al. (2008, 2011) reported the
application of hyperspectral reflectance to identify cotton canopy af-
fected by VW. They found that the spectral characteristics of infected
plants changed gradually with the increase in the visible region with
disease severity, while a reduction occurred in the near-infrared
region. Yet, to our knowledge remote sensing physiological indices
and fluorescence indicators have not been used to study olive tree
diseases.

The main objective of this research was to evaluate the use of high-
resolution thermal imagery and physiological indices calculated from
multispectral and hyperspectral imagery as indicators of VW infection
and severity in olive orchards. Time series of airborne thermal, multi-
spectral and hyperspectral imagery were acquired in three consecutive
campaigns and related to VW severity at the time of the flight. The
hypothesis is that thermal and hyperspectral indices acquired from
the airborne imagery are sensitive to physiological changes induced
by the infection and colonization by V. dahliae.
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2. Materials and methods

2.1. Study site description

The experimental areas were located in Andalucia, in southern
Spain, a region of Mediterranean climate characterized by warm and
dry summers and cool and wet winters, with an average annual rainfall
of over 550 mm. Two study sites were selected in the Cordoba and
Seville provinces, respectively, to account for differences in weather
conditions, crop age and tree-crown size, olive cultivars with different
reactions to VW and VW incidence and severity. The first study site
was located in Castro del Rio (Cordoba province, Spain) (37° 42′ 20″
N, 4° 30′ 45″ W) in a 7-ha commercial orchard planted in 2001 with
the olive cultivar (cv.) Picual at a spacing of 6 × 4 m (Fig. 1a). Cv. Picual
has been found to be highly susceptible to D and susceptible to ND
V. dahliae, under controlled conditions in artificial inoculation tests
(López-Escudero, del Rio, Caballero, & Blanco-López, 2004). The initial
VW incidence (i.e., percentage of VW symptomatic trees) was estimat-
ed in 12%. The second study site was located in Utrera (Seville province,
Spain) (37° 4′ 42″ N, 5° 50° 58″ W), in a 10-ha commercial orchard
planted in 2006 with cv. Arbequina (Fig. 1b). Cv. Arbequina has been
shown to be susceptible to D and moderately resistant to ND V. dahliae,
under controlled conditions in artificial inoculation tests (López-
Escudero et al., 2004). The olive trees were planted at a spacing of
6 × 3 m. The initial VW incidence was estimated in 30%. Both orchards
were drip irrigated and managed using no-tillage practices; weed
control was achieved with herbicide treatments between rows.

2.2. Verticillium wilt assessment

Incidence and severity of VW symptomswere assessed in both plots
in spring and summer of 2009, 2010 and 2011 in coincidence with
airborne campaigns. Severity of the disease was assessed by visual ob-
servation of foliar symptoms in each individual tree and assessment
on a 0 to 4 rating scale according to the percentage of foliage with
disease symptoms, where: 0 = 0%, 0.2 and 0.5 = initial symptoms,
1 = 1 to 33%, 2 = 34 to 66%, 3 = 67 to 100%, and 4 = dead plant.
V. dahliae infection was confirmed in a sample from each experimental
plot by isolating six stem fragments sampled from each of four young
symptomatic branches per symptomatic tree as previously described
(Navas-Cortés et al., 2008). Identification of V. dahliae isolates was
based on the morphology of conidiophores and microsclerotia and
confirmed by molecular typing through PCR assay using primers DB19/
DB22/espdef01 (Mercado-Blanco, Rodríguez-Jurado, Parrilla-Araujo, &
Fig. 1. Overview of the two study sites in southern Spain used in this study: (a) 7 ha comme
orchard in Utrera (Seville province).
Jiménez-Díaz, 2003); this method yielded a polymorphic amplicon
of 523 or 539 bp specific to V. dahliae. PCR amplification and gel
electrophoresis were conducted as described previously (Mercado-
Blanco et al., 2003).
2.3. Field measurements

Leaf and near-canopy field measurements were conducted in the
olive orchard located in Castro del Rio (Cordoba) during the summer
of 2011 to take: a) diurnal measurements throughout the day to moni-
tor the diurnal variation of crown temperature (Tc − Ta) and stomatal
conductance (G) in trees covering a gradient in severity levels; and b)
leaf and crown measurements at midday to monitor the variation
along the VW severity levels of Tc − Ta, leaf chlorophyll fluorescence,
leaf Photochemical Reflectance Index (PRI570) (Gamon et al., 1992)
and leaf stomatal conductance (G). Eight trees showing different VW
severity levels were selected to record pure crown temperature (Tc)
with the objective of monitoring its diurnal variation. These measure-
ments were conducted from 7:00 to 17:00 GMT at 5-minute intervals
in two dataloggers (model CR10X, Campbell Sci., Logan, UT, USA) with
infrared temperature (IRT) sensors (22° half-angle FOV) (model IRR-P,
Apogee, Logan, UT, USA) placed 1 m above trees. The single-band infra-
red temperature (IRT) sensors covered the 6.5–14 μm range and were
evaluated both in the laboratory and in field conditions to characterize
the IRT response to diurnal temperature variation (Sepulcre-Cantó
et al., 2006). The results yielded errors within the accuracy limits of
the instrument (±0.4 °C) over a 5° to 40 °C range. The instruments
were calibrated in the laboratory using a uniform calibration body
(integrating sphere, CSTM-USS-2000C Uniform Source System,
LabSphere, NH, USA) at two different levels of illumination. This
procedure has been reported to be successful in other studies focused
on monitoring crown temperature as an indicator of water stress
(Berni, Zarco-Tejada, Suárez, & Fereres, 2009; Sepulcre-Cantó et al.,
2006; Zarco-Tejada et al., 2012). Air temperature (Ta) and relative
humidity (RH) were measured above the canopy with a portable
weather station (Model WXT510, Vaisala, Finland) placed 1 m above
the canopy (approx. 6 m above the ground). In each of the eight moni-
tored trees, leaf stomatal conductance was measured from 7:00 to
17:00 GMT at 2-hour intervals with a leaf porometer (model SC-1,
Decagon Devices, Washington, DC, USA) to monitor the diurnal
variation of crown stomatal conductance for the different VW severity
levels. A total of five illuminated leaves per tree were measured at
each time interval.
rcial olive orchard in Castro del Rio (Cordoba province); and (b) 10-ha commercial olive
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Fig. 2.Multispectral scene (a) obtained with the multispectral camera on board the UAV platform at 20-cm resolution, showing the Castro del Rio orchard study site (Córdoba province).
(b) Automatic object-based crown detection applied to the multispectral imagery to identify pure olive crowns. Yellow square (a) shown in detail in (b). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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In addition to the diurnal measurements conducted for temperature
and stomatal conductance, 25 trees covering a gradient in severity levels
from asymptomatic to severely affected trees were chosen to monitor
a

