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ABSTRACT 
 
This paper was designed to examine spectral and 
thermal response of ‘Conference’ pear trees (Pyrus 
communis L.) to water stress induced by regulated 
deficit irrigation. The main focus is to investigate 
detection of early stage water stress before 
permanent and irreversible injury occurs to the 
trees. This has been achieved by determining the 
variability in relevant temperature derived from 
thermal imageries and spectral signal captured from 
the orchard canopies. In addition, the variation in 
tree characteristics such as shoot lengths and flower 
buds in relation to induced water stress has been 
studied to define the impact of water stress on tree 
growth and consequently on the spectral 
measurements.  
 
To achieve the study objective, an experiment was 
designed where potted pear trees were grown in the 
open air, receiving two different treatments: 1) 
control treatment that is well watered throughout 
the period of the experiment, 2) and stress 
treatment where the average soil moisture kept 
lower than control. A drip irrigation system is 
installed using three pressure-compensating 
drippers per container to assure uniform wetting. 
The system is computer controlled and coupled to a 
weather station where the timing of applied water 
and nutrients is determined by temperature and 
solar radiation. 
 
Physiological measurements showed that the 
stressed treatment had 17% less shoot growth in 
2010 than the control treatment but 51% more 

flower buds in 2011. The calculated vegetation 
indices suggest that the SWIR domain detected 
water stress about 19 days earlier than the VIS and 
NIR domains. The results support that the utilization  
 
of vegetative indices for application to water stress 
can be tailored to obtain information about the 
water stress states of the trees at a particular stage 
of the growing season. Thermal imaging was able to 
detect water stress 22 DASS with a statistically 
significant difference in the treatments median and 
standard error (P<0.05). The results support the 
application of thermal imaging for early detection of 
water stress that is supported by stomatal 
conductance measurements. Stomatal conductance 
for the control and stressed treatments was 
determined to be statically different, from 9 through 
47 days after stress started (DASS).  
 
INTRODUCTION 

Given the economic impact of pear production in 
Belgium, orchard management needs to be 
optimized. This requires a good understanding of the 
environmental, physiological and horticultural 
factors that influence tree growth and fruit 
production. Recent research shows that regulated 
deficit irrigation (RDI) is valuable water saving 
technique resulting in suppressed vegetative growth 
and increased the formation of flower buds (Mitchell 
et al., 1984; Verreynne et al., 2001).  
 
Most studies on European pear orchards have 
confirmed that a moderate water stress, from mid-
May to mid-August (period of slow fruit growth and 
excessive vegetative growth), maintains or increases  
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yields while reducing excessive vegetative growth 
(Mitchell et al., 1984; Brun et al., 1985; Chalmers et 
al., 1985; Goodwin and Boland, 2002).  In situ, 
methods such as stem or leaf water potential that 
are widely used to measure stress, are time 
consuming and are based on individual leaf 
measurements suggesting accuracy depends on the 
number of  the leaf measurements per tree. This 
necessitates the development of new and cost-
effective approaches for real time detecting and 
monitoring water stress. 
 
Remote sensing (RS) has been widely used to detect 
water stress because of data temporal availability 
and low cost. Water deficit has an effect on many 
physiological processes that not only causes an 
adverse effect on water status of the plant but also 
on photosynthesis and yield which can be detected 
by RS sensors (Hsiao et al., 1976; Winkel et al. 2002; 
Evain et al., 2004; Dobrowsky et al., 2005). However, 
modeling water stress by remote sensing is 
challenging due to the effects of atmosphere, sun 
and viewing angle, scene background, etc.  
 
Thermal imaging is another integrative technique, 
also used to assess early water stress in fruit trees. 
The sensitivity of the canopy to changes in stomatal 
conductance as a function of environmental 
conditions is of interest for detection of water stress 
(Jones et al. 2009).  However, difficulties with 
thermal imaging is that the measured temperature 
of the plant is affected not only by stomatal 
conductance but also by ambient temperature, wind 
speed, solar radiation, humidity and objects other 
that leaves (e.g. background and woody parts of the 
canopy) influencing canopy temperature.  
 
