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Abstract

This study aims to develop a novel system for precision irrigation in Kiwifruit
orchards to face the challenge of water conservation, improve fruit quality and avoid
soil-borne diseases. This technology is based on a stereo vision system that collects 3D
pictures of the canopy with an integrated infrared thermographic camera. Through
advanced image analysis the system allows to monitor the volume/leaf area of the
canopy, changes in leaf inclination and in canopy temperature. These measures are
dependent on the plant water status and are used in combination with climate and soil
moisture data collected from other sensors to assess the water status and requirements
of the plants. The field trials were set up in 2020 in four commercial orchards in
northern Italy, with two treatments: reduced irrigation (RI) managed to impose a
progressive stress; normal irrigation (NI) managed following the conventional
irrigation schedules of the area. In-field measurements, including midday stem water
potential (SWP) and leaf inclination were performed during the season. The canopy
images collected by the camera were used to train artificial intelligence (AI) to detect
the canopy and automatically estimate the volume/leaf area, the leaf angle distribution
and the average leaf temperature. Preliminary results demonstrate that the system is
able to correctly detect the canopy and to record variations in temperature and in leaf
inclination. Correlation of these data with the in-field measurements of water status is
currently under study: the leaf inclination seems to be a good indicator of water stress
in Kiwifruit plants.
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INTRODUCTION

Water management is one of the main goals for a sustainable future set by the UN 2030
Agenda for Sustainable Development (UN General Assembly, 2015). In agriculture, irrigation
practices are essential for efficient water management in order to obtain the best crop quality
and for sustaining the environment (Frenken and Kiersch, 2012).

Precision irrigation techniques can give a great contribution in facing the challenge of
water preservation, by increasing the water use efficiency in agriculture. This can be done by
defining the precise timing and amount of water to be applied with irrigation, to match the
exact plant demand and to optimize the quality of productions. Common support systems
used to guide irrigation in agriculture employ climatic sensors able to monitor temperature,
rainfall and the soil moisture, but parameters directly related to the plant itself and its water
status are scarcely considered.

At this regard, several studies reported, for example, that the canopy volume is related
to the plant evapotranspiration; small differences in the leaf inclination may indicate
variations in the plant water status (Palliotti et al, 2008); moreover, an increase in leaf
temperature has been observed with increasing water stress conditions in several crops
(Belfiore et al., 2019).

In this study we report the preliminary results of an ongoing trial aimed at testing and
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validating the efficacy of a new precision irrigation system in kiwifruit. This technology is
based on a stereo vision device that collects 3D pictures of the canopy, with an integrated
infrared thermographic camera. The system is able to combine climatic and soil data with
canopy parameters and may allow to define more precisely the plant water status and
requirements. At this regard, the sensitivity of fruit growth to soil water availability has been
well documented for kiwifruit (Judd et al., 1989; Chartzoulakis et al., 1993). The effect of water
deficiency can be particularly detrimental during flowering and fruit cellularization (around
until 30-40 days after blooming) leading to irreversible fruit size reduction (Prendergast et
al., 1987). Waterlogging, due to either meteoric events or excessive irrigation, can also have
negative effects due to the high sensitivity of kiwifruit roots to low oxygen availability (Savé
and Serrano, 1986). Moreover, waterlogging was recently ascertained to be related to the
appearance of kiwifruit vine decline syndrome, that leads to root rot and plant death (Savian
etal,, 2020). In the light of promoting optimal water conditions for fruit growth and ripening,
the new system under study is expected to provide an “intelligent” irrigation management
tool to farmers, that can precisely adapt water dosages according to the specific crop needs.