b c

Fig. 3. Hyperspectral scene (a) obtained with the hyperspectral imager on board the UAV
hyperspectral imagery to identify pure olive crowns (b). The methodology enabled the separa
pixel aggregation (c). Yellow square (a) shown in detail in (b). (For interpretation of the refere
the variation of Tc − Ta, leaf chlorophyll fluorescence, leaf PRI570 and
leaf G between 10:00 and 13:00 GMT on 27 and 28 July 2011. Leaf
chlorophyll fluorescence measurements taken under natural sunlight
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Table 1
Overview of the vegetation indices used in this study and their formulations.

Vegetation indices Equation Reference

Structural indices
Normalized Difference Vegetation Index NDVI = (R800 − R670)/(R800 + R670) Rouse et al. (1974)
Renormalized Difference Vegetation Index RDVI ¼ R800−R670ð Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R800 þ R670ð Þp
Rougean and Breon (1995)

Optimized Soil-Adjusted Vegetation Index OSAVI = ((1 + 0.16)·(R800 − R670)/(R800 + R670 + 0.16)) Rondeaux et al. (1996)
Triangular Vegetation Index TVI = 0.5·[120·(R750 − R550) − 200·(R670 − R550)] Broge and Leblanc (2000)
Modified Triangular Vegetation Index MTVI = 1.2·[1.2·(R800 − R550) − 2.5·(R670 − R550)] Haboudane et al. (2004)
Simple Ratio SR = R800/R670 Jordan (1969)

Modified Simple Ratio MSR ¼ R800=R670−1
R800=R670ð Þ0:5þ1

Chen (1996)
Xanthophyll indices
Photochemical Reflectance Index (570) PRI570 = (R570 − R531)/(R570 + R531) Gamon et al. (1992)
Photochemical Reflectance Index (515) PRI515 = (R515 − R531)/(R515 + R531) Hernández-Clemente et al. (2011)
Chlorophyll a+b indices
RedEdge ZM = R750/R710 Zarco-Tejada et al. (2001)
Vogelmann VOG1 = R740/R720 Vogelmann et al. (1993)
Gitelson and Merzlyak indices GM1 = R750/R550 Gitelson and Merzlyak (1997)

GM2 = R750/R700 Gitelson and Merzlyak (1997)
Pigment Specific Simple Ratio Chlorophyll a PSSRa = R800/R675 Blackburn (1998)
Pigment Specific Simple Ratio Chlorophyll b PSSRb = R800/R650 Blackburn (1998)

Modified Chlorophyll-Absorption-Integral mCAI ¼ R545þR752ð Þ
2 · 752−545ð Þ−∑

R752

R545

R·1:158ð Þ Laudien et al. (2003)

Transformed Chlorophyll Absorption in Reflectance Index TCARI = 3·[(R700 − R670) − 0.2·(R700 − R550)·(R700/R670)] Haboudane et al. (2002)

Transformed Chlorophyll Absorption in Reflectance
Index/Optimized Soil-Adjusted Vegetation Index

TCARI=OSAVI ¼ 3· R700−R670ð Þ−0:2· R700−R550ð Þ· R700=R670ð Þ½ �
1þ0:16ð Þ· R800−R670ð Þ= R800þR670þ0:16ð Þð Þ Haboudane et al. (2002)

R/G/B indices
Redness index R = R700/R670 Gitelson et al. (2000)
Greenness index G = R570/R670 This study
Blue index B = R450/R490 This study
Blue/green indices BGI1 = R400/R550 Zarco-Tejada et al. (2005)

BGI2 = R450/R550 Zarco-Tejada et al. (2005)
Blue/red indices BRI1 = R400/R690 Zarco-Tejada et al. (2012)

BRI2 = R450/R690 Zarco-Tejada et al. (2012)
Lichtenhaler index LIC3 = R440/R740 Lichtenhaler et al. (1996)
Carotenoid indices
Structure-Intensive Pigment Index SIPI = (R800 − R445)/(R800 + R680) Peñuelas et al. (1995)
Pigment Specific Simple Ratio Carotenoids PSSRc = R800/R500 Blackburn (1998)
R520/R500 R520/R500 Zarco-Tejada et al. (2012)
R515/R570 R515/R570 Zarco-Tejada et al. (2012)
R515/R670 R515/R670 Zarco-Tejada et al. (2012)
Fluorescence
FLD FLD3(747;762;780) Plascyk (1975)