The main goal of this study is to develop modeling 
techniques for early detection and more accurate 
estimation of plant water stress using plant spectral 
and thermal responses, in order to improve 
irrigation scheduling during the period of RDI. It is 
expected that the results of this study provide 
knowledge and methodologies that can be used to 
increase yield by improving irrigation scheduling 
through monitoring of water stress level, using 
spectral and thermal data in combination with field 
measurements. 

 
METHODS AND MATERIALS 

 

Experimental design 

Measurements for this study were taken at the 
Katholieke University Leuven (Leuven, Belgium) 50° 
53' 0" N / 4° 42' 0" E. In 2012, a completely 
randomized experiment consisting of 90 Conference 
pear trees were planted in individual containers 
(24cm x 29cm) placed in a triangular pattern forming 
30 canopies with a spacing 1.3 m x 3.0 m. The soil is 
a greenhouse mixture created for fruit trees. The 
containers are covered with a solid water proof 
material to prevent rainfall from influencing the 
experiment.  
 
A drip irrigation system was installed using three 
pressure-compensating drippers per container to 
assure uniform wetting each capable of 2 L/ hour. 
The irrigation system is computer controlled and 
coupled to a weather station where the timing of 
applied water and nutrients is determined by 
temperature and solar radiation beginning June 10 
until July 27 when the stress period ended. From July 
28 through September 9, additional water was 
applied 3 times per day by manually overriding the 
irrigation program until soil in the containers was 
saturated. This was done in order to minimize the 
chance of water stress occurring. Saturation was 
determined when excess water appeared from the 
drainage holes in the bottom of the containers.  
 
Data collection methods  

Data related to weather, soil, water and plant 
reflectance were collected during period of 
experiment.  Volumetric soil water content (θv) was 
determined using a time domain reflectometry (TDR) 
system (Dalton et al., 1984), according to the 
equations proposed by Topp et al. (1980). The 
measurements were collected in five different 
positions within the container and averaged to 
calculate the (θv). Vegetative and flowering data 
including shoot elongation were measured and 
number of flower buds counted for each tree. Shoot 
elongation, characterized here as new wood was 
measured using a plastic measuring tape for each 
main branch and shoot.  
 
Canopy-level reflectance was measured between the 
hours of 13:30 and 15:00 local time (GMT+1) using 
two Spectra Vista HR-1024 spectroradiometers in 
2011 and an ASD spectroradiometers in 2012. From 
the two Spectra Vista used for field measurements;  
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one with a 4° field of view (FOV) lens was mounted 
on a tripod with a Spectralon whitepanel 0.3 m 
below the lens and was used as reference. The 
second spectroradiometer with a 25° FOV lens was 
attached to a portable scaffold held at a consistent 
height of 2.5 m over the surface of the containment 
area and approximately 0.3 m above the canopy. 
The ASD was positioned on a mechanical lift at a 
fixed height over each canopy. The lens with a field 
of view of 25° was used to collect reflectance from 
1.3 m over the canopy providing a viewing area of 
0.6 m.  
 
All thermal IR images were acquired between the 
hours of 13:00 and 15:30 local time (GMT + 1) using 
a FLIR 400 (FLIR Systems, Meer, Belgium) series long-
wave thermal imager (7.5 - 13 µm) with a resolution 
of 320x240 and an accuracy of ±2°C. The 
measurements were carried out on 5 dates, when 
conditions were mostly calm and mostly sunny. The 
imager with a field of view of 25° was placed at 1.3 
m over the canopy using a mechanical lift providing a 
viewing area of 0.6 m. Emissivity value (ε) of the 
canopy was calculated by setting the thermal 
imagers internal emissivity to the known emissivity 
of masking tape, 0.95 (Chapperon and Seuront 
2011).  
 
