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(57) Abstract: A method of determining a pressure
parameter of a plant sample (1) comprises the steps
of subjecting the plant sample (1) to a clamp pres-
sure (Pelamp) created with a clamp device (10), mea-
suring at least one pressure response value (p,) of the
plant sample (1), which depends on the clamp pres-
sure (Pejamp) / and determining the pressure parame-
ter on the basis of the at least one pressure response
value (pp), wherein the clamp pressure (Peiamp) is ad-
justed, such that the plant sample (1) has a viscoelas-
tic pressure response to the clamp pressure (Pejamp)-
Furthermore, an apparatus (100) for determining a
pressure parameter of a plant sample (1) is described.
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Method and device for determining a pressure parameter

of a plant sample

Technical field of the invention

The present invention relates to a method of determining a
pressure parameter of a plant sample, in particular to a
method of determining a water status related pressure parame-
ter of the plant sample. Furthermore, the present invention
relates to a device adapted for conducting a method of deter-
mining a pressure parameter. Preferred applications of the
invention are in the field of non-invasive monitoring of the
water relations of plants, in particular of intact plant
leaves, the control of irrigations systems, and in basic re-

search.

Technical background

Water management is an important aspect for successful agri-
cultural plant production since water stress may a pronounced
effect on the vegetative growth, and number and size and
quality of fruits. Excessive irrigation is expensive, can
cause vigorous vegetative growth as well as delayed ripening
and increases the need for disease and pest control. Exces-
sive water supply will also cause percolation of water below
the root zone, leaching nitrate and other chemicals into
groundwater. Furthermore, the need to optimize crop water use
has become more important given the decrease in the amount of
available water for agriculture and the increase in the ir-

regularity of rain distribution.
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In practice, various irrigation methods have been developed
for optimizing the amount of water and frequency of applica-
tion in dependency on the evapotranspirative demand, weather
conditions and the type of soil. Efficient irrigation re-
quires precise information on the specific water requirements
of the plant species at different growth stages and under
varying (micro-)climatic conditions, and on crop water con-
sumption to meet the correct irrigation scheduling timing and
amount of water, fertilizers and to limit losses through deep

percolation.

The water status of leaves can be determined using a pressure
chamber (P. F. Scholander et al. in "Science" vol. 148, 1965,
p. 339-346). The method is simple, but massively invasive,
time-consuming and unsuitable for automation. Further draw-
back is that the number of leaves that can be measured is
rather limited and, therefore, data can be misrepresentative
of the overall in-situ conditions (due to variability in
height, sun exposure, microclimate conditions, canopy circum-
ference etc.). Most importantly and frequently ignored, the
readings cannot always straightforwardly be interpreted in

terms of xylem pressure and/or turgor pressure.

Further techniques for investigating the water status of
plants, in particular for irrigation purposes, are known in
practice. As an example, humidity sensors can be used for
measuring soil moisture content directly. Although such sen-
sors can be permanently installed at representative sites in
an agricultural field, particular disadvantages are given in
terms of soil heterogeneity and the requirement of a close

contact to the soil matrix.
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The most reliable information on the water status can be ob-
tained if the turgor pressure in the plant cells is measured
directly. Various types of turgor pressure measuring devices
have been described in the past. An early example is the
pressure measurement in plant cells described by U. Zimmer-
mann et al. ("Die Naturwissenschaften", 1969, vol. 56, p.
634), whereas the turgor pressure is sensed with a combina-
tion of a micro-needle and a pressure probe. Further turgor
pressure measuring techniques, like e.g. ball tonometry, mi-
cro-indentation, cantilever bending measurements or aspira-
tion measurements have been described by U. Zimmermann et al.
("New Phytologist", vol. 162, 2004, p. 575-615) and by A.
Geitmann ("American Journal of Botany", vol. 93, 2006, p.
1380-1390). As another approach, the relationship between
leave thickness and plant water potential has been described
by T. McBurney ("Journal of Experimental Botany", vol. 43,
1992, p. 327 -335).

Generally, the conventional turgor pressure measurement tech-
niques have disadvantages in terms of limited reliability and
applicability under practical conditions of agriculture. It
has been found that the results obtained with the conven-
tional techniques have a limited significance. Furthermore,
the conventional techniques are not suitable for long-term
outdoor applications especially because of their susceptibil-

ity to gusty or high winds.

Objective of the invention

The objective of the invention is to provide an improved
method and device of determining a pressure parameter of a
plant sample, which is capable of overcoming limitations of

the conventional techniques. In particular, the objective of
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the invention is to provide a facilitated, reliable, inexpen-
sive and field-suitable technique of online-monitoring a
plant water status.

The above objectives are achieved with methods and devices
comprising the features of the independent claims. Advanta-
geous embodiments and applications of the invention are de-

fined in the dependent claims.

Summary of the invention

According to a first aspect, the invention is based on the
general technical teaching of providing a method of determin-
ing a pressure parameter of a plant sample, whereas the plant
sample is subjected to a clamp pressure, at least one pres-
sure response value of the plant sample is measured, which
depends on the clamp pressure, and the pressure parameter to
be obtained is determined on the basis of the at least one
measured pressure response value. According to the invention,
the clamp pressure is adjusted, such that the plant sample

has a viscoelastic pressure response to the clamp pressure.

With other words, the clamp pressure is selected such that
the plant sample has a visco-elastic behaviour. Accordingly,
if the plant sample is subjected to the predetermined clamp
pressure, the plant sample is compressed to a certain degree,
whereas with a release of the clamp pressure, the plant sam-
ple is relaxing. Preferably, the relaxation results in a re-
versible formation of the pre-pressing geometry. However, a
complete reversible relaxation is not strictly necessary for
implementing the invention. A partial relaxation towards the
pre-pressing geometry may be enough for providing a precise
and reliable pressure parameter of the plant sample. If the

clamp pressure would be too low, a visco-elastic pressure re-
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sponse would not be obtained, the clamp pressure would be ab-
sorbed by parts of the plant sample, which do not depend on
the turgor-pressure. On the other hand, if the clamp pressure

would be too high, the plant sample could be damaged.