Maier et al. (2003)
Zarco-Tejada et al. (2005)

Plant disease index
Healthy-index HI ¼ R534−R698

R534þR698
− 1

2 ·R704 Mahlein et al. (2013)
Crop water stress index
CWSI CWSI ¼ γ· 1þrc=rað Þ−γ�

Δþγ· 1þrc=rað Þ Jackson et al. (1981)
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conditions were conducted using the PAM-2100 Pulse-Amplitude
Modulated Fluorometer (Heinz Walz GMBH, Effeltrich, Germany).
This device measured steady-state Fs and Fm' fluorescence parameters
in 25 illuminated leaves per tree. Leaf PRI570 measurements calculated
as (R570 − R531) / (R570 + R531) (Suárez et al., 2009, 2010, 2008;
Zarco-Tejada et al., 2012) were taken in 25 illuminated leaves per
tree with a PlantPen instrument custom designed to measure the R531

and R570 bands (Photon System Instrument, Brno, Czech Republic).
Leaf G was measured in five illuminated leaves per tree with the leaf
porometer previously used.

2.4. Airborne campaigns and remote sensing indices

Imagery in the three years of experiments was acquired from both
study sites using narrow-bandmultispectral, hyperspectral and thermal
cameras. The multispectral and thermal cameras were used in airborne
campaigns conducted twice per crop season in spring (April/May) and
summer (July) of 2009 and 2010. In addition, the thermal camera was
flown twice in June 2011. The multispectral and thermal imagery was
always acquired at similar sun angles at 10:30 and 12:00 GMT respec-
tively tominimize differences due to sun angle effects between airborne
campaigns. Hyperspectral and thermal images were acquired from the
Castro del Rio site on 23 June 2011 at 9:00 GMT using a hyperspectral
imager concurrently with the thermal camera operated in 2009 and
2010.

The flights were conducted with two different unmanned aerial
vehicles (UAVs) operated by the Spanish Laboratory for Research
Methods in Quantitative Remote Sensing (Quantalab, IAS-CSIC, Spain)
(Berni, Zarco-Tejada, Suárez, & Fereres, 2009; Zarco-Tejada, Berni,
Suárez, & Fereres, 2008, Zarco-Tejada et al., 2012). The UAV used for
the multispectral and thermal acquisition had a 2-m wingspan for a
fixed-wing platform at 5.8 kg take-off weight (TOW) (mX-SIGHT,
UAV Services and Systems, Germany) capable of 1-hour endurance.
Hyperspectral images were acquired with a larger UAV with a 5-m
wingspan for a fixed-wing platform having 13.5 kg take-off weight
(TOW) (Viewer, ELIMCO, Seville, Spain) capable of 3-hour endurance.
This larger platform was required when operating the hyperspectral
imager due to the heavier payload. Both UAV platformswere controlled
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Fig. 4. Thermal scene (a) of the Castro del Rio site (Córdoba province) obtained with the thermal camera on board the UAV platform at 20-cm resolution, enabling pure olive crown iden-
tification (b). Automatic object-based crown detection applied to the thermal imagery to identify pure olive crowns (c). Yellow square (a) shown in detail in (b; c). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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by an autopilot system (AP04, UAV Navigation, Madrid, Spain) that
provided autonomous navigation based on coordinates programmed
during the mission planning.
Table 2
Inputs used to calculate the CropWater Stress Index (CWSI) from high resolution airborne
thermal imagery acquired in June 2011 in the Castro del Rio site. The CWSI was calculated
as described in Berni et al. (2009a).

Inputs Values

2 June 2011 15 June 2011

Air temperature (°C) 22.93 29.58
Relative humidity (%) 30.31 30.14
Wind speed (m/s) 1 1
Wind measurement height (m) 5 5
Atmospheric pressure (kPa) 99.45 99.60
Cloudiness 0.2 0.2
Latitude (°N) 37.7058 37.7058
Longitude (°E) −4.5117 −4.5117
Altitude (m) 236 236
Solar time (decimal hour) 12.05 12.35
DOY 153 166
Canopy temperature (°C) From image From image
Canopy height (m) 4 4
Frontal LAI 1 1
Canopy emissivity ε 0.98 0.98
Themultispectral sensor consisted of a 6-bandmultispectral camera
(MCA-6, Tetracam, Inc., California, USA) flying at 250 m above ground
level (AGL). The camera was equipped with six independent image
sensors and optics with 25-mm diameter filters of 10-nm full width
at half-maximum (FWHM) bandwidth (Berni, Zarco-Tejada, Suárez, &
Fereres, 2009; Zarco-Tejada et al., 2009). Image resolution was
2592 × 1944 pixels with 10-bit radiometric resolution and an optical
focal length of 8.4 mm, yielding an angular field of view (FOV) of
38.04° × 28.53° and a spatial resolution of 20 cm at 250 m altitude
(Fig. 2a). The band sets used in each study site included centered wave-
lengths at 450, 490, 530, 570, 670 and 800 nm.

The hyperspectral imager (Micro-Hyperspec VNIR model, Headwall
Photonics, MA, USA) was flown in 2011 at Castro del Río site in the
spectral mode with 260 bands at 1.85 nm/pixel at 12-bit radiometric
resolution. It yielded a 3.2-nm FWHM with a 12-micron slit and a 6.4-
nm FWHM with a 25-micron slit. Data acquisition and storage on
board the UAV was set to 50 fps with 18-ms integration time. The 8-
mm optical focal length yielded an IFOV of 0.93 mrad and an angular
FOV of 49.82°, obtaining a swath of 522 m at 53 × 42 cm resolution,
resampled to 40 cm (Fig. 3a) for a flight conducted at 550 mAGL altitude
and 75 km/h ground speed (Zarco-Tejada et al., 2012).