The thermal imager measured the temperature of 
the masking tape then the surface of the leaf. 
Emissivity value on the thermal imager was adjusted 
until the temperature of the leaf matched that of the 
masking tape (ISO 18434-1). The reflected 
temperature of the canopy was determined at each 
collection period by setting the emissivity of the 
imager to 1. A piece of cardboard, 80x80 cm covered 
with crumbled then smoothed aluminum foil dull 
side exposed, having an emissivity of 0.03 was 
placed at the top of the canopy under the imager. 
Conversion to radiometric temperature for each 
canopy was accomplished by providing the 
emissivity of the canopy, the mean reflected 
temperature, distance to the target and 
environmental parameters including ambient 
temperature (C°), relative humidity (RH %) into the 
software package ImageJ (Rasband, W.S 1997-2012).  
 
Stomatal conductance (mmol m⁻² s⁻¹ ) was measured 
immediately after collecting each thermal IR image 
using a leaf porometer model  SC-1 (Decagon 
Devices, Inc. Pullman, WA) with an accuracy of ±  

 
10%,. Calibration was done prior the measurements 
according to manufactures guidelines (Decagon 
Devices, Inc. Pullman, WA). Six leaf clusters, 3 sunlit 
and 3 shaded were randomly chosen and marked on 
the underside of the leaves in order to ensure the 
same clusters are used each measurement period. 
Every collection date, stomatal conductance was 
measured on 1 leaf from the sunlit and 1 leaf from 
the shaded clusters for a total of 6 leaves per 
canopy.  
 
METHODS 

Statistical analysis 

Statistical analyses including analysis of variance 
(ANOVA) and Tukey’s honest significance test (HSD) 
was applied to the measured field data using R (A 
Language and Environment for Statistical 
Computing, 2012). 

The plant senescence reflectance index (PSRI) was 
used to determine canopy response to water deficit 
(Hatfield and Prueger, 2010). The PSRI utilizes the 
VIS and NIR regions in order to access the changes in 
canopy reflectance. The value of this index ranges 
from -1 to 1. PSRI is defined by Eq. 1. 

      
(         )

    
         (1) 

Area under curve (AUC) in the SWIR region is 
sensitive to canopy water content. The trapezoidal 
rule of integration was used where f(x) is the 
function to be integrated, a = the value of lower 
integration limit, b = the value of the upper 
integration limit, n = the number of intervals as in 
Eq. 2. 

∫  ( )   (   )
 ( )  ( )

 

 

 
               (2) 

Emissivity value (ε) of the canopy was calculated by 
setting the imager emissivity to the known emissivity 
of masking tape, 0.95 (Chapperon and Seuront 
2011). The thermal imager measured the 
temperature of the masking tape then the surface of 
the leaf. Emissivity value on the imager was adjusted 
until the temperature of the leaf matched that of the 
masking tape (ISO 18434-1).  
 
RESULTS 

Soil and plant conditions 

Soil moisture measurements (Table 1) indicate that 



 

 

 _____________________________________________________________________________ 

______________________________________________________________________________ 
International Journal of Geosciences and Geomatics, Vol. 1, Issue 1, 2013  20 Page 

 
the trees of the stressed treatment had much lower 
moisture content than the one for the control 
treatment. 
 
 
 
 
 
 
 
 

 

Table 1: The descriptive statistics represent the variability 
explained by the differences in soil moisture. 

 

†: Control / Control, ‡: Stressed / Control:  Stdr: 
Standard deviation within the group on the day of 
measurements, Stdc: Standard deviation of the 
treatment in the study period. 

 
The shoot measurements (Table 2) shows that the 
ratio of new vs. old wood for stressed is 
approximately 25% less than control.  New shoot 
growth for control averaged 24.8cm while stressed 
averaged 20.67cm (Table 2), a 16% reduction of 
shoot growth for stressed vs. control. The average 
number of flower buds for control and stressed 
treatment was 84.2 and 140.5 respectively. The 
minimum and maximum number of flowers for 
individual trees within the treatment for control is 
54 and 118 respectively while for stressed is 113 and 
204 respectively (Table 2). 

 
 
 
 
 
 
Table 2:  Shoot growth measured in 2010 and number of flower 
buds produced in 2011 for two treatments.(each component is 
obtained from n=12). 

