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a citrus orchard in 2009 using an unmanned aerial vehicle (UAV) carrying a multispectral camera with six
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narrow spectral bands in the visible and near infrared. Physiological indices such as the Photochemical
Reflectance Index (PRIs70), a new structurally robust PRI formulation that uses the 515 nm as the reference
band (PRIs;s5), and a chlorophyll ratio (R;o0/Re70) were compared against the Normalized Difference Vegeta-
tion Index (NDVI), Renormalized Difference Vegetation Index (RDVI) and Modified Triangular Vegetation Index
(MTVI) canopy structural indices for their performance in tracking water status and the effects of sus-
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Narrow-band indices tained water stress on fruit quality at harvest. The irrigation setup in the commercial orchard was com-
Fruit quality pared against a treatment scheduled to satisfy full requirements (based on estimated crop
Regulated deficit evapotranspiration) using two regulated deficit irrigation (RDI) strategies. The water status of the trees
PRI throughout the experiment was monitored with frequent field measurements of stem water potential

(¥,), while titratable acidity (TA) and total soluble solids (TSS) were measured at harvest on selected trees
from each irrigation treatment. The high spatial resolution of the multispectral imagery (30 cm pixel size)
enabled identification of pure tree crown components, extracting the tree reflectance from shaded, sunlit
and aggregated pixels. The physiological and structural indices were then calculated from each tree at the
following levels: (i) pure sunlit tree crown, (ii) entire crown, aggregating the within-crown shadows, and
(iii) simulating a lower resolution pixel, including tree crown, sunlit and shaded soil pixels. The resulting
analysis demonstrated that both PRI formulations were able to track water status, except when water
stress altered canopy structure. In such cases, PRIs;o was more affected than PRIs;s by the structural
changes caused by sustained water stress throughout the season. Both PRI formulations were proven to
serve as pre-visual water stress indicators linked to fruit quality TSS and TA parameters (1% = 0.69 for
PRIs15 vs TSS; ? =058 vs TA). In contrast, the chlorophyll (R700/Re70) and structural indices (NDVI, RDVI,
MTVI) showed poor relationships with fruit quality and water status levels (r> = 0.04 for NDVI vs TSS;
% =0.19 vs TA). The two PRI formulations showed strong relationships with the field-measured fruit qual-
ity parameters in September, the beginning of stage III, which appeared to be the period most sensitive to
water stress and the most critical for assessing fruit quality in citrus. Both PRIs;5 and PRIs7o showed similar
performance for the two scales assessed (sunlit crown and entire crown), demonstrating that within-
crown component separation is not needed in citrus tree crowns where the shaded vegetation component
is small. However, the simulation conducted through spatial resampling on tree + soil aggregated pixels
revealed that the physiological indices were highly affected by soil reflectance and between-tree shadows,
showing that for TSS vs PRIs;s the relationship dropped from r* = 0.69 to r* = 0.38 when aggregating soil +
crown components. This work confirms a previous study that demonstrated the link between PRIs7o, water
stress, and fruit quality, while also making progress in assessing the new PRI formulation (PRIs;s), the
within-crown shadow effects on the physiological indices, and the need for high resolution imagery to tar-
get individual tree crowns for the purpose of evaluating the effects of water stress on fruit quality in citrus.
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1. Introduction

Water scarcity is a major constraint to irrigated agriculture in
many areas of the world. In the Mediterranean region, rainfall is
scarce and irregularly distributed throughout the year, and climate
change models predict even more arid conditions in the coming
decades (Bates et al., 2008). Although citrus are able to withstand
considerable drought (Salter and Goode, 1967), they are cultivated
widely in semi-arid climates where water resources are becoming
the major limiting factor for irrigated agriculture. Therefore, irriga-
tion scheduling needs to be more precise, and this requires the
development of methodologies to optimize irrigation water pro-
ductivity. One technique currently in use is the regulated deficit
irrigation (RDI) strategy, where water deficits are imposed only
during the crop developmental stages that are least sensitive to
water stress (Chalmers et al., 1981). This practice was originally
proposed to control vegetative vigor in high-density orchards, to re-
duce production costs and to improve fruit quality. However, it also
saves irrigation water, with the concomitant benefits of reduced
drainage losses (Fereres and Soriano, 2007).

The fruit quality of citrus is affected by water stress due to
changes in juice properties, such as increases in sugar concentra-
tions and acidity (Chartzoulakis et al., 1999). In some cases, the
water stress reduces fruit quality (Mougheith et al., 1977). When
water deficits are imposed, as in RDI, yield and fruit size are not
generally affected (Girona, 2002), whereas some quality parame-
ters such as total soluble solids and titratable acidity increase
(Crisosto et al., 1994; Girona et al., 2003; Mills et al., 1994). Re-
sponses to RDI are variable, depending on the timing and severity
of the water deficits (Girona et al.,, 2003; Marsal and Girona,
1997), which in turn depends on orchard management. Although
there is increasing knowledge in the application of deficit irrigation
strategies and in the relationships between water stress and fruit
quality (Baeza et al., 2007; Ginestar and Castel, 1996; Gonzalez-
Altozano and Castel, 1999; Myers, 1988), the introduction of these
strategies into commercial orchards is being hindered by a lack of
reliable indicators of water status that account for the heterogene-
ity naturally found in orchards. As fruit quality is of paramount
importance for harvest strategy and growers’ revenues, indicators
to depict fruit quality are also desirable. Remote sensing of fruit
quality has been attempted by different means, such as determin-
ing the vigor or total leaf area in vineyards (Johnson et al., 2001,
2003; Lamb et al., 2004) or relating quality parameters in water-
stressed mandarin trees to spectral changes in the red and green
channels (Kriston-Vizi et al., 2008). High spatial resolution airborne
imagery was also implemented to detect relationships of olive fruit
size, weight, and oil content against crown temperature (Sepulcre-
Canto6 et al., 2007), while the visible part of the spectrum was also
used in fruit quality detection of orange, peach and nectarine
(Sudrez et al., 2010).