The multispectral and hyperspectral images were radiometrically
calibrated with a uniform light source system (integrating sphere,
CSTM-USS-2000C Uniform Source System, LabSphere, NH, USA) at four



Fig. 5. Frequency (%) of olive trees showing Verticilliumwilt (VW) symptoms at the different severity values in Castro del Rio (Córdoba province) (a,b) and Utrera (Seville province) (c,d)
study sites assessed inMay and July of 2009 (a,c) and 2010 (b,d). VW severity was assessed by visual inspection of each individual tree using a 0–4 rating scale according to percentage of
foliage with disease symptoms, where: 0 = 0%, IS = initial symptoms, 1 = 1 to 33%, 2 = 34 to 66%, 3 = 67 to 100% and 4 = dead plant. Severity of disease symptoms was grouped in
asymptomatic (DS = 0), initial (0.2 ≤ DS ≤ 0.5), low (1 ≤ DS ≤ 1.5), moderate (2 ≤ DS ≤ 2.5) and severe (3 ≤ DS ≤ 4) disease symptoms.
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different levels of illumination and six different integration times.
Atmospheric correction was performed with the SMARTS simulation
model developed by the National Renewable Energy Laboratory,
US Department of Energy (Gueymard, 1995, 2001). This was done
Fig. 6. Diurnal mean crown temperature (Tc − Ta) measured from 7:00 to 17:00 GMT at
5-minute intervals and obtained with the IRT sensors from trees showing different
Verticilliumwilt severity levels in the Castro del Rio site (Córdoba province) in the summer
of 2011.
using aerosol optical depth measured at 550 nm with a Micro-Tops
II sunphotometer (Solar LIGHT Co., Philadelphia, PA, USA). This radiative
transfer model has been used in previous studies to perform the atmo-
spheric correction of both narrow-band multispectral and hyperspectral
Fig. 7.Diurnalmean leaf stomatal conductance Gmeasured from 7:00 to 17:00 GMT at
2-hour intervals and obtained with the leaf porometer from trees showing different
Verticilliumwilt severity levels (n = 5 per tree at each measuring time) in the Castro
del Rio site (Córdoba province) in the summer of 2011.



Fig. 8. Mean measurements of crown temperature (Tc − Ta) (a), leaf stomatal conductance (G) (b), leaf PRI570 (c) and leaf Fs (d) for every Verticillium wilt severity level. Analysis of
variance of each index was conducted and asterisks indicate significant differences from the asymptomatic plants according to Dunnett's two-tailed test at P b 0.05. Error bars indicate
standard errors.
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imagery (Berni, Zarco-Tejada, Sepulcre-Cantó, Fereres, & Villalobos, 2009;
Berni, Zarco-Tejada, Suárez, & Fereres, 2009; Suárez et al., 2010; Zarco-
Tejada et al., 2012).

A miniaturized inertial measurement unit (IMU) installed on board
the UAV and synchronized with the hyperspectral imager acquired alti-
tude data at 100 Hz frequency. The imagery was later orthorectified
using PARGE software (ReSe Applications Schläpfer, Wil, Switzerland)
(Fig. 3a). The mean radiance and reflectance spectra calculated for the
six spectral bands obtained by the multispectral camera and the 260
spectral bands acquired by the hyperspectral imager were then used
to calculate several spectral indices related to: i) tree crown structure;
ii) epoxidation state of the xanthophyll cycle; iii) chlorophyll a + b
concentration; iv) blue/green/red ratio indices; v) carotenoid concen-
tration; vi) chlorophyll fluorescence and vii) spectral disease indices
(Table 1).

The chlorophyll fluorescence retrieval method used was based on
the FLD principle (Plascyk, 1975) using three bands as in Maier et al.
(2003) (see Zarco-Tejada et al., 2012 for fluorescence quantification in
a citrus crop using this same hyperspectral imager). Previous results
demonstrated the feasibility of retrieving the chlorophyll fluorescence
signal using this hyperspectral imager (Zarco-Tejada, Catalina, González,
& Martín, 2013, Zarco-Tejada et al., 2012). For this reason, the FLD
principle could be applied to the hyperspectral imagery to estimate the
fluorescence signal, using a total of three bands required for the FLD3
method, where the band inside the O2-A feature (the “in” wavelength
indicates the radiance at L763 nm) and the radiances (L750 nm;
L780 nm) determined at two wavelengths outside and on either
side of the O2-A feature, referred to as the “out” bands.

The thermal camera (MIRICLE 307, Thermoteknix Systems Ltd,
Cambridge, UK) installed on board the two UAVs operated in this
study was flown over the experimental sites at altitudes ranging
between 150 m and 250 m AGL in 2009 and 2010, and at 550 m
AGL when flown together with the hyperspectral imager in 2011 in
the morning (~9:00 GMT). This camera had a 14.25 mm f1.3 lens
connected to a computer via a USB 2.0 protocol. The image sensor
was a Focal Plane Array (FPA) based on uncooled microbolometers
with a spectral range of 8–12 μm, yielding a 25 μm pixel size. The
camera delivered raw images with a 640 × 480 pixel resolution
and 14-bit at-sensor uncalibrated radiance. The camera was radio-
metrically calibrated in the laboratory using blackbodies at varying
target and ambient temperatures to develop radiometric calibration
algorithms alongwith an internal calibration for non-uniformity cor-
rection (NUC). Thermal images were acquired at 20 cm pixel resolu-
tion, enabling the retrieval of “pure crown” average temperature
from each tree studied (Fig. 4a). Local atmospheric conditions were
determined by air temperature, relative humidity and barometric
pressure at the time of flight using a portable weather station
(Model WXT510, Vaisala, Finland).