The inventive adjustment of the clamp pressure represents an
essential advantage compared with the conventional techniques
as the at least one measured pressure response value yields
precise information on the water status of the plant and al-
lows an access to the turgor pressure of the plant cells of
the investigated plant sample. With the inventive adjustment
of the clamp pressure, the reliability and reproducibility of
the determined pressure parameter is essentially improved.
Accordingly, measurements under practical conditions of agri-
culture can be facilitated, whereas the inventive apparatus

can be handled with a reduced risk of an operating error.

According to a second aspect, the invention is based on the
general technical teaching of providing an apparatus for de-
termining a pressure parameter of a plant sample, in particu-
lar with a method according to the above first aspect, com-
prising a clamp device (or: clamp pressure generating device)
adapted for subjecting the plant sample to a clamp pressure,
a sensor device (or: pressure response sensing device)
adapted for sensing at least one pressure response value of
the plant sample, whereas the at least one pressure response
value depends on the clamp pressure, and an adjusting device,
which is adapted for adjusting the clamp pressure, such that
the plant sample has an viscoelastic pressure response to the

clamp pressure.

According to a third aspect, the invention is based on the
general technical teaching of providing an irrigation instal-

lation including at least one pressure parameter determining
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apparatus according to the above second aspect and at least
one irrigation device, which is adapted to be controlled in
dependence on the pressure parameter determined with the
pressure parameter determining apparatus. Advantageously, a
plurality of pressure parameter determining apparatuses can
provide a network, which is connected with one or multiple
irrigation devices. Furthermore, the function of the irriga-
tion installation can be advantageously improved if it is
provided with at least one further monitoring component in-
cluding a camera device and/or weather (e.g. temperature,
relative humiditiy, light intensity, rain precipitation)

monitoring station.

According to preferred embodiment of the invention, the clamp
pressure adjustment comprises a clamp device calibration,
whereas the plant sample is subjected to multiple test clamp
pressure pulses (varying in duration and/or amplitude) and
relaxation responses of the plant sample are measured, which
are associated to each of the test clamp pressure pulses. If
the relaxation response results in an at least partially
(preferably complete) reversible relaxation of the plant sam-
ple, the associated test clamp pressure is selected as the
clamp pressure to be used for the further measurements. This
calibration procedure has a particular advantage in terms of
optimizing the clamp pressure for a particular plant sample
under investigation. Furthermore, the calibration procedure

can be used for collecting reference plant data.

Alternatively, the inventive clamp pressure adjustment can be
conducted on the basis of predetermined reference plant data.
As an example, reference plant data can be collected in data
storages or data tables, whereas the optimum clamp pressure
is listed in dependency on the plant species and further de-

tailed physiological properties of the plant sample (e.g.
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age, state of growth, fructification, metabolism) and soil
properties. The reference data can be obtained by measure-
ments, e. g. by the above calibration procedure. With the use
of the predetermined reference plant data, a repeated cali-
bration can be avoided so that the measurement is further fa-

cilitated.

The plant sample to be investigated generally comprises any
part of a biological plant, in particular a plant leaf or an-
other plant organ. The invention has been tested in particu-
lar with the intact plants grapevine, liana, banana tobacco,

eucalyptus, maple, avocado and fruit trees.

The pressure response value generally comprises any type of a
physical measure being characteristic for the direct or de-
layed response of the plant sample to an external pressure.
It is a particular advantage of the invention that various
types of pressure response values can be measured and further
evaluated for determining the pressure parameter. According
to a first variant, an attenuated clamp pressure (output
pressure) of the plant sample can be measured as the pressure
response value. The attenuated clamp pressure is the pressure
value, which can be sensed on a first side of the plant sam-
ple, while the clamp pressure is exerted to the opposite sec-
ond side of the plant sample. As an example, if the plant
sample comprises a plant leaf, the clamp pressure is sub-
jected to the upper side of the leaf and the attenuated clamp
pressure is measured at the opposite, lower side of the leaf.
As the clamp pressure is partially absorbed by the plant sam-
ple, an attenuation occurs so that the attenuated clamp pres-

sure is lower than the clamp pressure.

According to a second variant, an output force of the plant

sample is measured, which output force is created in response
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to the exertion of the clamp pressure. The output force can
be measured with a force sensor, which is arranged on a side
of the plant sample in opposite relationship to the side of
clamp pressure exertion. Measuring the output force of the

plant sample in response to the clamp pressure represents an
advantage as the output force is measured without a depend-

ency on an eventual pronounced deformation of the plant sam-

ple.

According to a third variant, measuring of the at least one
pressure response value comprises measuring at least one
electrical conductivity value of the plant sample. Advanta-
geously, this embodiment of the invention uses the fact that
the pressure and the electrical membrane potential of plant
cells are coupled with each other. With a varying turgor
pressure, the membrane potential is varied, which can be
sensed with an electrode device. Furthermore, plants have a
surface potential and a surface conductivity. With the appli-
cation of at least two sensor devices arranged within a mu-
tual distance on the plant samplé, pressure gradients along

the plant sample can be sensed.

BAnother advantage of the invention is given by the different
pressure parameters, which can be determined as characteris-
tics of the water status of the plant. Firstly, the at least
one measured pressure response value can be directly provided
as the pressure parameter to be determined. The water status
can be derived directly from the measured pressure response
value e.g. by the measured attenuated clamp pressure, output
force or electrical conductivity. Alternatively, a plurality
of pressure response values can be measured, whereas the
pressure parameter to be obtained is given by a quantitative
changing measure of the pressure response values. To this

end, an evaluating device is provided, which is adapted for
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determining the quantitative changing measure of the pressure
response values. According to a further alternative, the
pressure parameter comprises the cell turgor-pressure of the
plant sample, which can be calculated on the basis of the at
least one measured pressure response value. Advantageously,
the turgor pressure represents a direct characteristic of the
water status of the plant. With calculating the turgor-
pressure, the maximum reproducibility and comparability of

the measurement results are obtained.

Preferably, the cell turgor pressure is determined on the ba-
sis of at least one transfer function value which depends on
the clamp pressure and the measured attenuated clamp pres-
sure. Generally, the transfer function is a characteristic
parameter, which depends on turgor pressure. The transfer
function can be constructed in dependency on the particular
application of the invention, e. g. with a simulation func-
tion or predetermined reference data. However, preferably,
the transfer function is given by the quotient of the attenu-
ated clamp pressure and the clamp pressure. In this case, the

calculation of the turgor pressure is facilitated.