Canopy thermal infrared radiation has long been implemented in
remote sensing as a method of pre-visual detection of water stress
(Cohen et al., 2005; Idso et al., 1981, 1978; Jackson et al., 1977,
1981; Jackson and Pinter Jr., 1981; Leinonen and Jones, 2004; Moller
et al., 2007; Sepulcre-Canto6 et al., 2006, 2007; Wanjura et al., 2004).
Thermal imagery acquired over vegetation is sensitive to canopy
instantaneous transpiration rate at the time of image acquisition be-
cause temperature rises due to the reduction in evaporative cooling
under stress conditions. On the other hand, hyperspectral imagery in
the visible and near-infrared (NIR) has been proven capable of accu-
rate estimation of crop physiological status through optical indices
related to leaf biochemistry and canopy structure (Haboudane et
al., 2004; Zarco-Tejada et al., 2005). However, most of the optical
indices track the effects of long-term water stress on plants and thus
are not useful in early detection and monitoring of water stress strat-
egies such as RDI. Nevertheless, the visible spectral region has been

suggested for pre-visual water stress detection based on indices that
use bands located at the specific wavelengths where photosynthetic
pigments are affected by stress conditions. The most promising in-
dex to track photosynthetic condition is the Photochemical Reflec-
tance Index (PRI) (Gamon et al., 1992), which has been proposed
to assess vegetation water stress based on xanthophyll pigment
composition changes (Peguero-Pina et al., 2008; Sudrez et al,,
2008, 2009, 2010; Thenot et al., 2002).

The PRI index is related to the de-epoxidation state of the xan-
thophyll cycle (Gamon et al., 1990, 1992; Pefiuelas et al., 1995) and
was initially developed as a method to remotely assess photosyn-
thetic efficiency using narrow-band reflectance (Gamon et al.,
1992; Pefiuelas et al., 1995). However, the attributes of PRI are
more complex since it can also serve as an index of relative chloro-
phyll:carotenoid levels. Over longer time scales (weeks-months),
changes in pigment content and ratios due to leaf development,
aging or chronic stress have been reported to play a significant role,
along with xanthophyll pigment epoxidation, in the PRI signal
(Gamon et al., 2001; Pefiuelas et al., 1997; Sims and Gamon,
2002; Stylinski et al., 2002). Together, these responses to the de-
epoxidation state of the xanthophyll cycle and to chlorophyll/
carotenoid ratios ensure that PRI provides an effective measure
of relative photosynthetic rates across a wide range of conditions,
species and functional types (Filella et al., 1996; Gamon et al.,
1992; Gamon and Qiu, 1999; Pefiuelas et al., 1995; Stylinski et
al., 2002).

Consequently, PRI can be more descriptive of plant physiology
and photosynthetic functioning, and thus the effects of water def-
icits on yield and vigor, than thermal indicators. In line with this
hypothesis, recent work by Sudrez et al. (2010) demonstrated that
high-resolution PRI time series calculated from pure sunlit vegeta-
tion pixels exhibited a good relationship with fruit quality,
whereas crown airborne temperature acquired over the same trees
did not yield comparable results and did not correlate well with
fruit quality. Thus, PRI from pure sunlit tree crowns may be a bet-
ter estimator of fruit quality than other established water stress
indicators that are related directly to transpiration, such as crown
temperature, since fruit quality is more closely tied to photosyn-
thesis and carbon metabolism.

However, there are some serious drawbacks that prevent the
wide use of PRI at crown or field scale. PRI is affected by a series
of parameters such as variability of leaf pigment concentration
(due to reflectance overlapping of chlorophyll a + b and carotenoid
with xanthophyll pigment de-epoxidation), amount of leaf biomass,
canopy structure, viewing-illumination geometry, background
reflectance and sensor spectral responses (Barton and North,
2001; Grace et al., 2007; Suarez et al., 2008). The reference band
in the formulation of each index is supposed to compensate for a
number of unwanted effects. However, in PRI formulation the
mechanistic basis for wavelength selection has been fully explored
only at the leaf scale (Gamon et al., 1993), and is poorly supported
at canopy and larger scales, where a variety of alternate wavebands
have been used, often based on statistical correlations (Gamon et
al., 1992; Inoue et al., 2008). It is not entirely clear if the best wave-
lengths for assessing sensitivity to xanthophyll pigments at the leaf
scale (531 and 570 nm) are necessarily the best wavelengths at pro-
gressively larger scales (canopy level), where multiple scattering
due to the canopy structure and background alter the sensitivity
of the bands related to the xanthophyll cycle feature. In particular,
previous work conducted in forestry used airborne imagery and
radiative transfer modeling methods to examine five formulations
of PRI (based on 531 nm as a xanthophyll-sensitive spectral band,
using five different reference wavelengths) for detecting stress
levels, while minimizing the effects of crown architecture and
structure. The study proposed a more robust version of PRI, less
sensitive to canopy structural and biochemical parameters, that
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uses the 515 nm band as the reference band instead of the 570 nm
band (Herndndez-Clemente et al., 2011). In such work, the methods
conducted by Hernandez-Clemente were adapted to the bandset of
the AHS airborne imager, using the 512 nm band in the modified
PRI formulation.

The present study examines the potential of high resolution
optical imagery in detecting water status and fruit quality of a
citrus orchard. The traditional (PRI57) and the proposed modified
formulation (PRIsys) are calculated along with structural and chlo-
rophyll indices to compare and evaluate their performance. More-
over, high spatial resolution airborne imagery was used to assess
the effects of canopy structure and within-crown and between
crown shadowing on the spectral indices used to monitor water
stress and fruit quality.

2. Materials and methods
2.1. Study site

The study was carried out in 2009 in a 0.6-ha plot of orange
trees in a commercial orchard located near La Campana, Seville
(37.8°N, 5.4°W). The orange trees (Citrus sinensis L. cv. Powell) were
planted in 1997 at a spacing of 7 m x 4 m (358 trees/ha) in deep,
alluvial soil with a loam to sandy-loam texture. The climate in
the area is Mediterranean, characterized by warm, dry summers
and cool, wet winters, with an average annual rainfall over
550 mm and ET, (calculated with the Penman-Monteith equation)
(Allen et al., 1998) over 1300 mm.