MATERIALS AND METHODS

Field trials

Four agronomic trials were set up in 2020 in four different sites in northern Italy: 1 in
the province of Verona, 3 in the province of Treviso. Orchards A. chinensis var. chinensis were
between 5 and 10 years old; plants were trained to a T bar training system with an average
plant spacing of 2.5x4.5 m. In all orchards the irrigation was applied by a micro-sprinkler
irrigation system (flow: 70 L h-1; sprinkler spacing: 2.5 m). In each experimental site two plots
with a minimum of 15 plants were selected and assigned to the following treatments: normal
irrigation (NI), managed to keep the vines well-watered and reduced irrigation (RI), managed
to impose a progressive stress. The reduction in the RI treatments was impose from middle
July to avoid problems during fruit cellularization. Water volume in RI was reduced on average
30% compared to NI, by controlling the duration of the irrigation cycles by the Aurora
software (Figure 1). The normal irrigation regime was that one normally applied by the
farmer in his orchard and is based on local evapotranspiration (ETo, with a correction crop
factor 0.8, in the area of study ETo max is 6 mm) according to local bulletins
(https://www.arpa.veneto.it/temi-ambientali/agrometeo/dati) and to the suggestion gave
by kiwifruit packhouse orchard managers. During the 2020 season the irrigation volume
applied for NI was about 3100 m3 ha-! while Rl received 2200 m3 of water per hectare (Figure
1).
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Figure 1. Example of the irrigation frequency (day of irrigation) and volume (m3 ha-1) in the
normal irrigation (NI, blue) and reduced irrigation (RI, red) treatments in an
experimental orchard.

Meteorological station, soil sensors and stereo-cameras
In each plot a system fully equipped with sensors (for climate and soil moisture) and a
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video-thermo camera (with stereo vision) was installed, in order to collect images and data
from the two treatments during the whole vegetative season. Images were collected twice per
day, at 3.00 pm and 11.00 pm, using an integrated flash system during the night, while all the
climate and soil data were collected with a resolution of 1 h. Instruments were supplied by
CET Electronics and were configured in each site as reported in Figure 2. Each experimental
plot was set up with: 1 weather station complete with rain gauge, anemometer and sensors
forT, RH, pressure, leaf wetness; 2 “WCam” vision systems, one for each of the 2 irrigation
treatments; 4 “SAM” sensors (volumetric moisture content VMC and conductivity based on
fixed frequency impedance vector analysis), 2 for each of the two treatments, placed at 15 and
30 cm depths in the soil respectively; and 2 canopy climatic sensors (T, RH), one for each of
the two treatments; 1 solenoid valve and 1 control unit on the irrigation line remotely
controlled in the irrigation treatment RI. Data and images were collected on the web
application “Aurora” (https://hub3.cet.cloud/) developed by CET Electronics.
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Figure 2. Example of experimental plot in the orchard with stereo-camera “WCam” (left),
weather station integrated with stereo-camera “WCam” (first, up right), leaf
wetness sensor and T, RH sensor used inside the canopy (second, up right) and soil
sensor “SAM” (third, up right). Schematic layout of the system installed in normal
irrigation (NI) and reduced irrigation (RI) treatments (bottom right).

Physiological and agronomic measurements

Field measures of the water status of kiwifruit plants were carried out during the
growing season (every 10-15 days at midday) measuring the stem water potential with a
Scholander pressure chamber (Boyer, 1967). Production and qualitative parameters at
harvest were evaluated: yield plant!, number of fruits plant!, average fruit weight, soluble
solid (ss%), Brix and cane growth (as pruning cane weight in the winter). Differences between
treatments were assessed using the Student’s t-test (P<0.05).

RESULTS

Climate, 3D image analysis and physiological responses

During the 2020 season, a prototype software was developed for automatic image
analysis by training a neural network, based on the images collected in the experimental sites.
The images were manually segmented for the entire canopy (with the purpose of computing
the total leaf area) and for individual leaves of interest for the calculation of leaf slope
(average, distribution), creating “masks” that were then used to train the network for
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automatic detection. After training the neural network models, the image analysis system was
used to process both day- and night-time images for the automated computation of canopy
and leaf-level measurements based on the following steps: a) segmentation of canopy image
regions (Figure 3, left); b) 3D stereo reconstruction of the canopy point cloud and depth map
(Figure 3, right); c) detection and segmentation of individual leaves (Figure 4); d) for each
detected leaf, estimation of the best fitting plane interpolating the leaf point cloud and
calculation of leaf inclination as the angle between the normal to the leaf plane and the local
zenith (Figure 4).

