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Abstract

Changes in leaf thickness can be a rapid indicator of the plant’s water status and can
therefore serve as an alarm signal for potential water deficits. Combining the use of
continuous leaf thickness measurements with a mechanistic plant model describing
optimal leaf growth and diel variations, would allow growers to optimize greenhouse
growing conditions by adaptation of the microclimate and applied irrigation. Recent
development of new sensors offers the possibility for real time measurements of leaf
thickness on small plants, including ornamentals. However, the accuracy of leaf thickness
variation measurements needs to be assured. In this study, the temperature influence on
12 LeafSen (Netafim, Tel Aviv, Israel) sensors has been tested in a temperature range
from 16 °C to 31 °C by installation of the sensors on aluminium plates. Temperature
variations in the investigated range resulted in sensor signal differences of up to 48 pum,
indicating that temperature response can exceed the expected diel leaf thickness
variation. Two typical temperature responses were distinguished, pointing to the need
for a sensor specific temperature correction. The practical use of leaf thickness sensors
and the established temperature corrections has been demonstrated by installing the
sensors on the stem and leaf of three Ficus plants (Ficus benjamina) and three pot roses
(Rosa chinensis cv.) starting from cutting stage in a commercial greenhouse environment.
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INTRODUCTION

The use of plant-based measurements has for long been proposed as a highly sensitive
way to detect drought stress and a potential reliable irrigation regulator (Jones, 2004). However,
the assessment of plant water status often requires labour intensive measurements (e.g.
pressure chamber) or sophisticated and often also expensive equipment (e.g. psychrometer,
fruit/stem diameter measurements) (Jones, 2004 ). Furthermore, these techniques only indicate
plant drought stress after calibration, determination of threshold values and have trouble
determining the amount of water needed. Steppe et al. (2008) proposed an alternative technique
for irrigation scheduling, combining the use of continuous plant-based measurements with plant
modelling. The combination of continuous sap flow and stem diameter variation measurements
with mathematical modelling allow to determine if and when irrigation is needed and the
amount of water that should be applied (Steppe et al., 2008). Expansion of this model allows
simulating leaf thickness.

In analogy to stem diameter, leaf thickness shows diel variations related to ambient air
temperature and humidity (Meidner, 1952; Burquez, 1987). Previous research has indicated
that leaf thickness can serve as an indicator of the plant’s water status (Bachmann, 1922;
Burquez, 1987; Jones, 2004) and can be used for irrigation regulation (Sharon et al., 2001;
Pardossi and Incrocci, 2011; Cirillo et al., 2013). Previously, leaf thickness was measured
continuously with the use of differential transducers (e.g. Heilman et al., 1968; Kadoya, 1978;
Syvertsen and Levy, 1982; Malone, 1992; Else et al., 1995), also often applied for stem diameter
measurements. However, the use of these sensors has been limited in commercial greenhouses
due to their size, weight and required skill for installation (Seelig et al., 2011). The development
of a new small and light leaf thickness sensor with straightforward installation overcomes these
problems (Seelig et al.,, 2011). The use of these new sensors in combination with an expansion of
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the model introduced by Steppe et al. (2006) and De Swaef and Steppe (2010) therefore offers
an opportunity towards efficient plant-based irrigation scheduling.

In 1996, Sharon and Bravdo introduced the LeafSen sensors (LeafSen, Netafim, Tel Aviv,
Israel) as a first alternate leaf-sensing device (Sharon and Bravdo, 1996). Its measuring principle
exists of a stainless steel sensing tongue with a strain gauge connected to a Wheatstone bridge
(Sharon and Bravdo, 2001). In 2010, the SG-1000 (SG-1000, Agrihouse Inc., Berthoud, CO, USA)
sensor was presented, measuring leaf thickness variations using electrical distance transducers.
In previous research, LeafSen has successfully been used for drought stress detection and
irrigation scheduling on commercial citrus, advocado and cotton plots, resulting in a reduction
of total water application up to 30 % (Sharon and Bravdo, 2001). Moreover, De Swaef et al.
(2012) and Vanhassel et al. (2014) used the LeafSen thickness sensor in their research on
tipburn in lettuce. The SG-1000 has been successfully installed on cowpea plants, where a
reduction of irrigation water up to 45 % could be realized (Seelig et al., 2011).