Four treatments were carried out in a randomized block design,
and each treatment was replicated four times. Individual plots
comprised 12 trees (three rows with four trees each), thus 16 plots
were monitored (Fig. 1). Trees were irrigated with an automated
drip system, with 10 pressure compensation emitters (1.6 1/h)
per tree. Irrigation management in the orchard (scheduled accord-
ing to commercial practices, referred to as Field treatment) was
compared with three other treatments: one fully irrigated and
two deficit irrigation treatments. The deficit treatment was applied
during period II (initial fruit enlargement) as this is the period dur-
ing which trees are least sensitive to water stress. Two levels of
water deficit were applied, a moderate and severe stress. After
the stress period was completed, the water status was recovered
followed by full irrigation. In summary, the irrigation schedule
conducted in the experiment comprised the following treatments
and dates: (i) ET, where irrigation was scheduled to satisfy full

‘._,‘v-"‘“’-y-

requirements (based on estimated crop evapotranspiration), (ii)
RDI-1, with an application dose similar to ET, except for the deficit
irrigation period (between 11-June and 22-September), where only
37% ET was applied, and (iii) RDI-2, similar to RDI-1, but with
water application during the deficit irrigation period equal to
50% ET. Crop evapotranspiration was estimated using the Food
and Agriculture Organization (FAO) method (Allen et al., 1998)
from a crop coefficient (adapted to local conditions) and the refer-
ence evapotranspiration obtained from an automatic weather
station located 10 km from the study site.

2.2. Field measurements

Xylem water potential measurements (%) is the standard
method to assess the water status (Shackel et al., 1997). In such
protocol, leaves located near the trunk are enclosed in bags or cov-
ered by aluminum foil for 30 min to stop transpiration and to
match the leaf water potential to the xylem. Nevertheless, previous
results (Goldhamer and Fereres, 2001) in almonds indicated that,
in dense orchards, shaded leaves located near the trunk do not
need to be covered, as transpiration is already very low, and dis-
play the same water potential as the xylem. Tests made in this cit-
rus orchard supported these findings (data not shown). Therefore,
two shaded leaves near the trunk were sampled on one tree per
plot at local midday using a pressure chamber to measure the
water potential (PWSC Model 3000, Soil Moisture Equipment
Corp., California, USA). Measurements were conducted once every
10 days, with more intense monitoring during the high water
stress period (June-September 2009). A water stress integral was
calculated as the integral of stem water potential, following Myers
(1988). This calculation enabled the analysis of the effect of the
cumulative water stress over the whole period.

To avoid border effects, the two central trees per plot were har-
vested individually on 8-April-2010. All fruits from each tree were
weighted, and a subsample of 70 fruits was weighted and their
diameter measured. Eight fruits per tree were selected randomly
for a physiochemical and organoleptic characterization of TSS
and TA, used to calculate the ratio (TSS/TA). Fruit juice from the
eight fruits was extracted and filtered together to get a single sam-
ple per tree. Titratable acidity in the fruit juice was measured with
a pH meter (pH-Burette 24, Crison, Spain) using the procedure de-
scribed by Garner et al. (2008). Soluble solids content (°Brix) was
determined in a small sample of fruit juice using a hand-held
refractometer (Atago, ATC-1E, Japan).
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Fig. 1. Overview of the orange orchard used for the experiment in the present study. The plots with the four different irrigation treatments are represented by the indicated
colors. Field refers to irrigation management based on commercial practices, ET is the treatment designed to satisfy full plant requirements, and RDI 1 and 2 are the two

different deficit irrigation treatments.
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2.3. Airborne imagery

Four flights were conducted above the study site during the
growing period of 2009, using an unmanned aerial vehicle (UAV)
(Berni et al., 2009) at 250 m above ground level with a payload con-
sisting of a 6-band multispectral camera (MCA-6, Tetracam, Inc.,
California, USA). The first image was acquired on 19-June, before
any signs of water stress. The second one was acquired on 5-August,
when water stress was already obvious in the RDI treatments. The
last two flights were conducted in September, one at the beginning
of the month (4-September), the time of the highest levels of stress,
and the last flight at the end of the month (25-September), 3 days
after full irrigation was resumed for RDI treatments.

The multispectral camera installed on board the UAV platform
consisted of six image sensors with a25 mm diameter and bandpass

1Ciassiﬁcation

328,

31

filters of 10 nm FWHM (Andover Corporation, NH, USA). The image
resolution was 1280 x 1024 pixels with a 10-bit radiometric resolu-
tion and optical focal length of 8.5 mm, yielding a ground-based spa-
tial resolution of 30 cm at 250 m altitude. The bands were centered
at 515,530,570, 670, 700 and 800 nm except for the 19-June flight,
when the 515 nm band was replaced by 550 nm. Geometric calibra-
tion of airborne data was conducted as explained in Berni et al.
(2009). The camera was radiometrically calibrated using coefficients
derived from measurements made with a uniform calibration body
(integrating sphere, CSTM-USS-2000C Uniform Source System, Lab-
Sphere, NH, USA) at four different levels of illumination and six dif-
ferent integration times. Radiance values were later converted to
reflectance values using total incoming irradiance simulated with
sunphotometer (Microtops, Solar Light Inc.) data taken in the field
at the time of imagery acquisition.
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Fig. 2. Example of the classification of the 6-band airborne imagery. A part of an image over the study area is presented in true color before classification (a) and after
classification (b). The sunlit crown class is displayed in red, while the shaded crown class is displayed in brown. The spectral signatures of the scene components used for the

classification are also included (c).



S. Stagakis et al./ISPRS Journal of Photogrammetry and Remote Sensing 71 (2012) 47-61 51

0.35
—e— Sunlit Crown (a)
0304 —O— Entire Crown l
A— Aggregated Pixel
0.254
2
o 0204
Q
c
1]
D 0.15
L |
[ »
& 0.10 AN
| . A
A
0.05+ —
P :—1_1‘\_‘\\‘_‘;_ -
| (=2 .
T T T

T T T ' . T ! T
500 550 600 650 700 750 800

Wavelength (nm)
0.045
(b)
- T
(40 0.028
=N

2 —— 0046
& 0.035- e
¥ :
2 /
S -0.164 /|
© 0.030 1 /
o i
4=
; /

Loy .- 0.135

—&— Fully Irrigated
Deficit Irrigated
0.020 T T T T T T T
500 525 550 575 600

Wavelength (nm)

Fig. 3. Reflectance spectra of the 6-band camera in the three different spatial scales
(sunlit crown, entire crown and aggregated pixel) extracted from the fully irrigated
trees of 4-September (a). Comparison of the reflectance of the three bands used in
the two PRI formulations for the fully irrigated (ET) and deficit irrigated trees (RDI
1) at crown level (b). The PRIs;s and PRIs;o values are displayed next to the
corresponding reference band (515 nm and 570 nm) for each spectrum.