According to further embodiments of the invention, the deter-
mination of the quantitative changing measure comprises a
calculation of a difference quotient of subsequent pressure
response values, a first derivative of the pressure response
values, a second derivative of the pressure response values,
a fluctuation rate of the pressure response values, and/or a
variation pattern of the pressure response values. The deter-
mination of the quantitative changing measure has the par-
ticular advantage that individual, plant sample-specific in-
fluences on the measured pressure response value are reduced
or even completely suppressed. The quantitative changing

measure can be determined with respect to time or a varying



10

15

20

25

30

WO 2009/092389 PCT/EP2008/000424
10

measurement condition. Preferably, at least one physical or
chemical environmental condition of the plant sample, in par-
ticular at least one of illumination intensity, temperature,
relative humidity, wind speed, and/or at least one physio-
logical condition of the plant sample, in particular at least
one of transpiration, stomata activity, photdsynthesis and an
active substance concentration, e. g. a hormone, pesticide

and/or herbicide concentration can be varied.

A further advantageous embodiment of the invention is charac-
terized by the step of selecting a measurement location on
the plant sample. The measurement location can be selected
with respect to a distance between the measurement location
and an edge of the plant sample and/or a structural element,
e. g. a plant vessel or any protruding part on the plant sam-
ple surface. Advantageously, selecting the measurement loca-
tion allows a further optimization of the pressure parameter
determination. With the simultaneous measurement at a plural-
ity of plant samples, selecting identical measurement loca-
tions, e.g. on plant leaves, improves the compatibility of

the measurement results.

According to the invention, the step of adjusting the clamp
pressure can be further modified as follows. Firstly, a cer-
tain clamping pad can be selected in dependency on the type
of the plant sample. As examples, a pair of planar clamping
pads can be selected for measurements at planar plant sam-
ples, e.g. plant leaves. Alternatively, curved, surface-
structured and surface structure-adaptable clamping pads can
be used for measuring with plant samples having another ge-
ometry. Secondly, a clamp arm length of the clamp device can
be varied for an adaptation to the type, in particular size

of the plant sample and/or the clamp pressure to be exerted.
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According to further embodiments of the invention, the pres-
sure parameter determination can be combined with further
steps comprising measuring, monitoring and/or injecting pro-
cedures. As examples at least one of illumination intensity,
temperature, relative humidity, wind speed, transpiration
condition, and photosynthesis condition can be measured, the
plant sample can be monitored with a camera device, and/or an
active substance, e. g. a hormone, pesticide and/or herbicide
can be injected into the plant sample. Advantageously, a
variation of the pressure parameter or the cell turgor pres-
sure in response to an injection of the active substance can
be sensed. As a further variant, a gradient of the pressure
parameter or in particular a gradient of the cell turgor

pressure can be measured along a plant sample surface.

According to a particular preferred embodiment of the inven-
tion, the inventive pressure parameter or in particular the
cell turgor pressure is compared with at least one reference
value, and a control signal is generated depending on a re-
sult of this comparison. Preferably, this embodiment of the
invention provides the control signal as a result of the com-
parison of the pressure parameter (or the turgor pressure)
with a predetermined threshold value being characteristic for
the water status of the plant. As an example, if the turgor
pressure decreases below a predetermined limit, the control
signal can be used for operating an irrigation device. The
comparing step can be implemented by the apparatus for deter-
mining the pressure parameter, by a separate operation in-
stallation, by a central control device or by the irrigation

device.

Accordingly, the inventive method may comprise a step of
sending the measured pressure response value, the pressure

parameter, the turgor-pressure and/or the above control sig-
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nal to the component, which is arranged for implementing the
comparing step. Advantageously, these data can be sent via a
network to a distant location, where the comparing step is

implemented and a further processing of the control signal is

completed.

Preferably, the irrigation device is directly controlled by
at least one of the above data (measured pressure response
value, pressure parameter, turgor-pressure and/or control
signal). An automatic control can be implemented with a con-
trol loop comprising the apparatus for determining the pres-
sure parameter, a comparing circuit for implementing the

above comparing step and the irrigation device.

According to a further embodiment of the invention, the steps
of subjecting the plant sample to the clamp pressure and
measuring the pressure response values of the plant sample
can be conducted on different sides of the plant sample. Ad-
vantageously, this can provide more detailed information on

the water status of the plant sample.

According to a further embodiment of the invention, energy is
supplied to the pressure parameter determining apparatus (in-
cluding the equipment for data storage und data transfer) us-
ing an energy supply device connected with the clamp device
and/or the sensor device, preferably a solar cell or a fuel
cell device in combination with an energy accumulator, like a
rechargeable battery. Advantageously, the energy supply de-
vice can be controlled such that electrical energy is sup-
plied to the pressure parameter determining apparatus (in-
cluding the equipment for data storage und data transfer) in
dependency on the time of day. As an example, at noon the
electrical energy supply can be increased when the irrigation

system requires frequent measurements, while the electrical
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energy supply can be reduced down to zero in the evening or

at night.

Further independent subjects of the invention are a computer
program residing on a computer-readable medium, with a pro-
gram code for carrying out at least one step of a method of
determining a pressure parameter of the plant sample accord-
ing the above first aspect, and an apparatus comprising a
computer-readable storage medium containing program instruc-
tions for carrying out at least one step the method of deter-

mining a pressure parameter of the plant sample.

As a further modification, it is possible to use the inven-
tion for determining a pressure parameter of other biological
or non-biological material, like e.g. a work-piece or a con-
sumer good. For example, the following non-biological samples
can be investigated with the inventive method (e.g. cellular

material, cork, synthetic materials, polymers, hydro gels).

Brief description of the drawings

Further details and advantages of the invention are described
in the following with reference to the attached drawings,

which show in:

Figure 1: a schematic flow chart illustrating features of

preferred embodiments of the inventive method;

Figure 2: a schematic illustration of a preferred embodiment
of a pressure parameter determining apparatus ac-

cording to the invention;
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Figure 3: a schematic model representation of a plant sample
used for illustrating the theoretical background of

the inventive method;
Figure 4: a cross-sectional illustration of a pressure re-
sponse value sensing device used according to the

invention;

Figures. 5 and 6: illustrations of clamp devices used accord-

ing to the invention;

Figure 7: a schematic illustration of an irrigation installa-

tion of the invention; and

Figures 8 to 12: examples of experimental results obtained

with the inventive technique.