The high-resolution imagery acquired over the orchards enabled
single tree identification for field validation purposes (Fig. 4b), success-
fully separating pure crown from soil pixels (Fig. 3c). Each single pure
tree crown in the entire orchard was identified using automatic
object-based crown detection algorithms (Figs. 2b;3b;4c). The algo-
rithms applied to the thermal, multispectral and hyperspectral imag-
ery enabled calculation of mean temperature and multispectral and
hyperspectral reflectance at pure-crown level for the entire scenes
acquired with the unmanned vehicles. The Crop Water Stress Index
(CWSI) was calculated for each single tree crown using the high-
resolution airborne thermal imagery acquired as described in Berni,
Zarco-Tejada, Sepulcre-Cantó, Fereres, and Villalobos (2009), with
the inputs detailed in Table 2.
2.5. Data analyses

Field and airborne data and indices calculated were subjected to
standard analysis of variance (ANOVA) using the general linear model
(GLM) procedure of SAS 9.2 (SAS Institute Inc., NC, USA). The Dunnett's
two-tailed test was used to determine significant differences between
asymptomatic trees and each of the disease severity levels at P b 0.05.
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3. Results and discussion

3.1. Verticillium wilt symptom development

VW symptoms developed extensively in both study sites from early
autumn to early winter, reaching their maximum expression during
the spring. In the Utrera study site, characterized by 3-year-old cv.
Arbequina olive trees, the symptoms consisted mainly of an extensive
early drop of infected leaves that were still green; in most cases, this
caused a complete defoliation and necrosis of affected branches. In the
more established Castro del Rio study site, characterized by 10-yr old
cv. Picual olive trees, affected plants mainly exhibited a quick dieback
of olive twigs and branches where leaves turned light brown, rolled
back toward the abaxial side and dried up, but typically remained at-
tached to the symptomatic shoots. In both experimental sites, if the
first VWsymptoms developed in the spring, the trees underwentflower
mummification and necrosis of both inflorescences and leaves of affect-
ed shoots, which usually fell. The type of VW symptoms and temporal
dynamics of VW epidemics observed in both study sites were similar
to those described in olive orchards affected by VW in southern Spain
(Navas-Cortés et al., 2008).

In May 2009, 13.7 and 32.2% of trees were affected by VW in the
Castro del Rio and Utrera study sites, respectively (Fig. 5a,c), with a
mean disease severity in symptomatic trees of 1.26 and 1.19 (0–4 rating
scale), respectively. These figures were determined from 41.4% that
showed initial disease severity (DS) symptoms (0 N DS ≤ 0.5), 37.5%
had low disease severity symptoms (0.5 N DS ≤ 1.5), 12.7% had moder-
ate disease severity symptoms (1.5 N DS ≤ 2.5) and 8.4% of symptomatic
trees had severe (DS ≥ 3) disease symptoms at Castro del Rio. At Utrera,
32.7, 43.0, 17.7 and 6.6% of trees showed these same severity levels,
respectively (Fig. 5). During the spring of 2009, the disease progressed
in both study sites to reach a global incidence of 15.9 and 39.3% in
summer at Castro del Rio and Utrera, respectively (Fig. 5b,d); how-
ever, a similar frequency of trees remained in the three severity clas-
ses indicated above. In the 2010 season, overall disease incidence
increased to 17.3 and 44.7% at Castro del Rio and Utrera, respectively
(Fig. 5b,d), but mean disease severity decreased to 1.10 and 1.05 in
both sites, respectively. However, minor differences were observed
between both sites and the two assessment dates regarding the
frequency of affected trees in the three severity classes. The overall
frequency of trees at Castro del Rio in the four severity classes
ranged from initial (47.3–53.9%), to low (35.6–31.4%), moderate
(7.8–1.1%) and severe (9.3–1.6%) disease symptoms (Fig. 5b,d).

3.2. Field measurement results

Diurnal crown measurements were conducted with the IRT sensors
on trees selected to represent asymptomatic trees and those showing
initial, low, moderate and severe disease symptoms. Results revealed
that midday (i.e., 10:00 to 14:00 GMT) was the best time period to
maximize differences in Tc − Ta values. In fact, Tc − Ta values at
midday increasedwith the rise in disease severity level (Fig. 6), showing
up to 7 K temperature differences between asymptomatic trees
(DS = 0) and severely affected trees (DS ≥ 3). Moreover, Tc − Ta
values were able to discriminate asymptomatic trees from those
affected at early stages of disease development (DS ≤ 1.5), which
showed Tc − Ta values from 1 to 2.5 K higher. These results showing
lower Tc − Ta values in asymptomatic than in symptomatic diseased
olive trees are in agreement with other studies. Thus, Nilsson (1995)
Fig. 9. Relationship between crown temperature extracted from the thermal imagery and
leaf stomatal conductance (G) (a) and leaf PRI570 measurements (b) taken on olive trees
showing different Verticillium wilt severity levels, and relationship between leaf G and
leaf PRI570 (c). Thermal imagery was obtained at 11:00 GMT on 15 June 2011 and leaf
measurements were obtained between 10:00 and 13:00 GMT on 27 and 28 July 2011
from crowns with different VW severity levels in the Castro del Rio study site (Córdoba
province). Error bars indicate standard errors.