To avoid any subjective effects when processing the imagery
for feature extraction, a fully automated processing method for
extracting crown reflectance was used. Every object in the
images was classified in five groups using their spectral signa-
tures (Fig. 2), enabling identification of the following classes:
(i) pure sunlit crown, (ii) shaded crown, (iii) sunlit soil, (iv)
shaded soil, and (v) crown edges. The crown edge class was used

Table 2

Stem water potential (%) measurements (mean values and standard deviation in
parenthesis, MPa) for each irrigation treatment in each flight conducted during the
growing period. The measurements of 22-September are also presented for compar-
ison purposes.

Field ET RDI-1 RDI-2

19-June ~0.98 (£0.28) (£0.20) (£0.25) —0.90 (20.26)
5-August ~0.92 (£0.19) (£0.16) ( ) (£0.15)
4-September 115 (£0.09) —1.08 (+0 11) —249 (025) —1.18 (+0.05)
( ) (£0.03) ( ) ( )
(£0.04) (£0.19) (£1.15) ( )

22-September —0.96 (+0.09 -1.12 (£0.34
25-September —0.88 —1.20 (£0.12

to avoid the pixels of the crown that are mixed with soil. The
spectral information was then extracted from each individual
tree (32 trees per image) in three spatial scales: (i) sunlit crown
pixels (Sunlit); (ii) entire crown scale (Crown), and (iii) aggre-
gated reflectance, including the full tree crown reflectance and
the soil and shadows around each crown (Aggr). For this pur-
pose, regions of interest (9 m x 4.5 m) comprising each individ-
ual crown and the adjacent soil pixels were created, and the
spectral information was extracted (aggregated pixel scale). The
reflectance of each band in the three different spatial scales used
in this study is presented in Fig. 3a, showing the spectral differ-
ences for the 515 nm, 530 nm and 570 nm bands as a function of
water stress level (Fig. 3b).

The methodology for the calculation of vegetation indices for
all scales used in this study was object based, not pixel based,
meaning that each object (e.g., one tree crown) was treated as
an independent reflectance signature used to calculate all indices.
For this purpose, the reflectance for each object (sunlit crown; en-
tire crown; aggregated pixels) was calculated, and the spectral
indices were computed. The indices used in this study are pre-
sented in Table 1. The first three indices (NDVI, RDVI and MTVI)
are primarily related to leaf biomass and canopy structure (Broge
and Leblanc, 2001; Haboudane et al., 2004; Roujean and Breon,
1995; Zarco-Tejada et al., 2005). The Rygo/Re7¢ red-edge index
(Kim et al., 1994) is used in the present study as sensitive to
chlorophyll content. The PRIs;, index was proposed as a pre-vi-
sual water stress indicator (Peguero-Pina et al., 2008; Suarez et
al., 2008, 2009; Thenot et al., 2002) and demonstrated to be sen-
sitive to fruit quality changes caused by water stress (Suarez et
al., 2010). The PRIs;5 index was recently proposed by Hernan-
dez-Clemente et al. (2011) as more robust to canopy structural
changes.

The spectral indices and field measurements were initially cal-
culated at the tree level, with all airborne and field data further
processed at the plot level. The two central trees of each plot were
used to compute the plot-level indices, avoiding plot edge effects,
and to ensure agreement with the tree-level field measurements.
As for ¥,, the time series for each index was integrated according
to Myers (1988).

Reference

Rouse et al. (1974)

Table 1
Overview of the structural and physiological indices used in this study, their formulation and reference.
Index Formulation
NDVI (Normalized Difference Vegetation Index) Rw;#
RDVI (Renormalized Difference Vegetation Index) _ReooReo
v/Reoo+Rs70

MTVI (Modified Triangular Vegetation Index)

R700/Re70 (Chlorophyll-related Index) Rin
PRIs7 (Photochemical Reflectance Index) %im;_l;sa
PRIs;5 (Modified Photochemical Reflectance Index) Re15—Rsy

Rs15+Rs31

0.5[120(Rs00 — Rs70) — 200(Rg70 — Rs70)]

Roujean and Breon (1995)

Based on Broge and Leblanc (2001) and Haboudane et al. (2004)
Kim et al. (1994)

Gamon et al. (1992)

Herndndez-Clemente et al. (2011)
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3. Results
3.1. Water status detection

Of the different irrigation levels applied, only the RDI-1 treat-
ment exhibited extreme water stress levels, while the deficit treat-
ment (RDI-2) and commercial management (Field) closely followed
the water potential levels of the fully irrigated plots (ET) (Table 2).
The water potential measurements conducted on RDI-1 trees
showed a decline from the very beginning of the deficit irrigation
period, reaching a minimum on 22-September (¥, = —2.90 MPa).
The first flight was conducted at the start of the deficit irrigation
period, when all treatments showed similar behavior in terms of
water potential (¥, ranging between —0.9 and —0.99 MPa for all
irrigation treatments) (Table 2). The second and the third flights
were conducted during the deficit irrigation period. On the third
flight, RDI-1 plots showed water potential levels doubling the
values measured for ET trees (W= —2.49 MPa for RDI-1; ¥,
= —1.08 MPa for ET). The last flight was conducted on 25-Septem-
ber, 3 days after the end of the deficit irrigation period, and thus
with all plots fully irrigated for those 3 days (¥ = —2.80 MPa for
RDI-1; ¥, =—1.00 MPa for ET). The higher ¥, standard deviation
for the RDI-1 plots found in the last flight (25-September) was

due not only to the transitional phase of water stress recovery,
but also to a technical error that occurred during this 3-day period
and prevented two of the four RDI-1 plots from receiving full irriga-
tion. The mean value of ¥, for the plots that were re-watered was
over —1.8 MPa, in line with expected recovery, while the two plots
that remained under dry conditions showed values below
—3.5 MPa. This technical error did not have any effects on the re-
sults of this work other than finding a higher standard deviation
for ¥, on the RDI-1 plots on 25-September.