Embodiments of the invention

Preferred embodiments of the invention are described in the
following with exemplary reference to measurements with plant
leaves. It is noted that the implementation of the invention
is not restricted to this type of samples, but correspond-
ingly possible with other types of plant samples, like e.g.
plant tissue or other parts of plants (e.g. needles, stem,
shoots, excised leaves, fruits, roots). Furthermore, the in-
vention can be used with living plants or in particular for
research purposes with plant fragments separated from a liv-

ing plant.
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1. Methods of determining a pressure parameter of a

leaf sample

Features of preferred embodiments of the inventive method of
determining a pressure parameter of a plant sample are sche-
matically summarized in Figure 1. Generally, the method com-
prises three main steps of subjecting the plant sample to a
clamp pressure (step S1), measuring at least one pressure re-
sponse value of the plant sample (step S2) and data analysis
with a determination of the pressure parameter to be investi-

gated (step S3).

While details of steps S1 to S3 are described in the follow-
ing, further reference is made to Figure 2 which schemati-
cally illustrates an embodiment of an apparatus 100 for de-
termining a pressure parameter of a plant leaf 1 with the
methods according to Figure 1. Apparatus 100 comprises a
clamp device 10 with first and second clamp pads 11, 12,
clamp arms 13 and a force element 14, a sensor device 20, an
adjusting device 30 and an evaluating device 40. The sensor
device 20 is integrated into the second clamp pad 12. With
the clamp device 10, the plant leaf 1 is subjected to a clamp
pressure between the clamp pads 11 and 12. Further details of

the apparatus 100 are described below.

Step S1 includes the conditioning of the leaf-sensor-system
with a selection of a plant organ to be investigated (step
11), a provision of a uniform contact of clamp pads 11, 12 of
the clamp device 10 with the selected organ (step S12) and a
generation of the clamp pressure (step S13). According to the
essential feature of the present invention, the clamp pres-
sure is selected with a pressure relaxation method (step S14)
and/or with an access to reference data (step S15) such that

the plant leaf has a visco-elastic pressure response.
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The plant organ selection step S11 includes the selection of
a certain leaf 1 of a plant in an agricultural plant field or
under laboratory conditions, a selection of a measurement lo-
cation, where the clamp device 10 and a pressure response
value sensing device 20 are positioned and/or a selection of
a certain distance of the measurement location with respect
to the edge of a plant leaf 1. These selections are made in
dependency on the particular application of the invention.
For measuring very sensitively water loss the clamp is pref-
erentially located close to the periphery of the leaf, for
measuring the water supply from the roots to the leaves, the
clamp is preferentially positioned close to the main vein of

the leaf.

With step S12, the uniform contact of the clamp pad with the
plant leaf is provided. To this end, step S12 may include a
step of a selection of an appropriate pad shape, e.g. a pair
of pads with planar or curved surfaces. Alternatively or ad-
ditionally, pads with a structured surface having a comple-
mentary geometry with regard to the surface of the plant leaf

can be selected.

The appropriate, plant specific clamp pressure is applied to
the plant leaf on the basis of an adjustment with the adjust-
ing device 30. If the clamp pressure is selected with the
pressure relaxation method (calibration), step S14 includes
the steps of subjecting the plant leaf to test clamp pressure
pulses. A series of test clamp pressure pulses with increas-
ing clamp pressure amplitude (and duration) are applied to
the plant leaf. After each test clamp pressure pulse, the
clamp pressure is released for monitoring the relaxation be-
haviour of the plant leaf. If the plant leaf shows a reversi-

ble relaxation, i.e. if the pressure returns to the previous
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value in a very short time (e. g. up to 60 seconds), this
pressure value is used as a appropriate clamp pressure to be

applied with step S13.

The measurement step S2 includes continuous measurements of
output pressures (attenuated clamp pressures) with the sensor
device 20 (step S21). As an example, pressure values are re-
corded every 5 s if short-term experiments (e.g. for up to 1
day) are performed. For long-term measurements it is enough
if every 15 min a value is recorded. The recording frequency
depends on the electric energy which is available. Under
field conditions usually solar energy is used for charging
batteries. Alternatively, a fuel cell can be used as an en-
ergy supply. Optionally, certain system parameters can be
varied during the measurement of the attenuated clamp pres-
sures (step S22). The variation step S22 includes e.g. the
variation of physical or chemical environment parameters or
the injection of active substances, like e.g. hormones or
pesticides or herbicides. Simultaneously, pressure gradients
or gradients of electrical conductivity across the plant leaf

can be measured.

The measured attenuated pressure signals are transferred to a
data logger, a computer or a server in a network (step S23)
either by cable or by wireless transmitter-receiver-system.
The data transfer S23 is conducted e.g. to the internet. The
transferred data are subjected to data processing for deter-
mining at least one pressure parameter on the basis of the
measured pressure response values (step S24). The pressure
parameter to be determined comprises at least one of the
measured pressure response value(s), a cell turgor pressure
(pc) and a quantitative changing measure of the pressure re-

sponse values.
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The further analysis (step S3) may comprise a threshold
analysis (step S31) for generating a control signal for an
irrigation system and/or a further data analysis (S33) for
the purpose of further research (step S34). On the basis of
the control signal generated with step 31, irrigation systems
are controlled. Feedback systems, e.g. control loops are pro-
vided for controlling the irrigation of even the plant or
field of plants at which the pressure measurement has been

conducted (step S32).

2. Theory of pressure response and turgor-pressure parameter

determination

The generation and measurement of a pressure response of a
plant sample and the analysis thereof is described with ref-
erence to Figure 3, which shows an enlarged sectional sche-
matic view of a plant leaf 1. Plant leaf 1 comprises the
plant tissue 2 with turgescent cells 3 and the cuticle (in-

cluding other structural elements) 4.