 
Spectral properties variations  

The PSRI index is designed to maximize the 
sensitivity of the ratio of carotenoids to chlorophyll 
and therefore, can be used as a stress indicator  
suggesting stress occurs when the PSRI values 
increase (Fig 1). For the stress treatment, the PRSI 
values calculated for DOY 201 and afterward  

 
increase, indicating occurrence of stress (Fig 1). The 
results presented here, confirm that VIS and NIR 
region of the spectrum can be used to detect water 
stress in late period of the experiment.  However, it 
has to be mentioned that the long period between 
the two measurements does not allow a 
comprehensive understanding of the exact date 
when the stress can be detected. 
 

 
Figure 1: PSRI of control and stressed treatments. Day of year 172 
is before the treatment started and day of year 258 is 26 days 
after the end of the treatment. 

 
The AUC in the SWIR (1500 - 1780nm) region of the 
spectrum (Fig 2) can be related to the amount of 
canopy water content (Eq. 2). The variation in soil 
moisture and the response in the SWIR are likely 
caused by the water’s pathway through the plant. 
The results in Fig. 2 indicate that the presence of 
water stress in plants can be detected as early as 17 
days after the implementation of the RDI.  
The results also illustrate the potential of the SWIR 
region of the spectrum for detecting stress in pear 
trees, while the VIS and NIR indices have potential to 
detect water stress once deterioration of the 
mesophyll occurs. 
 

 

Stressed AUC

Stressed soil moistre

 
 
Figure 2: Distribution of AUC for wavelengths 1500-1780nm and 
soil moisture of stressed treatment. 
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Stomatal conductance 

Table 1 shows the effect of water stress on stomatal 
conductance for both treatments during experiment 
period.  The results show that during the period 
between 9 and 47 days after implementation of 
stress, the measured stress treatments stomatal 
conductance was consistently lower, had more 
variability and decreased at a faster rate compared 
to the control treatments (Table 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Results of the Tukey HSD test for stomatal conductance of 
control and stressed treatments. 

 DAS: days after stress started (†: minus values 
suggest days before stress started), Ctl: control, Str: 
stressed, avg: average, stderr: standard error, ‡: no 
statistical difference (P>0.05), *: statistically 
different (P<0.05). 
 
Thermal infrared 
The data in table 3 is calculated from 150 thermal 

images collected from 30 canopies (both treatments) 

on 9, 18, 22, 32 and 69 DAS.  For the measurement 

periods of 9 and 18 DAS, the median and standard 

deviation (Table 4) for both treatments are 

statistically the same. Thermal infrared imaging 

measured larger variability in the stressed treatment 

than the control treatment on 22 and 32 DAS 

thereby separating stressed from non-stressed 

treatments.  

 

Table 4. The median and standard deviation of canopy 
temperature(C°) measured with the thermal infrared imager for 

control and stressed treatments. 

DAS: days after stress started, Ctl-med: control 
median, Ctl-stddev: control standard deviation, Str-
med: stressed median, Str-stddev: stressed standard 
deviation, Sig-diff: significant difference * = P<0.05. 

 
CONCLUSIONS 

The use of the different indices (NIR and SWIR) 
enhances our understanding of the effects of 
regulated water deficit practices. Area under the 
curve measured in the SWIR was able to determine 
changes in canopy water content in the stressed 
treatment trees, nineteen days before these changes 
can be detected by spectral analysis of the VIS 
portion of the measured spectra. It also can be 
concluded that the PSRI index proved valuable in 
observing secondary effects due to water deficit.  
 
During the study, control plants grew significantly 
more than the stressed plants thereby changing the 
plant architecture and canopy reflectance. This 
complicated a comparison between the control and 
stressed tree spectra. A significant result of stressed 
treatment is decreased shoot growth by 17% and an 
increase in the number of flower buds in 2011 by 
51% compared to the control treatment. 
 
The results show that canopy temperature variability 
in response to water stress in Conference pear trees 
can be detected using thermal infrared imaging. The 
results suggest identification of water stress 
between treatments based on the variability in 
canopy temperature. 
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