The multispectral imagery was used to extract the proposed
vegetation indices and was assessed against field-measured ¥,
data for each date (Fig. 4). It can be observed that the NDVI, RDVI
and MTVI structural indices showed significant relationships with
¥, measurements only at the end of September, when the
sustained water deficit levels affected tree crown structure
(Fig. 4a-c). On the other hand, the two PRI formulations exhibited
significant relationships with water status at the beginning of
September (PRIs5 vs Py, r* = 0.49) (Fig. 4e and f), also showing sen-
sitivity to the re-watering phase. Of the two PRI formulations, PRI55
showed better relationships against ¥, than PRIs;o at the end of
September (Fig. 4e and f). None of the indices exhibited relation-
ships with ¥, in the June or August flights, when stress levels were
still lower than at the end of the deficit irrigation period.

—~ 0.74 —@— Sunlit Crown NDVI 0.7 1 —@— Sunlit Crown RDVI
s d

=4 06 --O-- Entire Crown 064 --O-- Entire Crown

S U®1 A Aggregated Pixel ¢ 71 A Aggregated Pixel

@©

2 os] 0.5-

1S

& 04 0.4

[]

Q 034 / 0.3

[s] fi

"g 0.2 0.2-

g o1/ // : 0.14 [ ]

T [ ’ A\

8 0.04 8 0.0- O cmmm e iU DT e A

Jun 7 Jul " Aug ' Sep Jun T Jul " Aug

< 0.7{ —@— Sunlit Crown (C) MTVI|  0.7{ —@— Sunlit Crown (d) R.oo/Rero
=4 0.6] O~ Entire Crown 0.6 “O-Entire Crown

) . A Aggregated Pixel ’ A Aggregated Pixel

(0]

E 0.5 0.5

3 0.4 0.4-

[

% 0.3 0.3-

g 0.2 0.2

5

£ 0.1 0.1- s *
D g e A T T
S 0.0 0.0- 9.‘“.“—%_.// §

Jun T Jul " Aug ' Sep

«C  0.7{—@—Sunlit Crown (e) PRI, | 0.7{—@— Sunlit Crown () PRI,
S 0] ‘O Entire Crown 0.6 O Entire Crown

5 ’ A Aggregated Pixel ’ A Aggregated Pixel

£ 05 0.5- o

g 0.4 0.4 ‘

% 0.3 0.34

;:: 0.2 0.2

£ 0.1 0.1

g

O 0.0 0.0

T T T T T T

Jun Jul Aug Sep

Jun Jul Aug Sep

Fig. 4. Coefficients of determination () of the relationships between the spectral indices of each flight and the coincident ground measurements of ¥, in plot level. Each
spectral index is calculated in three different spatial scales: sunlit crown, entire crown and aggregated pixel. The level of significance (p < 0.01) is indicated by the gray dotted

line in each graph.



S. Stagakis et al./ISPRS Journal of Photogrammetry and Remote Sensing 71 (2012) 47-61 53

A detailed assessment of the relationships obtained between
the structural indices (NDVI, RDVI and MTVI) and ¥, for the last
flight conducted (Fig. 5) reveals that the RDI-1 trees presented
extremely low values for all three indices. The two RDI-1 outlayers
shown in Fig. 5 did not receive irrigation between 4-September and
25-September (date of flight), reaching the most severe water
stress as measured in the field (W= —4.0 MPa). Under such ex-
treme conditions, the canopy structure and very likely the pigment
content of the trees in that RDI-1 plot were affected by the long-
term water stress intensified in the last days of the deficit irrigation
trial. Such extreme conditions were detected by the structural indi-
ces shown in the Fig. 5.

On 25-September, RDI treatments were in a transitional phase
to full irrigation that started on 22-September. PRI values were
better correlated with ¥, measured on 22-September (Fig. 6b
and d) rather than with the actual ¥, (Fig. 6a and c). Comparing
both PRI formulations at this stage, when water stress had already
altered canopy structure, PRIs;s yielded a better correlation than
PRI5s7o. The tendency of the relationship with ¥, for the trees that
showed extremely low values of NDVI, RDVI and MTVI was main-
tained for PRI5;5 (Fig. 6d), but not for PRIs,q (Fig. 6b).

3.2. Fruit quality detection

Fruit quality was strongly related to ¥, over the course of the
experiment except for the June data (Table 3), yielding r? = 0.54
(¥, vs TSS), r?=0.81 (W, vs TA), and r* =0.71 (¥, vs TSS/TA) for
the integral of the time series throughout June-October. A similar
level of relationships was found for single dates, obtaining the best
results for the August and September flight dates (Table 3).

The spectral indices extracted from each flight and assessed for
their relationship to the fruit quality parameters TSS, TA and TSS/
TA yielded different results for structural indices (Table 4) as com-
pared to physiological indices (Table 5). Each flight date was exam-
ined separately, along with the integral of the two September
flights and all four time-series flights. It was observed that NDVI,
the most commonly used structure-related greenness index, did
not show a significant relationship with fruit quality in any of
the flights, even when the September or all time-series data were
integrated (Table 4). Only RDVI and MTVI indices showed some
degree of relationship for TA and TSS/TA at the beginning of the
experiment (June flight date) (Table 4 and Fig. 7), although these
relationships are absent when the stress differences among treat-
ments started.

Analysis of the sensitivity of the physiological indices against
TSS, TA and TSS/TA yielded more consistent and significant rela-
tionships (Table 5) than with structural indices. Statistically signif-
icant relationships between both PRI indices and fruit quality
parameters were found in September, while none were detected
for the June (beginning of the deficit irrigation period) and August
flight dates. PRI indices calculated from the separate September
flights along with the time-series integral yielded r?=0.69
(PRIsq5 vs TSS), r*=0.58 (PRIsis vs TA), and r?=0.38 (PRIsq5 Vs
TSS/TA). These relationships are consistent for the two September
flights and are in agreement with results obtained by Sudrez et al.
(2010) for PRIs7o. The integral of the four flight dates did not yield
such strong relationships with fruit quality parameters as the ones
obtained for the September flights. The September PRI flight data
for PRIso (Fig. 8a and c) and PRIs;5 (Fig. 8b and d) showed similar
sensitivity to TSS for both PRI formulations (Fig. 8a and b). A better
relationship was found for the PRIs;5 when compare to TA (Fig. 8¢
and d).