The input pressure seen by the cells 3 in the leaf 1, Pj,, 1is
only equal to the external clamp pressure, Pciamp, 1f the
pressure signal is transferred lossless to the cells 3. How-
ever, losses usually occur due to the compressibility and the
deformability of the silicone of the sensor device 20 (see
below) as well as of the compressibility of the cuticle 4 and
other structural elements of the leaf 1. Therefore, only a
fraction of Pciamp is seen by the cells 3, i.e. the attenua-
tion factor, Fs; = Pin/Pciamp, 1S smaller than unity. In the
case of the rigid leaves of e. g. vine leaves F; is c¢. 0.3 as
evidenced by control experiments of the inventors. F; can be
assumed to be constant because Pcamp is kept constant during

the measurement period.
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Thus the output pressure (or: attenuated clamp pressure), Pp,
is only determined by a cell transfer function, Tf (V), where
V is the patch leaf volume. T¢ (V) determines the fraction of
Pin that is sensed by the sensor device 20 (i.e. PBp). Tf is

dimensionless and assumes values between zero and unity:

P, =T, (V) P, (1)

The apparatus 100 measures the attenuated clamp pressure, P,
of the leaf 1 in response to the external clamp pressure,
Pciamp. The attenuation of Pcjamp depends on the leaf transfer
function. The magnitude of the leaf transfer function, and
thus attenuation of external pressure signals, is determined
by a plant-specific, turgor pressure-independent term (re-
lated with the compression of the cuticle, cell walls and
other structural elements) and a turgor pressure-dependent
term, Tf. With the inventive adjustment of the clamp pres-
sure, the turgor pressure - independent term is eliminated.
The following equations show that Tr is a power function of
P. and that T, assumes values close to zero if P. is high and

vice versa values close to unity if P, is low.

The function of Tr on leaf volume, V, is given at constant

ambient temperature, T, by Eq. 2:

The relative volume change 8V/V of the leaf patch is corre-

lated to the turgor pressure change, 6P;, by the average
volumetric elastic modulus, &,, of the tissue beneath the

clamp.
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€p is a complex parameter and will depend inter alia on the
magnitude of the turgor pressure P.. For an approximation it

can be assumed that &, increases linearly with P.:

&,=abP, +b (4)

where a and b are constants. Because of the viscoelastic
properties of the cell walls the magnitude of the constants
depends on the duration of pressure application. The con-
stants are relatively large if rapid turgor pressure changes
are induced (e.g. by using the clamp device 10), whereas slow
turgor pressure changes (e.g. induced by transpiration) re-

sult in small values.

Combining Egs. 2-4 leads to Eq. 5:

dT, dP,
=——F (5)
T, aP_+b

Eq. 5 can be integrated if it is assumed for a first approxi-
mation that at P. = 0 T, = 1 and that the internal osmotic

pressure of the cells 3 remains nearly constant in the range
of cell turgescence. After appropriate re-arrangements Eq. 6

is obtained:

1
b a
T, = 6
/ (aPﬁbJ '

and, respectively, if the denominator is replaced by Eqgq. 4:
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1
T; =[£} (7)
Ep

Introducing of Eq. 6 into Eg. 1 yields a relationship between

the parameters P, and Pjj,:

1
b a
P = P 8
’ (anbJ " )

Eq. 8 can experimentally be proved. Inspection of the equa-

tion shows that the attenuated clamp pressure, P,, is a power
function of the turgor pressure P.. The exponent of the func-

tion is equal or smaller than unity. If a = 1 and b << P,

Eq. 8 goes over into P, = b1/P;,, i.e. both parameters are di-
rectly reciprocally coupled with each other. Thus, T assumes
low values if P. is high and vice versa a value close to
unity if P. is close to zero. Using appropriate values for a
and b (see below) it can be shown that below P. = 100 kPa, P
must increase dramatically. This is of great interest for ir-
rigation scheduling because the rapid increase of P, upon ap-
proaching the plasmolytic point allows detection of turgor

pressure loss in due time.

For practical applications, following values of a and b can
be assumed: a = 2 - 10 kPa, b = 2 - 15 kPa.

Accordingly, the turgor pressure P, can be determined as the
pressure parameter on the basis of the at least one pressure

response value (Pp).

3. Apparatus for determining a pressure parameter of a leaf

sample

Further details of the clamp device 10, the sensor device 20,
the adjusting device 30 and the evaluating device 40 are de-

scribed in the following (Figures 2, 4).
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With reference to Figure 2, the clamp device 10 comprises two
planar circular clamp pads 11, 12, where one of the clamp
pads 11, 12 contains a receptacle for the integration of the
sensor device 20. For pressure measurements, a leaf is posi-
tioned in the space between two clamp pads 11, 12. The clamp
pads can be integrated into various types of clamp assemblies

(Figures 5, 6).

The force element 14 of the clamp device 10 is adapted for
generating a clamp force, which is transmitted directly to
the clamp pads 11, 12 (Fig. 6; screw clamp device) or via the
clamp arms 13 (Fig. 5; spring clamp device). According to the
invention, various types of clamp forces can be generated
with the force element 14, e.g. an elastic spring force (see
spring clamp device of Figure 5), a static force (see screw
clamp device of Figure 6), an acoustic force, a magnetic

force or an electrical force.

The sensor device 20 is integrated into the second clamp pad
12. Figure 4 illustrates details of a preferred embodiment of
a sensor device 20. This embodiment is adapted for sensing an
output force transmitted by the plant leaf 1 in response to

the external clamp pressure.

The sensor device 20 comprises an outer casing 21, which con-
tains a contact disc 22, a silicone gasket 23, a force sensor
24, a silicone grouting 26, a PTFE membrane 27 and connecting
cables 28. The casing 21 is integrated into the lower clamp
pad 12 of the clamp device 10 (Figure 2). Alternatively, the

casing 21 can provide the clamp pad 12 as such.

The contact disc 22 comprises a plate made of a solid mate-

rial, e.g. a metallic plate. The contact disc 22 is exposed
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to the plant leaf 1. A difference in height is provided be-
tween the upper surface of the casing 21 and the surface of
the contact disc 22 (as shown in Figure 4). This distance can
be selected in the range of 10 pym to 5 mm. Alternatively, the
surface of the contact disc 22 can be aligned with the upper
surface of the casing 21. The silicone gasket 23 is used for
positioning the contact disc 22 in the casing 21 in a movable
manner and prevents ingress of moisture. Accordingly, the
contact disc 22 is positioned in a floating manner on the
contact sphere 25 of the force sensor 24. The contact sphere
25 provides a dot-shaped contact of the contact disc 22 with
the force sensor 24. The force sensor 24 includes a piezo-
electric element, which is included in a Wheatstone bridge at
is known from conventional pressure sensors. The output sig-
nal of the Wheatstone bridge is transferred via the connect-
ing cable 28 to the evaluating device 40 (Figure 2). The sen-
sor device 20 can be calibrated by pressurisation in a pres-
sure chamber equipped with an integrated manometer or by

loading of the contact disc with defined weights.