Fig. 10.Meanmeasurements of crown temperature (Tc − Ta) for every Verticilliumwilt severity level. Tc − Ta was calculated from thermal imagery obtained in summer of two consec-
utive years (2009 and 2010) for the two study sites, Castro del Rio (Córdoba province) (a, c) and Utrera (Seville province) (b, d). Analysis of variancewas conducted and asterisks indicate
significant differences from the asymptomatic plants according to Dunnett's two-tailed test at P b 0.05. Error bars indicate standard errors.
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reported higher leaf temperatures in oil seed plants infected with V.
dahliae. The leaf stomatal conductance (G) data measured on the
same trees consistently showed a decrease in stomatal conductance
values as crown temperature and disease severity levels increased
(Fig. 7). These results are in agreement with Berni, Zarco-Tejada,
Suárez, and Fereres (2009) and Sepulcre-Cantó et al. (2006), who
assessed the relationship between stomatal conductance and water
stress levels due to deficit irrigation practices in olive trees using
thermal sensors and a leaf porometer. A greater difference in stomatal
conductance between healthy asymptomatic trees and VW-affected
trees was recorded in the morning, with G differences up to 900 mmol/
m2/s between trees with extreme DS values (i.e., DS = 0 vs. DS ≥ 3).
These differences decreased to amaximum of 700 mmol/m2/s at midday
and declined to 500 mmol/m2/s after sunset. In addition, our results
showed that stomatal conductance was able to discriminate between
healthy trees and those at early stages of disease development, which
had G values at least 300–500 mmol/m2/s lower than those of healthy
trees.

Data on crown temperature (Tc − Ta), leaf stomatal conductance
(G), leaf PRI570 and fluorescence (Fs) acquired between 10:00 and
13:00 GMT in July 2011 were analyzed in trees with different VW
severity levels (Fig. 8). Crown temperature data (Tc − Ta) measured
at midday with IRT sensors in VW affected trees was significantly
(P b 0.05) higher than that measured in asymptomatic trees, being
highest for trees affected by severe VW symptoms (Fig. 8a). By contrast,
stomatal conductance G showed a negative trend as VW severity
increased, showing significant (P b 0.05) changes from asymptomatic
trees at those showing moderate and severe symptoms (DS ≥ 2)
(Fig. 8b). Moreover, PRI570 was lowest (P b 0.05) in asymptomatic trees,
and increased steadily with the increase in VW severity (Fig. 8c). These
results are consistent with that obtained by Suárez et al. (2008, 2009)
in water-stressed trees. Leaf chlorophyll fluorescence measurements of
Fs (Fig. 8d) showed a downward trend as VW severity level increased
as previously found for trees under water stress (Pérez-Priego, Zarco-
Tejada, Sepulcre-Cantó, Miller, & Fereres, 2005; Zarco-Tejada et al.,
2009, 2012).

Leaf-level measurements conducted for temperature, stomatal
conductance, fluorescence and the PRI570 in healthy and VW symp-
tomatic trees showed that Tc − Ta and PRI570 were sensitive to
V. dahliae infection and subsequent fungal colonization of affected
trees and not simply influenced by structural effects driven by water
stress. However, leaf G showed significantly lower values than
asymptomatic trees in those affected by moderate or severe VW
symptoms, while no significant differences in leaf Fs existed due to
V. dahliae infection (Fig. 8).

3.3. Airborne hyperspectral, multispectral and thermal imagery results

3.3.1. Tree crown temperature (Tc − Ta) and CWSI
Crown temperature (Tc − Ta) extracted from the airborne thermal

imagery in the summer of 2011 was compared against leaf stomatal
conductance (G) and leaf PRI570 data measured in 25 trees affected by
VW (Fig. 9). Crown temperature (Tc − Ta) was significantly and
linearly correlated with both the decrease of leaf G (R2 = 0.76,
P = 0.002; Fig. 9a) and the increase of PRI570 (R2 = 0.51, P = 0.032;
Fig. 9b). Furthermore, leaf G showed an inverse linear correlation to
the leaf PRI570 (R2 = 0.52, P = 0.028; Fig. 9c). Crown temperature
(Tc − Ta) tended to increase as VW severity level increased (Fig. 10).
VW affected trees showed up to 2 K higher Tc − Ta than thatmeasured
in healthy asymptomatic trees andwere consistent in allmeasurements
taken in April and July in both study sites. Indeed, symptomatic trees
showed significantly (P b 0.05) higher Tc − Ta values than asymptom-
atic trees at any disease severity level at Castro del Rio, or at low or
higher disease severity at Utrera. These results showed similar trends
as those presented in Fig. 8a, with significant (P b 0.05) increases in
Tc − Ta at leaf and canopy levels.



Fig. 11. (a) Mean values of Crop Water Stress Index (CWSI) for every Verticilliumwilt se-
verity level on 2 June 2011 in the Castro del Rio study site (Córdoba province). Analysis of
variancewas conducted and asterisks indicate significant differences from the asymptom-
atic plants according to Dunnett's two-tailed test at P b 0.05. Error bars indicate standard
errors. (b) Relationship between leaf stomatal conductance (G) and theCWSI in treeswith
different VW severity levels. Leaf stomatal conductancemeasurements were obtained be-
tween 10:00 and13:00 GMTon27 and 28 July 2011 and the CWSIwas calculated from the
thermal imagery obtained at 11:00 GMT on 15 June 2011 in the Castro del Rio study site.
Error bars indicate standard errors.
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As expected, the CWSI estimated from the high-resolution airborne
thermal imagery acquired on 2 June 2011 in the Castro del Rio site
showed significantly (P b 0.05) lower values for asymptomatic trees,
with an upward trend as VW severity level increased (Fig. 11a). CWSI
derived from the thermal imagery on 15 June 2011 decreased linearly
and significantly as a function of G obtained on 27 and 28 July 2011
(R2 = 0.83; P b 0.001) (Fig. 11b). These results indicate that the CWSI
obtained from high spatial resolution thermal imagery can be used to
detect the lower transpiration rates induced by V. dahliae infection, as
could be expected according to previous results (Berni, Zarco-Tejada,
Sepulcre-Cantó, Fereres, & Villalobos, 2009) showing the usefulness of
the CWSI as a water stress indicator. CWSI values estimated on the two
different assessment dates in June 2011 were significantly (P b 0.05)
lower for healthy trees than for those affected by the disease. At early
stages of disease development (DS ≤ 1.5), CWSI ranged from 0.21 to
0.35 on 2 June 2011, and from 0.36 to 0.48 on 15 June 2011. At more
advanced stages of VW development for trees affected by moderate or
severe symptoms, CWSI values tended to increase, ranging from 0.35 to
0.76 on 2 June 2011 and from 0.48 to 0.71 on 15 June 2011.