The chlorophyll-related ratio R;qo/Rg70 index yielded relation-
ships with fruit quality parameters of r? = 0.41 (R700/Rs70 Vs TSS),
1% =0.17 (Ry00/Rs70 Vs TA), and r? = 0.07 (R700/Re70 Vs TSS/TA) for
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Fig. 5. Relationships obtained at the plot level between ¥, measurements
conducted on 25-September and (a) NDVI, (b) RDVI, (c) MTVI calculated from
sunlit crowns.

the September flight dates, showing weaker relationships than
those obtained when using PRI formulations.

3.3. Spatial scale analysis

Comparing the performance of the structural and physiological
indices for the two crown scales (sunlit crown vs entire crown), as
opposed to ¥, showed that NDVIwas less affected by within-crown
shadows (Fig. 4a) than RDVI (Fig. 4b) and MTVI (Fig. 4c), which
seemed to be more affected by crown heterogeneity. Nevertheless,
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Table 3

Coefficients of determination (1%) obtained for the relationships between fruit quality
parameters (TSS, TA) and stem water potential (¥,) measurements at each flight date
and for the June-October integral. The significant relationships (p<0.01) are
displayed in bold.

TSS (°Brix) TA (%) TSS/TA
19-June 0.02 0.01 0.00
5-August 0.38 0.69 0.63
4-September 0.65 0.84 0.69
25-September 0.31 048 045
September 0.49 0.79 0.70
June-October 0.54 0.81 0.71

the pixel purity level (pure crown vs entire crown, including crown
shadows) did not improve the relationships between the structural
indices and fruit quality parameters (Table 4). The R;00/Rg70, PRI57¢
and PRIs;5 physiological indices showed nearly similar performance
at the two crown scales, demonstrating that for citrus crowns the
separation of within-crown sunlit and shaded pixels was not critical
(Fig. 4d-f and Table 5).

However, the simulation conducted to assess the effects of the
pixel size on the performance of the indices clearly showed the
importance of the resolution to the indices’ sensitivity to water po-
tential and fruit quality parameters. When resolution exceeds
crown size, performance is not preserved for any of the spectral
indices (Fig. 4, Tables 4 and 5). For the aggregated pixel scale, all
relationships decline to non-significant levels (i.e., r?=0.69 for
PRIsq5 vs TSS for pure crown spectra; r*=0.38 for PRIs;5 vs TSS
for aggregated crown + soil pixels; r?=0.58 for PRls;s vs TA for
pure crown spectra; r?=0.12 for PRIs;s vs TA for aggregated
crown + soil pixels) (Fig. 9). Therefore, soil and tree shadows
greatly affected all indices used, inhibiting the feasibility of detect-
ing water status and fruit quality.

The maps created by using PRI5;5 calculated at the crown level
(Fig. 10) and interpolated using single crown data (Fig. 11) demon-

Table 4

Coefficients of determination (r*) of the relationships between fruit quality param-
eters and the three structure-related greenness indices in three different spatial scales
(sunlit crown, entire crown and aggregated pixel). The relationships of every different
flight in plot level are presented separately, along with the integrals of September and
all measurements. The significant relationships (p < 0.01) are displayed in bold.

NDVI RDVI MTVI
Sunlit Crown Aggr. Sunlit Crown Aggr. Sunlit Crown Aggr.

19-June

TSS 029 032 004 038 000 0.00 015 0.03 0.01
TA 008 014 000 055 015 0.00 044 0.06 0.01
TSS/ 002 0.07 001 055 028 0.01 054 0.17 0.00
TA

5-August
TSS 005 0.02 002 017 014 0.07 019 014 0.09
TA 002 0.03 000 0.07 0.03 0.01 0.08 003 0.02
TSS/ 0.00 0.01 0.00 0.06 0.01 0.00 0.06 002 0.00
TA

4-September
TSS 015 0.02 028 0.01 004 017 003 0.06 0.07
TA 0.11 0.04 005 000 000 0.03 001 0.01 0.01
TSS/ 009 0.05 000 0.00 000 0.00 0.00 0.00 0.00
TA

25-September
TSS 004 0.04 005 003 005 016 003 0.04 018
TA 019 0.21 005 022 019 013 021 013 0.12
TSS/ 024 027 003 029 020 0.06 027 013 0.06
TA

September integral
TSS 013 0.05 015 0.01 000 020 0.00 0.01 0.17
TA 026 020 006 012 005 0.09 007 0.02 007
TSS/ 030 025 002 017 007 0.03 011 0.03 0.02
TA