Figure 3. Automatic segmentation of the canopy on Actinidia: in enhanced green the canopy
automatically recognized by the system on a sample day-time picture (left).
Correspondent depth map obtained from stereo matching algorithms optimized for
application on Actinidia (right): the color scale represents the distance of the pixels
expressed in meters from the center of the plants row (blue in the row center, red
farther from the center and closer to the camera), allowing to delineate the three-
dimensional structure of the canopy. From the combination of this map with the
segmentation it is possible to obtain an estimation of the canopy volume and the
leaf area (algorithm for these specific computations are still under development).

Figure 4. Automatic recognition of single leaves on kiwifruit, calculation of leaf area and leaf
inclination angle of treatment NI (left) and RI (right). The color indicates the
inclination angle, from blue (horizontal leaf) to red (parallel to zenith leaf). In this
example, there is visual evidence of more inclined leaves in the RI treatment,
related to water stress status (right).
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Depending on the developmental stage of the plant, from 10 to 90 leaves per picture are
normally detected by the system and used for the computation of the leaf inclination average
and distribution. The leaf angle computed by the software works well with exception of few
(about 2%) of the detected leaves which seem to have an overestimated angle: these aspects
are currently being improved in an updated version of the image analysis algorithms. Despite
all, the data collected in the first season are good enough to allow some preliminary
considerations in this study.

The evolution of midday stem water potential for NI and RI treatments during the
season is shown in Figure 5. During the irrigation treatment, NI plants showed an average
midday stem water potential (SWP) of -0.9/-1.0 MPa. From July, after water restriction was
applied, RI showed a progressive reduction of the SWP, reaching values between -1.4/-1.6
after three weeks of treatment. Since the beginning of August, the rainfall has then kept the
SWP at higher values, ranging between -0.9/-1.2 MPa, similarly to the NI treatment.
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Figure 5. Evolution of midday stem water potential (SWP) for normal irrigation (NI, blue)
and reduced irrigation (RI, red) treatments during the 2020 season.

An example of the elaborated data are reported in Figure 6, where the variations in the
average leaf inclination angle of both treatments are evident with respect to the rains,
irrigation events and soil VMC. Perceptible is the difference in the soil VMC content of the two
treatments, however these are very local measurements that cannot be considered fully
reliable and representative of the soil water content in a wider area. While the two treatments
at the beginning behaved very similarly in the leaf inclination trend, from mid-July the average
leaf inclination in the reduced irrigation “RI” treatment differentiated from the normal
irrigation “NI” one by a higher angle value, almost always on day and night, and a higher range
of variation from day to night. Such differences between the treatments in the angle follow the
SWP trends, with higher leaf inclination corresponding to lower (more negative) SWP values
(Figure 4) and were maintained until the beginning of August, when rainfall levelled out the
differences between treatments. This preliminary result suggests leaf inclination automatic
measurement as a possible good indicator of SWP with useful application in the precision
water management.
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Figure 6. The green (NI) and orange (RI) curves on the top represent the average leaf
inclination angle with respect to the zenith computed on a sample of leaves by the
image analysis software (°, left axis): the computation is made daily on a variable
amount of automatically recognized leaves which varies from 40 to 90 leaves per
picture in this example. Accumulated rain events are reported (mm, right axis).
Artificial irrigation events are reported in terms of pressure of the irrigation line
tube (bar, right axis) registered by a specific pressure sensor: water by irrigation
was fully supplied to the NI, while it was reduced in the RI. Soil moisture at different
depths (15 and 30 cm) is reported with correspondent colors for the two
treatments, expressed in terms of volumetric moisture content (VMC, %, right axis),
showing a general lower content for the RI.