3.3.2. Structural indices
The effects of VW on the canopy structure were captured by struc-

tural indices such as the NDVI (Fig. 12a), RDVI, OSAVI, TVI, MTVI, SR
and MSR, that showed higher values for asymptomatic trees except
for TVI and MTVI which showed an increase at early stages of disease
development. Thus, moderate and severe VW wilt symptoms induced
significantly (P b 0.05) lower values of NDVI, OSAVI, SR andMSR indices
than those estimated in asymptomatic trees (Table 3). Furthermore, TVI
and MTVI showed an increase (P b 0.05) in trees showing initial symp-
toms (Table 3). These results demonstrate the consistency of structural
indices as VW damage indicator due to the expected effects on crown
density at moderate or advanced stages of disease development.

3.3.3. Physiological indices
The revised xanthophyll indices were calculated based on PRI for-

mulations using R570 as the reference band (PRI570) (Fig. 12b) and the
new formulation using band R515 as a reference to minimize structural
canopy effects, PRI515 (Fig. 12c). These indices showed an upward
trend as VW severity level increased. The PRI515 index was more sensi-
tive to VWthan PRI570, and showed significantly (P b 0.05) lower values
when trees were affected by moderate or severe symptoms (Table 3).
This result confirms those obtained by Hernández-Clemente et al.
(2011) in forest canopies and those of Stagakis, González-Dugo, Cid,
Guillén-Climent, and Zarco-Tejada (2012) in orange and mandarin
orchards, which demonstrated the robustness of the PRI515 to structural
effects. Both, airborne-derived (Table 3) and leaf-level PRI570 (Fig. 8c)
showed similar positive trend with disease severity, however only at
leaf-level resulted in significant differences between healthy andVWaf-
fected trees. The chlorophyll indices TCARI (Fig. 12d) and TCARI/OSAVI
showed an upward trend at early stages of the disease, reaching a
maximum of 0.058 and 0.103 units at the low disease severity level,
respectively, compared to 0.004 (TCARI) and 0.007 (TCARI/OSARI)
observed for healthy trees. These results could indicate a decrease
in chlorophyll a + b content (Ca + b) at early stages of V. dahliae infection
(reducing stomatal conductance and photosynthesis rate). At advanced
stages of the disease, the TCARI and TCARI/OSAVI inverted their trends
due to the sharp leaf area index (LAI) drop associated with VW severity,
showing significantly (P b 0.05) lower values at severe disease symptoms
with 0.022 and 0.025 value drops betweenmoderate and severely affect-
ed trees, respectively. The chlorophyll red edge index, VOG1, GM1, GM2,
PSSRa and PSSRb showed significantly (P b 0.05) lower values onmoder-
ately and severely affected trees compared with values estimated on
asymptomatic trees. The mCAI reached a significantly (P b 0.05) higher
value at trees showing initial symptoms but steadily decreased in trees
affected by moderate and severe symptoms.

TheGreenness, red index and the blue/green ratio BG2were not able
to detect V. dahliae infection, since no significant (P N 0.05) changes
were detectable when compared with healthy trees (Table 3). Interest-
ingly, the blue index (Fig. 12e) could discriminate between healthy
trees and those affected at any of the disease severity levels that reached
significantly lower values (P b 0.05). Similarly, the blue/green ratio BG1
presented a significant (P b 0.05) decrease at early stages of disease
development, but increased slightly at advanced stages, probably due
to structural changes occurring in trees severely damaged by the path-
ogen. The blue/red ratios BR1 and BR2 showed downward trends with
the increase in disease severity that resulted in significantly lower
values at the initial, low and moderate symptom severity in BR1
(Fig. 12f) and low, moderate and severe in BR2. The LIC3 index showed
a slightly decrease at early stages of thedisease, followed by a significant
(P b 0.05) increase on severely affected trees. The indices SIPI and PSSRc
were inversely correlated with disease severity, showing significantly
(P b 0.05) lower values at moderate and severe stages of disease devel-
opment. The R520/R500, R515/R570, and R515/R670 ratioswere not useful for



Fig. 12.Meanmeasurements of NDVI (a), PRI570 (b), PRI515 (c), TCARI (d), Blue index (B) (e), B/R index (BR1) (f), chlorophyll fluorescence FLD3 (g) and healthy-index (HI) (h) for every
Verticilliumwilt severity level. Analysis of variance of each index was conducted and asterisks indicate significant differences from the asymptomatic plants according to Dunnett's two-
tailed test at P b 0.05. Error bars indicate standard errors.
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thedetection of VWasno significant differenceswere detected between
asymptomatic and VW affected trees.