June-September integral
TSS 003 0.00 001 015 0.11 000 0.16 0.10 0.00
TA 008 0.04 001 0.04 002 0.00 007 0.03 0.00
TSS/ 009 0.06 000 0.03 002 0.00 005 0.02 0.00
TA
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Table 5
Coefficients of determination (%) of the relationships between fruit quality param- 30+ ° (a)
eters and the chlorophyll index, along with the two PRI formulations in three different ]
spatial scales (sunlit crown, entire crown and aggregated pixel). The relationships of 28 4
every different flight in plot level are presented separately, along with the integrals of
September and all measurements. The significant relationships (p<0.01) are 26 4
displayed in bold.
R700/Re70 PRIs7o PRIs15 I‘E 24 4
Sunlit Crown Aggr. Sunlit Crown Aggr. Sunlit Crown Aggr. EB 1
19-June 0 224 2
TSS 021 024 012 007 010 0.15 a { R'=0.55
TA 0.02 0.03 0.01 0.0 001 0.04 20 @ Field D
TSS/ 000 0.00 0.00 001 0.00 0.01 1o ET
SATA t 1814 RDI-1
-Augus 1
TSS 007 0.06 000 001 0.01 0.01 0.03 0.03 0.01 16 ¥ IRDI-,Z ’ , ’ ; ’ . ’ .
TA 0.01 002 0.0 0.00 000 0.00 000 000 001 0.46 0.47 0.48 0.49 0.50 0.51
TSS/ 000 0.00 0.00 001 0.01 002 001 0.01 0.04
TA RDVI
4-September
TSS 035 035 021 057 058 034 063 064 031 b
TA 0.06 0.07 001 033 036 010 0.51 0.57 0.07 301 ( )
TSS/ 0.01 0.01 0.00 020 022 0.04 035 039 0.02 1
TA 28
25-September
TSS 036 033 031 051 045 031 052 059 036 26 1
TA 022 0.18 011 024 025 017 045 045 0.17 1
TSS/ 013 010 004 012 015 009 031 028 0.08 ;E 24 4
TA -~ |
. )
September integral 0 22
TSS 044 041 031 063 062 041 066 0.69 038 = |l R?=0.54
TA 018 0.17 0.06 034 036 018 0.55 0.58 0.12 20 . AO
TSS/ 0.08 0.07 001 018 022 009 038 038 0.04 ® Field
TA 10 ET
June-September integral 18 | A RDI-1 A
TSS 034 032 021 026 027 024 042 040 0.11 v RDI-2
TA 0.07 008 0.04 008 008 005 022 021 0.00 186 — T T L, T T
1SS/ 001 001 000 001 001 000 010 009 0.01 16.0 16.5 170 175 180 185 19.0 195 200
TA MTVI

Fig. 7. Relationships in plot level between the fruit quality ratio TSS/TA and (a)
RDVI, (b) MTVI in sunlit crown scale (19-June flight).
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strate that PRIsys spatial variability mimics the TSS fruit quality
measurements conducted for each block under different irrigation
levels. The figures depicting the spatial variation over the course of
the experiment show that PRIs5 data calculated from pure crown
reflectance can be used to map spatial variability of fruit quality in
citrus trees.

4. Discussion

High spatial and spectral resolution airborne imagery was used
in this study to assess optical indices for monitoring water stress
and fruit quality. Deficit irrigation strategies have demonstrated
to be useful in conserving water, although crop water status must
be accurately monitored to avoid yield or quality losses (Fereres
and Soriano, 2007). The operational use of deficit irrigation strate-
gies for correct field management requires the development of re-
mote sensing indicators to track water stress levels and fruit
quality in large areas. PRI has been proposed in recent literature
as sensitive for detecting pre-visual stress (Peguero-Pina et al.,
2008; Sudrez et al., 2008, 2009; Thenot et al., 2002), but also sensi-
tive to fruit quality (Sudrez et al., 2010). In particular, PRI was dem-
onstrated to be more appropriate in fruit quality detection than
other established water stress indicators that are related directly
to transpiration, such as crown temperature (Suarez et al., 2010),
particularly when re-watering occurs after a long period under
deficit levels. In such cases, transpiration levels may be recovered
(i.e., temperature may not indicate water stress differences), but
the photosynthetic apparatus may still be affected after sustained
stress conditions (i.e., photosynthetic pigments may be damaged
long after re-watering starts), hence supporting the need for photo-
synthetic-related indicators to account for the effect of water status
on fruit quality.

In particular, the recovery of ¥, after watering can only last a
few days, as long as hydraulic damage or embolism have not oc-
curred (Brodribb et al., 2010; Galle et al., 2007). On the other hand,
leaf photochemical activity does not display the same behavior

after water deficits. The leaf photochemical mechanisms of plants
subjected to severe water stress tend to recover more gradually
during the re-watering phase. However, recovery rates are highly
species-dependent (Galmes et al., 2007), while the severity and
the duration of drought also seem to play a major role (Flexas et
al,, 2006). In general, after severe water stress, plants recover only
40-60% of the maximum photosynthesis rate during the day after
re-watering, and recovery continues during the following few days.
Nevertheless, maximum photosynthesis rates are not always
recovered (Flexas et al., 2004; Galle et al., 2007; Kirschbaum,
1987; Souza et al., 2004). Moreover, while daily synthesis and re-
moval of large amounts of zeaxanthin occurs rapidly in well-wa-
tered plants, the xanthophyll cycle becomes increasingly slower
when photosynthesis rates have decreased due to long-term water
stress (Demmig-Adams, 1990).

4.1. Assessing the robustness of a new PRI formulation, and its
sensitivity to crown structure

Nevertheless, PRI cannot be readily applied at the canopy level
due to several effects on the index. This index is known to be af-
fected by a series of leaf- and canopy-level parameters (Barton
and North, 2001; Grace et al., 2007; Suarez et al., 2008). A recent
study conducted in forestry (Hernandez-Clemente et al., 2011)
introduced a more robust version of PRI, less sensitive to canopy
structural and biochemical parameters. The proposed modified
version of PRI (PRIsys), which uses the 515 nm spectral band as
the reference band, is applied in the present study. Canopy struc-
ture variation within the orchard, as well as illumination and view-
ing angle geometry effects are minimized when using the new PRI
formulation.

The results of the present study confirm that the photochemical
reflectance indices based on the xanthophyll de-epoxidation signal
on 531 nm can serve as pre-visual indicators of water stress. Previ-
ous work has shown that PRIs;o can be used to assess pre-visual
water stress at leaf level (Thenot et al., 2002; Winkel et al.,
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Fig. 10. Map of the spatial variability of tree crown PRIs;s and TSS over the experiment.

2002), at canopy level (Dobrowski et al., 2005; Evain et al., 2004;
Peguero-Pina et al., 2008; Sun et al., 2008) and using airborne
imaging sensors (Suarez et al., 2008, 2009). However, a more thor-
ough study assessing structural indices, the new PRI formulation
and the effects of plot-level aggregation was lacking. In the present
study, the relationships between PRI (both formulations) and ¥,
are shown from the very beginning of September, a time when
none of the structural or chlorophyll indices showed any sensitiv-
ity to water stress levels. Of the two PRI formulations used, PRIsq

proved to be seriously affected by canopy structure alterations de-
tected by the three structural indices at the end of the deficit irri-
gation experiment (Figs. 4e, 6a and b).