Alternatively, the sensor device can be provided for a force
measurement with at least one cantilever sensor as it 1is

known from scanning force microscopy.

As a further alternative, the sensor device can be adapted
for measuring an output pressure or the transfer function of
the leaf 1. It is based on an electronic chip strain gauge
coated with a thin silicone membrane. Upon pressure applica-
tion piezoresistive effects are generated that are propor-
tional to the strains experienced by the sensor. The changes
in resistance are sensed by a Wheatstone bridge integrated

into the chip.
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According to the invention, the sensor device can be adapted
for measuring electrical conductivity of the leaf (perpen-

dicular to the planar extension of the leaf).

According to further alternatives, the sensor device 20 can
include multiple pressure or force sensors. Accordingly, mul-
tiple pressure response values can be collected simultaneu-
osly, in particular for reference purposes or for monitoring
pressure gradients. In the case of a malfunction of one sen-

sor, the remaining sensors can be used for the measurement.

If electrodes are provides in both opposing clamp pads 11,
12, the following measuring procedure can be conducted. Volt-
age/current pulse are supplied to the electrodes for multiple
measurements of the electrical conductivity. The frequency of
the pulse can be selected in the range of e. g. 0,01 Hz to
100 MHz. The pressure response can be correlated with the

electrical conductivity.

Clamp devices 10 can be provided with the following further
modifications. The area of the clamp pads 11, 12 and/or the
length of the clamp arms 13 can be variable. The clamp pads
11, 12 can be exchangeable, so that the clamp device can be
adapted to a particular plant, e. g. to plant needle samples.
The shape and/or structure of the clamp pads can be adjust-
able, thus the adaptation of the clamp pads to a particular
plant can be further facilitated. Furthermore, a matching
surface coating, e. g. made of synthetic material or by va-
pour deposition on metal surfaces can be provided on at least
one of the clamp pads. The structure of the clamp pads can be
selected according to the structure of the plant sample. Ac-
cordingly, the contact with the sample can be improved. It is
even possible to measure the pressure response in plant leaf

vessels, like leaf veins, or to detect cavitated vessels.
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If at least one clamp pad is made of a transparent material,
the clamped leaf surface can be illuminated during measure-
ment. If at least one clamp pad is made of a porous material,

the transpiration of the leaf can be facilitated.

Reference numeral 15 in Figure 2 refers to a further optional
component of the clamp device 10, which can comprise at least
one of an integrated injection device, a light guiding de-
vice, and an electrode device. With the injection device 15,
including an injection reservoir and an injection needle, an
active substance can be applied to the leaf. Alternatively,
an injection device can be provided remote from the clamp de-
vice, in particular with the irrigation device and/or with a
device for a direct injection to a plant organ (e.g. roots,

stem) .

Figure 2 schematically illustrates a protection device 50
covering the apparatus 100. The protection device 50 is
adapted for protecting at least components 10 and 20 against

humidity, extreme temperature and/or mechanical impact.

The clamp pressure exerted with the clamp device 10 is ad-
justed with the adjusting device 30 on the basis of reference
data or with the pressure relaxation method of step S14 (Fig-

ure 1).

The evaluating device 40 is adapted for data processing of
pressure response values sensed with the sensor device 20. In
particular, the evaluating device 40 is adapted for determin-
ing a quantitative changing measure of the pressure response
values. The evaluating device 40 can be provided in combina-
tion with the clamp device 10 or preferably as a remote cir-

cuit component, e. g. in a central control device.
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The evaluating device 40 is connected with the clamp device
10 or the sensor device 20 via a data port device 16, which
is adapted for data transmission. Preferably, data port de-
vice 16 is configured for a connection with a telemetric sys-

tem and/or a network for data transfer (e.g. Internet).

Figures 5 and 6 represent schematic diagrams of two types of
clamp devices 10. According to Figure 5, a spring clamp is
provided with the clamp pads 11, 12 (including the sensor de-
vice 20) at the free ends of the clamp arms 13. A spring is
used as a force element 14 for urging the spring arms 13 to-
gether. The clamp pressure (applied force of the force ele-
ment 14) can be adjusted with the adjusting device 30, which

comprises a stiff strap for a variation of the spring load.

The spring clamp of Figure 5 comprises two curved clamp arms
13 bridged by a spring 14 in the middle (e.g. manufacturer
Wolfcraft GmbH; microfix S, B3630Fz60; Kempenich, Germany).
The clip is made of stiff synthetic material. Optimum adjust-
ment of the clamp pressure, Pciamp, to leaf thickness and
stiffness was accomplished by a stiff strap (adjusting device
30), which is made of synthetic material. The strap is
spanned between the clamp arms 13 of the spring clip at the
handhold site. The strap contains regularly punched holes
like a belt allowing variation of length and thus of the

spring load acting on the leaf between the two pads.

Figure 6 illustrates a screw clamp with the clamp pads 11, 12
(including the sensor device 20). In this case, the force
element 14 and the adjusting device 30 are provided by the
screw. With the adjustment of the screw, the selected clamp

pressure can be set.
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According to alternative embodiments of the invention, acous-
tic, magnetic or electrical clamp devices can be used. While
embodiments of these devices are not shown here, it is noted
that these embodiments have similar structures, wherein the
force element is correspondingly adapted for generating an
acoustic, magnetic or electrical force. With an acoustic
force, the clamp pressure is generated with the pressure of a
sound wave exerted onto the plant sample. With magnetic or
electrical forces, the clamp pads are urged together under
the influence of external magnetic or electrical fields, re-
spectively. Furthermore, combinations of the various types of

clamp devices can be used.

Figure 7 schematically illustrates an embodiment of an irri-
gation installation 200 including a plurality of pressure pa-
rameter determining apparatuses 100 and at least one irriga-
tion device 300, which is controlled in dependency on pres-
sure parameters provided with the pressure parameter deter-
mining apparatuses 100. The irrigation installation 200 will
be structured with groups of devices 100 arranged on leaves
of a certain plant and/or groups of devices 100 distributed
in a plant field (or in laboratories). This hierarchical con-
cept can be extended to a plurality of fields in a certain

landscape or even worldwide.