The chlorophyll fluorescence signal estimated from the hyperspectral
imagerywith the FLDmethod showed a significant (P b 0.05) increase at
initial and low stages of disease symptomseverity (2.677 W·m−2 μm−1·
sr−1), slightly decreasing to 2.019 W·m−2·μm−1·sr−1 at the severe VW
severity level (Fig. 12g). This result may indicate that the photosynthetic
apparatus of the plant remains undamaged being able to dissipate the
excess of energy by fluorescence that could not be maintained when
the reduction in photosynthesis occurred at severely stressed plants,
causing a decrease in the chlorophyll fluorescence rate. These results
are in agreement with the studies conducted by Pérez-Priego et al.
(2005) and Zarco-Tejada et al. (2009, 2012) in citrus and olive orchards
under water stress conditions. Comparable results were obtained in air-
borne (Table 3) and leaf-derived chlorophyll fluorescence (Fig. 8d) that
in both cases reached lower values in trees affected bymoderate or severe
symptoms. However, a significant (P b 0.05) increase in fluorescence oc-
curred in trees at the early stage of disease development only at canopy
level (Table 3). Finally, the health index (HI) developed to discrimi-
nate between healthy and diseased sugar beet leaves affected by



Table 3
Sensitivity of hyperspectral indices to Verticilliumwilt symptoms in olive trees. Vegetation
indices were calculated from the hyperspectral imagery obtained on 23 July 2011 in the
Castro del Rio site (Córdoba province, Spain).

Vegetation indices Fa Pa Severity of disease
symptomsb

I L M S

Structural indices
NDVI 21.66 b0.001 X X
RDVI 9.02 b0.001 X
OSAVI 11.52 b0.001 X X
TVI 7.80 b0.001 X X
MTVI 7.27 b0.001 X X
SR 14.35 b0.001 X X
MSR 16.49 b0.001 X X

Xanthophyll indices
PRI570 2.98 0.0183
PRI515 11.30 b0.001 X X

Chlorophyll a + b indices
RedEdge 15.95 b0.001 X X
VOG1 22.56 b0.001 X X
GM1 10.99 b0.001 X X
GM2 13.93 b0.001 X X
PSSRa 14.70 b0.001 X X
PSSRb 14.35 b0.001 X X
mCAI 5.26 0.0003 X
TCARI 6.72 b0.001 X
TCARI/OSAVI 3.30 0.0105 X

R/G/B indices
R 12.27 b0.001
G 16.51 b0.001
B 16.01 b0.001 X X X X
BG1 6.41 b0.001 X X
BG2 2.25 0.0611
BR1 12.01 b0.001 X X X
BR2 13.68 b0.001 X X X
LIC3 5.72 b0.001 X

Carotenoid indices
SIPI 12.43 b0.001 X X
PSSRc 9.73 b0.001 X X
R520/R500 3.67 0.0055
R515/R570 3.08 0.0152
R515/R670 14.06 b0.001

Fluorescence index
FLD3 4.66 0.0010 X X

Plant disease indices
HI 9.54 b0.001 X X X

a F statistic and P-value obtained from the standard analysis of variance (ANOVA).
b Significant changes in vegetation indices from asymptomatic plants according to

Dunnett's two tailed test at P b 0.05 are indicated with X for initial (I) (0.2 ≤ DS ≤ 0.5),
low (L) (1 ≤ DS ≤ 1.5), moderate (M) (2 ≤ DS ≤ 2.5) and severe (S) (3 ≤ DS ≤ 4)
Verticilliumwilt symptoms.
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different foliar pathogens showed in this study lower values
(P b 0.05) as the VW disease severity level increases to low, moderate
or severe symptoms, respectively (Table 3; Fig. 12h).

4. Conclusions

The present study assessed remote sensingmethods for early detec-
tion of Verticillium wilt in two olive orchards of different agronomic
characteristics. It applied techniques based on the detection of the ef-
fects of V. dahliae infection and colonization on water flow that eventu-
ally cause water stress effects, assessed with thermal, multispectral and
hyperspectral domains. It demonstrated that canopy temperature and
physiological hyperspectral indices (i.e., PRI and chlorophyll fluores-
cence) are related with physiological stress caused by VW. Moreover,
structural indices (i.e., NDVI) were more related to structural damage
caused byVW. Fieldmeasurements showed large differences in temper-
ature (Tc − Ta) and stomatal conductance (G) across VW severity
levels, with higher Tc − Ta and lower G as severity level increased.
This allowed identifying trees at the early stages of disease develop-
ment. At leaf level, the reduction in transpiration and G caused by VW
infection was associated with a significant (P b 0.05) increase in the
PRI570 and a decrease in fluorescence. The flights conducted with
thermal, multispectral and hyperspectral cameras enabled VW detec-
tion by using crown temperature (Tc − Ta; CWSI), assessing structural
indices (NDVI, RDVI, OSAVI, TVI, MTVI, SR, MSR), the PRI515 index,
chlorophyll indices (red edge, VOG1, GM1, GM2, PSSRa, PSSRb,
mCAI, TCARI, TCARI/OSAVI), R/G/B indices (B, BG1, BR1, BR2, LIC3),
carotenoid (SIPI and PSSRc), fluorescence, and the healthy index
(HI). This study proved the potentials for the early detection of V.
dahliae infection and discrimination among VW severity levels in
olive crops using thermal, multispectral and hyperspectral imagery
acquired with an unmanned aerial vehicle. Crown temperature,
CWSI, B, BG1, BR1 and FLD3 were identified as the best indicators
to detect VW at early stages of disease development, while NDVI,
PRI515, HI, and chlorophyll and carotenoid indices proved to be
good indicators to detect the presence of moderate to severe damage.
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