In this research, the application of the LeafSen sensors for measuring leaf thickness
variation on two ornamental crops, Ficus benjamina and Rosa chinensis cv., was investigated.
Furthermore, the possibility of simulating the leaf thickness variation, by extending the existing
plant model of Steppe et al. (2006) and De Swaef and Steppe (2010), was tested. However,
during data collection contradictory and unexpected physiological patterns were obtained.
Before data implementation in the extended model, possible additional influences on the
LeafSen signal were inspected. Consequently, an experiment was conducted where the influence
of temperature variations on the LeafSen sensors was verified. By installing the thickness
sensors on aluminium plates at varying temperatures, the temperature response could be
established and a correction curve was created. Only after correction, the data could be used in
the extended leaf thickness model.

MATERIALS AND METHODS

Establishing temperature correction curves on aluminium plates

In this research the temperature influence on twelve LeafSen (LeafSen, Netafim, Tel Aviv,
Israel) sensors (LS 1-12) was investigated. These sensors were selected because of their small
size (length 38 mm; width 16 mm) and weight (2.43 g) and easy installation procedure, making
them highly applicable in commercial greenhouses. During all experiments, air temperature was
measured using a Campbell CS215 temperature and relative humidity sensor (Campbell
Scientific, Logan, UT, USA). Temperature dependence was determined by installing the LS-
sensors on an aluminium plate of 0.5 mm thickness for 4 days in greenhouse conditions. Air
temperature changed from 16 °C to 31 °C.

Measurements on ornamental crops

The relationship between temperature and LeafSen variation was used to correct leaf
and stem thickness data of pot roses (Rosa chinensis cv.) and Ficus benjamina plants. Starting
from March 26t 2016, these plants were grown from cutting stage. Both roses and Ficus plants
were grown on a mixed substrate (respectively, Pindstrup and Peltracom). Cultivation of both
ornamentals took place in experimental greenhouses (90 m2) at PCS, Ornamental Plant Research
Centre, in Destelbergen, Belgium. Climate control and growing conditions were comparable with
commercial greenhouses. Plants were irrigated with an automatic flood irrigation system, based
on time and solar radiation. Incoming radiation was controlled with thermal screens and extra
assimilation lightning was provided for the roses. Also heating, including root heating for the
Ficus plants, and CO,-control were used.

From 26 to 29 May 2016, leaf and stem thickness variations of three Ficus benjamina and
three Rosa chinensis cv. plants were continuously monitored with a LeafSen sensor. Sensors
were installed on thinner stem segments within the sensor’s calibration range (diameter < 2
mm). Measured leaves were selected to describe average mature leaf growing patterns. To this
end, young green leaves at the top and old dark green leaves at the bottom of the plant were



avoided. Temperature during the plant-based measurements changed between 20 °C and 28 °C
in the rose greenhouse and between 18 °C and 33 °C in the Ficus greenhouse.

RESULTS AND DISCUSSION

Temperature response curves

Maximal theoretical thickness variation of the aluminium plate in the exposed
temperature range equalled 0.35 pm (a=23.1 106 K1 at 20 °C). Since minimal registered
variations by the LeafSen sensors installed on the aluminium plates far exceeded these
theoretical variations, the plate was assumed to be of constant thickness.

A linear relation between temperature and collected LeafSen measurements on the
aluminium plate was established for all LeafSen sensors. As shown in Fig. 1 two typical
relationships could be distinguished between temperature and LS-data. Type 1 sensors,
described by the typical example LS1, show a clear relation between variation in temperature
and the thickness sensor. Within this category a great variety of relationships were observed
with both increasing and decreasing LS-signals with increasing temperature. Type 2 sensors,
represented by LS2, show almost no overall variation with changing temperature. The existence
of different types of correction curves and the variability within a category indicates that a
sensor specific correction curve needs to be established and prevents the development of a
general correction applicable for all sensors.

As shown in Fig. 1, both type 1 and 2 sensors show the presence of clock-wise hysteresis
in LS-signalling in response to air temperature. For LS2, the hysteresis results in a 5 pm
difference between measured LS-signal and linear approximation, for both increasing and
decreasing temperatures. A second order equation describing sensor output with increasing and
decreasing temperature separately would allow improved approximation but would thereby
preclude an easy and fast temperature correction. LS1 measurements show a drift in slope on
two consecutive days. It is possible that the increased temperature range on the second day of
measurements had an influence on the hysteresis shape and therefore on the calculated slope.
However, the determined linear relation succeeds to describe the overall temperature
dependence. Future repetition of the experiment will allow validation of the established linear
relation and the corresponding slope over time and a varying daily temperature range.