Reference numeral 220 in Figure 7 refers to at least one sen-
sor which is adapted for sensing at least one of a light in-
tensity, temperature, relative humidity, wind speed, a tran-
spiration condition, a photosynthesis condition and an active
substance concentration, e. g. a hormone, pesticide and/or
herbicide concentration. Sensor 220 is connected with the

central control device and the irrigation device 300.
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Data acquisition of leaf turgescence is performed by wireless
transmission (telemetry) from the measuring site to a re-
ceiver station connected with a personal computer and/or with
an Internet server via mobile phone. Since the data are
available in real time they can be used for wireless remote
control of irrigation systems. In contrast to conventional
plant-based methods, the inventive method does not give only
information whether or not irrigation is required, but also

information how much and for how long water must be applied.

The sensor signals are acquired by telemetric systems 210
(manufacturer: Telebitcom GmbH, Teltow, Germany). The trans-
mitters (not shown) read and amplify analog signals of the
sensor device 20. Digitised data are sent together with a
transmitter ID code in regular intervals via the ISM band of
433 MHz to a RF receiver unit over a distance of up to 400 m.
The receiver is connected via an RS-232 interface to a per-
sonal computer or to a GPRS modem linked to an Internet
server (NTBB Systemtechnik GmbH, Zeuthen, Germany) via mobile
phone network. The telemetric system 210 allows simultaneous
data processing of e. g. 32 sensor devices. In parallel to
data acquisition by the telemetric systems data can also be

stored by data loggers.

Several methods of irrigation can be used depending on the
type of irrigated crop and on water availability. As an exam-
ple, drip irrigation is considered as a preferable method for
irrigating vineyards since the water is applied directly to

the soil while the canopy remains unwetted.
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4. Experimental results

Measurements with grapevine have shown that the inventive
technique is able to monitor precisely changes in turgor
pressure, even at peak water demands and over the entire
vegetation period. Concomitant attenuated clamp pressure and
cell turgor pressure measurements (using the cell turgor
pressure probe) on grapevines confirmed the predictions of
the above theory. Scholander pressure chamber measurements
performed in parallel to P, measurements revealed that bal-
ancing pressure values are dictated obviously by turgor pres-
sure in the turgescent state whereas in the turgorless state
they reflect the pressure needed to shift water to the ex-

cised end of the twig or leaf petiole.

Figures 8 to 12 exemplary illustrate experimental result ob-
tained with the inventive technique with various types of
leaves. Figure 8 shows output pressure values (y axis, arbi-
trary units) in dependency on time (x axis, 7 days) measured
on a grapevine leaf. The P, values have been subjected to an
interpolation. On the basis of the interpolated data, first
(Figure 9) and second (Figure 10) derivatives have been cal-
culated. The first and second derivatives represent quantita-
tive changing measures of the pressure response values, which
can be used for further processing, e. g. for controlling an
irrigation device. Figures 11 and 12 show first and second
derivatives of interpolated output pressure values measured
with lianas leaves. As an advantage, any drifts of the base-
line signal (Figure 8) are eliminated with the derivatives.
Furthermore, the curves of first and second derivatives pro-
vide optimized patterns which can be subjected to a threshold

procedure.
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The experimental curve show the relationship of the pressure
parameters obtained with the water status of the plants and
correspondingly the capability of using them for controlling
irrigation devices. Measurements on bananas, Avocado, lianas

and trees have given similar results.

The first or second derivatives can be further processed as
the pressure parameter to be determined. Alternatively, the
measured pressure response value(s) (e. g. according to Fig-
ure 8) or the cell turgor pressure calculated there from can
pbe further processed as the pressure parameter to be deter-

mined.

The features of the invention disclosed in the above descrip-
tion, the drawings and the claims can be of significance both
individually as well as in combination for the realisation of

the invention in its various embodiments..
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Claims

1. Method of determining a pressure parameter of a plant
sample (1), comprising the steps of:

- subjecting the plant sample (1) to a clamp pressure (Pclamp)
created with a clamp device (10),

- measuring at least one pressure response value (pp) of the
plant sample (1), which depends on the clamp pressure

(Pclamp) » and

- determining the pressure parameter on the basis of the at
least one pressure response value (pp),

characterized by the step of

- adjusting the clamp pressure (pciamp), Such that the plant
sample (1) has a viscoelastic pressure response to the clamp

pressure (Pcilamp) -

2. Method according to claim 1, wherein the clamp pressure
(Pclamp) 1s adjusted with an initial calibration of the clamp
device (10) including the steps

- subjecting the plant sample (1) to multiple test clamp
pressures pulses,

- measuring a relaxation response of the plant sample (1),
and

- selecting a particular test clamp pressure as the clamp
pressure (pciamp) if the relaxation response for the particu-
lar test clamp pressure results in an at least partial re-

laxation of the plant sample (1).

3. Method according to claim 1, wherein the clamp pressure
(Pciamp) 1s adjusted on the basis of predetermined reference

plant data.
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4. Method according to one of the foregoing claims, wherein
- the at least one pressure response value comprises at least
one of an attenuated clamp pressure (pp) of the plant sample
(1), an output force of the plant sample (1) and an electri-

cal conductivity of the plant sample (1).

5. Method according to one of the foregoing claims, wherein
- the pressure parameter to be determined comprises at least
one of the at least one pressure response value, a cell tur-
gor pressure (pc) and a quantitative changing measure of the

pressure response values.

6. Method according to claim 5, wherein

- the cell turgor pressure (pc) is determined on the basis of
at least one transfer function value (T¢(Pciamp, Pp)) depending
on the clamp pressure (pciamp) and the attenuated clamp pres-

sure (pp) -

7. Method according to claim 6, wherein

- the at least one transfer function value (T¢(Pclamp, Pp)) de-
pends on a quotient of the attenuated clamp pressure (pp) and
the clamp pressure (Pciamp) With T¢ = Te(pp / (Fa'Pclamp) ), with Fa

being an attenuation factor.

8. Method according to claim 5, wherein the step of deter-
mining the quantitative changing measure comprises determin-
ing of at least one of

- a difference guotient of subsequent pressure response val-
ues,

- a first derivative of the pressure response values,

- a second derivative of the pressure response values,

1

a fluctuation rate of the pressure response values, and

- a variation pattern of the pressure response values.
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9. Method according to claim 8, wherein

- the pressure response values are measured at a varying en-
vironmental condition of the plant sample (1), in particular
at least one of illumination intensity, temperature, relative
humidity, wind speed, and/or at a varying physiological con-
dition of the plant sample (1), in particular at least one of
transpiration, stomata activity, photosynthesis and an active
substance concentration, e. g. a hormone, pesticide and/or

herbicide concentration.