Agronomic parameters

Fruit yield and quality results revealed that in the reduced irrigation treatment (RI),
fruit average weight, length and sugar content (Brix) were lower than the normal irrigation
(NI) treatment, even though differences were significant only for the last two parameters
(Figure 7). The dry matter (DM %) was unaffected by the irrigation treatment. Plant growth
(evaluated as pruned cane wood) showed not statistically significant difference (data not
reported) between the two irrigation treatments.

DISCUSSION

Correctly assessing the water status of the plant is a key factor in operating precision
irrigation. Traditional methods estimate the plant water status through measures of
temperature, rainfall and soil moisture collected daily by sensors placed in the field or by
weather station located in the area.

Direct plant-based methods (leaf or stem water potential, sap flow-based
measurements, canopy temperature, etc.) are still scarcely used as they require expensive
equipment and are complex to use (Rienth and Scholasch, 2019).

In the last years satellite image analysis and unmanned aerial vehicle (UAV) application
are being used to map plant water stress both in extensive and fruit crops. These systems of
remote sensing are based on thermal and multi-spectral indexes as crop biophysical
parameters which fit well with plant water stress and other physiological parameters (Park
etal, 2017). However, remote sensing systems applied to kiwifruit orchard present a peculiar
limit due to the presence of anti-hail net that alters the detected spectral and thermal
radiation of the plants. UAV systems offer a greater resolution compared to the satellite ones
but they need expert human assistance and cannot be easily used for daily surveys.
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Figure 7. Fruit average weight and quality in the normal irrigation (NI, blue) and reduced
irrigation (R, red) treatments (T test, P=0.05).

The system presented in this study combines atmospheric/soil measurements with
image analysis performed automatically at a much higher resolution compared to the more
common remote sensing systems, allowing the detection of daily changes in the canopy
growth and details at the single-leaf level. Up to our knowledge, this is the first application of
artificial intelligence to kiwifruit to automatically detect the leaf angle and to estimate the
canopy growth (that is going to be elaborated in terms of leaf area and canopy volume, in the
follow-up of this study), revealing a possible correlation with SWP and thus being a promising
instrument for a more precise irrigation management. More data in different environmental
condition, however, are needed to fully validate the system and to assess a robust correlation
between SWP and the automatically detected leaf angle and/or the day-to-night leaf angle
variation. A limit of the presented system is the view on a limited number of plants, which
could not be always representative of the whole orchard. However, with further technological
development and lowering technology costs, the convenience to apply more than one system
unit within the orchard is conceivable. Approaches coupling satellite systems with the stereo-
camera systems can also be promising: a satellite overview may help choosing the right
position of the camera in the orchards, while in-field data could help the calibration of remote
sensing systems. Thereafter, new technologies able to integrate heterogeneous data collected
at different spatial resolutions are expected to improve the plant water status assessment and
irrigation management of kiwifruit orchards in the future.

CONCLUSIONS

In the first year of experimentation, it has been shown that with an Al-based software
itis possible to automatically estimate some canopy features, in particular the leaf inclination
angle, which seems to be correlated with the water status of the plant and the soil. The
application of a water restriction of about 30% from mid-July showed a slight penalization of
fruit production, as an effect of the water stress condition imposed to the RI treatment.
However, the applied water restriction allowed to train the system for the automatic detection
of stress symptoms on the canopy and this will be useful, after getting more data in the next
season (2021), in defining a new algorithm for optimizing the irrigation management. The
final goal will be to have a fully automatic irrigation system able to recognize early stress
symptoms on the canopy and to automatically adjust the irrigation, avoiding water wasting
and severe stress for the plants, or eventually to apply a short controlled stresses to improve
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the quality of the fruit at the end of the season. Furthermore, in the current 2021
experimentation, more stereo cameras were placed under the canopy to capture 3D images of
the fruits and evaluate their development. This will allow a more precise assessment of
growth by automatically measuring the size of a sample of fruits, daily, allowing a more
accurate forecast of production compared to the measurement of a single fruit carried out
with current automatic monitoring tools.
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