Previous research of Syvertsen and Levy (1982) on citrus trees and Else et al. (1995) on
tomato using a displacement transducer indicated that leaf thickness could vary 30-35 pm daily.
However, when installed on an aluminium plate, variations in data output up to 48 pm were
measured when undergoing a temperature change of 14 °C (Fig. 1). Consequently, patterns
described by raw, non-corrected LS data can be strongly influenced by ambient temperature
changes. This can result in an amplification, counteraction or even reversal of the physiological
leaf thickness pattern due to temperature variations.

Since the scope of the temperature correction consists of determining the variation in
LeafSen output as a result of temperature variation, only the slope of the established curve was
used for temperature correction. As a result, the significance of obtained absolute thickness
values is negligible. Fig. 2 compares the actual variations in LeafSen signals with its predicted
values for LS1 using the equation’s slope. Even though the simulation is not perfect, a linear
equation seems able to approximate the signal variations of the LeafSen sensors caused by
variations in temperature.

Correction of ornamental crop data

In Fig. 3, two non-corrected diurnal patterns of Ficus leaves are presented. As show in
Fig. 3A (LS1) the non-corrected diel pattern shows variations up to 50 pm. However, the
magnitude of this variation seems unlikely when compared to previous measured variations
(Syvertsen and Levy, 1982; Else et al,, 1995). However, after application of the temperature
correction the daily variations are limited to only 10 um. Nevertheless, despite the strong
decrease in diel leaf thickness variation, the daily decrease and nightly increase can still be



observed. Furthermore, the increase in leaf thickness around noon on 27 May can be explained
by the applied irrigation.

In Fig. 3B the diel leaf thickness variation directly measured by LS3 describes a pattern
opposite to what ecophysiologically would be expected: maximal leaf thickness values during
the day and minimal at night. Application of the sensor’s temperature correction resulted in a
shift of the maximal leaf thickness values towards the night and reduced values during the day.
Correction of LC3 shows that the influence of temperature variation can exceed the actual
variation in leaf thickness. The corrected leaf thickness shows daily variations of 30 um, more
than double in comparison to LS1. Furthermore, no effects of irrigation are observed. This could
be explained by the difference in age between the two measured leaves, by intercepting solar
radiation or location of the leaf on the stem.
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Fig. 1 Two typical temperature responses of LeafSen (LS) thickness sensors. Responses
to air temperature variation were measured on an aluminium plate with
assumed constant thickness in a greenhouse environment.
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Fig. 2 Comparison of measured variation of LeafSen (LS) signals when installed on an
aluminium plate and simulation of the temperature dependent signal and
corresponding error bar, based on the standard error of the regression, for LS1
with use of the slope of the calculated correction curve (LS1=-3.24T; R2=0.89).
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Fig.3 Measured and corrected leaf thickness variations with error bar, based on the standard
error of the regression, of Ficus benjamina in greenhouse conditions from 16 to 29 May:
(A) shows the measurements before and after correction for temperature influence on
sensor LS1 (LSi=-3.24T; R2=0.89); (B) represents measurements before and after
temperature correction for LS3 (LS3=1.22T; R2=0.56). Moment of irrigation is indicated
with an arrow.

CONCLUSION

In this study the influence of temperature on LeafSen sensors was investigated. Two
types of temperature relations could be distinguished. The first sensor type showed a strong
positive or negative relationship with temperature (LS1), the second type showed hardly any
variation with changing temperature (LS2). A sensor specific temperature response curve is
therefore recommended. Both types showed a hysteresis in LeafSen temperature dependent
output to air temperature variation. It was shown that the temperature response could result in
a magnification, reduction and even reversal of the physiologically expected diel pattern.
Repetition of the experiment will allow determination of a possible influence of time or daily
temperature range on the set slope. The corrected leaf thickness data can now be used in a leaf
thickness simulation model, which can be used for assessment of the plant’s water status and
greenhouse climate control and irrigation scheduling.
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