10. Method according to claim 9, wherein
- the quantitative changing measure of the pressure response
values is determined with respect to said varying environ-

mental condition and/or physiological condition.

11. Method according to one of the foregoing claims, com-
prising the step of

- selecting a measurement location on the plant sample with
respect to a distance thereof to an edge of the plant sample

(1) and/or a structural element on the plant sample surface.

12. Method according to one of the foregoing claims, wherein
the adjusting step comprises at least one of the steps:

- selecting a clamping pad of the clamp device in dependence
on a type of the plant sample (1), and

- selecting a clamp arm length of the clamp device (10) in

dependence on a type of the plant sample (1).

13. Method according to one of the foregoing claims, com-
prising at least one of the steps of

- measuring at least one of illumination intensity, tempera-
ture, relative humidity, wind speed, transpiration condition,

and photosynthesis condition,



10

15

20

25

30

WO 2009/092389 PCT/EP2008/000424
34

- monitoring the plant sample (1) with a camera device, and
- injecting an active substance, e. g. a hormone, pesticide

and/or herbicide into the plant sample (1).

14. Method according to one of the foregoing claims, com-
prising the step of
- measuring a gradient of the pressure parameter or the cell

turgor pressure (p.) along a plant sample surface.

15. Method according to one of the foregoing claims, com-
prising the step of

- determining a variation of the pressure parameter or the
cell turgor pressure (pc.) in response to an injection of an
active substance, e. g. a hormone, pesticide and/or herbi-

cide.

16. Method according to one of the foregoing claims, com-
prising the step of

- comparing the pressure parameter (p.) or the cell turgor
pressure (p.) with at least one reference value, and

- generating a control signal in dependence on a result of

the comparing step.

17. Method according to one of the foregoing claims, com-
prising the step of

- sending at least one of the pressure response values, the
pressure parameter, the cell turgor pressure (p:) and the
control signal to an operation installation (200) or a cen-

tral control device.

18. Method according to claim 17, wherein
- the operation installation is an irrigation device, which

is controlled with the at least one of the pressure response
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values, the pressure parameter, the cell turgor pressure (pc)

and the control signal.

19. Method according to one of the foregoing claims, wherein
- the steps of subjecting the plant sample (1) to the clamp
pressure (pcamp) and measuring the pressure response values
(pp) of the plant sample (1) are conducted on different sides

of the plant sample (1).

20. Method according to one of the foregoing claims, com-
prising the step of

- supplying energy using a solar cell or a fuel cell device.

21. Method according to claim 20, wherein

- the energy is supplied in dependency on the time of day.

22. Apparatus (100) for determining a pressure parameter of
a plant sample (1), comprising:

- a clamp device (10) adapted for subjecting the plant sample
(1) to a clamp pressure (pPciamp), and

- a sensor device (20) adapted for sensing at least one pres-
sure response value (pp) of the plant sample (1), wherein the
at least one pressure response value (pp) depends on the
clamp pressure (Dciamp) s

characterized by

- an adjusting device (30), which is adapted for adjusting
the clamp pressure (Pciamp), such that the plant sample (1)

has an viscoelastic pressure response to the clamp pressure

(pclamp) .

23. Apparatus according to claim 22, comprising
- an evaluating device (30), which is adapted for determining

a quantitative changing measure of the pressure response val-
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ues, wherein the changing measure represents the pressure pa-

rameter to be determined.

24. Apparatus according to claim 22 or 23, wherein

- the clamp device (10) comprises at least one of a spring
clamp device (11), a screw clamp device (12), an acoustic
clamp device, a magnetic field clamp device and an electrical

field clamp device.

25. Apparatus according to one of the claims 22 to 24,
wherein

- the sensor device (20) includes at least one pressure sen-
sor, at least one force sensor or at least one electrical

conductivity sensor.

26. Apparatus according to one of the claims 22 to 25,
wherein the clamp device (10) comprises at least one of
- a variable clamp arm length,

- a variable clamp area,

- at least one exchangeable clamp pad,

- at least one clamp pad with adjustable pad shape,

- at least one clamp pad with a structured pad surface,

- at least one transparent clamp pad,

- at least one porous clamp pad,

- at least one clamp pad with a matching surface coating,
- at least one clamp pad with an integrated injection device,
- at least one clamp pad with multiple sensors,

- a light guiding device, and

- an electrode device.
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27. Apparatus according to one of the claims 22 to 26, com-
prising:

- at least one sensor adapted for sensing at least one envi-
ronmental condition and/or at least one physiological condi-

tion of the plant sample (1).

28. Apparatus according to claim 27, wherein:

- the at least one sensor is adapted for sensing at least one
of an illumination intensity, temperature, relative humidity,
wind speed, a transpiration condition, a photosynthesis con-

dition and an active substance concentration, e. g. a hor-

mone, pesticide and/or herbicide concentration.

29. Apparatus according to one of the claims 22 to 28, com-
prising:
- a protection device (50) for protecting against at least

one of humidity, extreme temperature or mechanical impact.

30. Apparatus according to one of the claims 22 to 29, com-
prising:

- a data port device being adapted for data transmission.

31. Apparatus according to claim 30, wherein:
- the data port device is configured for a connection with a

telemetric system and/or a data network.

32. Irrigation installation (200), including:

- at least one pressure parameter determining apparatus (100)
according to one of the claims 22 to 31, and

- at least one irrigation operation device, which can be con-
trolled in dependence on the pressure parameter determined
with the at least one pressure parameter determining appara-

tus (100).
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33. Irrigation installation according to claim 32, wherein
- a network of pressure parameter determining apparatuses
(100) connected with the at least one irrigation operation

device.

34. Irrigation installation according to claim 32 or 33, in-
cluding at least one of
- a camera device, and

~- a weather monitoring station.

35. Computer program residing on a computer-readable medium,
with a program code for carrying out at least one step of a
method of determining a pressure parameter of a plant sample

(1) according to one of the claims 1 to 21.

36. Apparatus comprising a computer-readable storage medium
containing program instructions for carrying out at least one
step a method of determining a pressure parameter of a plant

sample (1) according to one of the claims 1 to 21.
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