4.2. Remote sensing of water stress and fruit quality using PRI

Results obtained for the detection of fruit quality changes as a
function of water stress levels using PRI showed improved and
consistent results (Table 5 and Fig. 8) when compared against
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Fig. 11. Interpolated map of the spatial variability of PRIs;s and TSS over the experiment.

water status detection. The relationship found between the photo-
chemical reflectance indices and fruit quality in September can be
explained by the fact that this period is not only the time of the
most severe water stress levels, but also is a critical time in terms
of the physiological stage of fruit growth in citrus. Previous exper-
iments on ‘Clementina de Nules’ and ‘Navelina’ citrus trees (Gasque
et al., 2010; Gonzalez-Altozano and Castel, 1999, 2000) have
shown that the effects of RDI treatments depend on the phenolog-
ical period in which the water restriction is applied. During period

I, summer (initial fruit enlargement), the application of RDI did not
affect yield or fruit quality, whereas during period III (end of sum-
mer-autumn) it resulted in a decrease in yield, fruit size and fruit
quality parameters due to a slower growth rate in the final stages
of crop development. September-October water stress levels and
the timing chosen for recovery are critical for fruit growth and
quality determination in citrus trees.

This work highlights the importance of spatial resolution to
avoid non-vegetation or soil-mixed pixels. Previous studies inves-
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tigated the effects of pixel size on the PRIs7 index (Sudrez et al.,
2008, 2010), where aggregated pixels, including soil and shadows,
were compared against pure sunlit tree crown pixels. Our results
are in agreement with these findings, i.e., high resolution is needed
to separate soil from vegetation pixels. Nevertheless, our work sug-
gests that the separation of sunlit and shaded pixels does not im-
prove the feasibility of stress detection in citrus. It can be
hypothesized that crown architecture (mostly derived from train-
ing and pruning) plays a significant role in the importance of
shaded crown within the total crown area. Further investigations
in canopies other than the spherical crown structure of citrus,
where shaded vegetation is small, are required.

4.3. Sensitivity of chlorophyll and structural indices to water stress
levels and fruit quality

The chlorophyll ratio R;go/Re70 presented weaker relationships
for TSS than PRI in September (Table 5), which could lead to several
hypotheses on the role of chlorophyll content in fruit quality under
a sustained water deficit experiment. The results are consistent
with the hypothesis that a sustained water stress deficit induces
chlorophyll a +b degradation. In regard to the structural indices,
both RDVI and MTVI showed significant relationships with fruit
quality, but only in the first measurement of June, the beginning
of the deficit irrigation period (Table 4). These two indices are de-
signed to detect plant structural and physiological parameters such
as leaf biomass (canopy size, density and vigor) and canopy chloro-
phyll content in a more robust and adequate manner than the tra-
ditional NDVI (Broge and Leblanc, 2001; Haboudane et al., 2004;
Roujean and Breon, 1995; Zarco-Tejada et al., 2005). The parame-
ters detected by the two indices are very important determinants
of photosynthetic capacity influencing the synthesis and accumu-
lation of sugars and acids in fruits (Pirie and Mullins, 1980; Smart
and Robinson, 1991). In a relevant study by Suérez et al. (2010),
some weak relationships between structural indices and fruit qual-
ity in orange species, as well as some stronger relationships be-
tween structural indices and fruit quality in peach species, were
also found. An issue of interest in the results achieved is the nega-
tive relationship between the structural indices and fruit quality.
This means that the trees with lower crown volume presented
higher fruit quality (TSS/TA). This phenomenon could be related
to the lower crown densities on the trees under stress due to the
previous year’s sustained water deficit levels.

5. Conclusions

The potential of using high spatial and spectral resolution air-
borne imagery to detect deficit irrigation strategies affecting fruit
quality in a commercial citrus orchard is explored in the present
study. A critical issue is to detect and monitor water stress accu-
rately to apply regulated deficit irrigation strategies, assessing their
effects on fruit quality parameters. For this purpose, structural, chlo-
rophyll and photochemical indices were extracted and compared
from four flights acquired over an orange orchard from June through
September 2009. A new PRI formulation proposed for forest cano-
pies, which implements 515 nm as the reference band (PRIs;s),
was applied for the first time in an orchard study to assess the struc-
tural effects of citrus tree crowns and shadows on the PRI indices.
The results demonstrated that both PRI formulations were able to
track water stress before any other canopy biochemical or structural
changes were detectable by the NDVI, RDVI, MTVI or R7go/Rg70 indi-
ces. In the present study, long-term and severe water stress levels
were imposed, driving some tree plots into apparent canopy struc-
tural alterations detected by the three structural indices used (NDVI,
RDVI and MTVI). When canopy alterations occurred, the traditional

PRIs;o formulation was seriously affected, eliminating its relation-
ship with water status. On the other hand, the modified PRIss
showed increased stability, and stronger and consistent relation-
ships with water status, even when canopy structure was affected.
Regarding the relationship between water status and photochemi-
cal reflectance indices, a time delay against water potential levels
was observed, with leaf photochemical functioning presenting
slower recovery rates during the re-watering phase than stem water
potential.

Both PRI formulations were proven to be sensitive to fruit qual-
ity levels affected by water stress irrigation schemes. Strong and
consistent relationships were found between both PRI formula-
tions and the measured fruit quality parameters in the two Sep-
tember flights. September represents the beginning of stage III in
the studied species, a time when the fruit enters the final stages
of crop development. September water stress and the timing of
recovery are critical for fruit quality determination in these spe-
cies. Chlorophyll and structural indices in the same period pre-
sented poor relationships with fruit quality parameters. The
modified formulation of PRI (PRIs;5) also showed better perfor-
mance for fruit quality levels than the traditional PRIs7.

Finally, both PRI formulations showed similar performance in
the two spatial scales used for the assessment (sunlit crown and
entire crown), demonstrating that they were not strongly affected
by within-crown shadowing in citrus trees. However, the applica-
bility of these physiological indices is limited when image resolu-
tion exceeds crown size in orchard fields: sunlit and shaded soil
and between-tree shadows greatly affected PRI formulations,
yielding weaker relationships against water status and fruit qual-
ity. Due to the shadow and soil effects on PRI formulations pro-
posed in this study, high spatial resolution imagery to enable
pure tree-crown identification is required to correctly assess water
status and fruit quality in citrus orchards using remote sensing
imagery.
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