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IMPROVED REAL TIME METHOD FOR CONTROLLING APPLICATIONS OF FERTILIZERS AND
OTHER YIELD IMPROVING AGENTS TO CROPS

FIELD OF INVENTION

The present invention relates to the field of crop yield management and improvement. In
particular there is provided a method whereby the crop leaf area and the chlorophyll con-
tent and/or the biomass of the crop is measured simultaneously in real time as a means of
optimising the application to the crop of piant yield improving agents such as fertilisers,
herbicides, pesticides and fungicides. Specifically, the invention provides a novel dual
sensor device that is capable of measuring the leaf area and the chlorophyli/biomass
content.

TECHNICAL BACKGROUND AND PRIOR ART

The correct application of plant yield improving agents, e.g. fertilisers such as N-fertilisers,
to agricultural crops is a critical factor in crop yield management for several reasons: First,
it is a significant cost efficiency requirement to reduce the consumption of such agents to
the least possible amount required by the plants at any given growth stage and any given
plant density; second, it is a still increasing requirement that application of fertilisers and
other yield promoting agents does not lead to inappropriate and unnecessary environ-
mental strain due to excess application of such agents which is not utilised by the crop
plants. It is also evident that in order to achieve optimum vyield of crops, it is imperative
that the levels of fertilisers and other auxiliary chemical agents are adequate at any given

stage of the growth cycle.

The latter requirement is presently difficult to achieve for the entire field of crop, as the
crop leaf area per unit area of field may vary considerably. This variation implies that if the
application of e.g. N-fertiliser is based solely on measurements of biomass and/or chloro-
phyll content of the crop as such without correcting for spatial variations in leaf area per
unit area, some areas will receive less than the required amount and other areas will re-
ceive an excess amount relative to the actual local requirement.

Means for measuring the content of biomass/chlorophyll of crops including mobile sensor
devices have been described. As an example, Bennedsen and Guiot reported research on
relating visible and near infrared radiation from plant canopies with actual crop parameters
to obtain soil adjusted vegetation indices (SAVIs) and normalised difference vegetation
indices (NDVIs) which could be correlated to e.g. plant density and N-fertilisation. Similar

techniques have been used in the design of remote real time sensing systems including the

CONFIRMATION COPY
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Hydro N-sensor™ developed by Norsk Hydro. However, such known systems to control the
application of e.g. nitrogen fertilisers to crop fields do not take into account that the leaf
area per unit area is subject to substantial variation over a crop field, e.g. due to variations
in soil structure. The Hydro N-sensor and other published remote sensing based single
instrument systems are not capable of measuring leaf area independent of chlorophyll
content and/or biomass. Because of correlation between e.g. estimates of canopy leaf area
and chlorophyll content, these systems are not capable of accurately estimating mean leaf
chlorophyll content and the crop nitrogen status. Accordingly, the control of fertiliser
application and optionally, application of other growth yield improving agents offered by
such systems is merely related to the biomass/chlorophyll content of the plant leaves at
any given plot of the field, but not to the leaf area index (LAI) of the crop growing in that
particular plot, which inevitably will lead to the application of less than optimal amounts of
fertiliser or any other agent being applied at plots with a high LAI and conversely, to the

application of excesses of agents at plots with a smaller LAIL

Garcia et al. describes a method where LAI is measured using a fish-eye image capturing
instrument placed below the canopy, a method which is not useful for mobile

measurements where the instruments have to be placed above the canopy.

Toivonen et al. describes a portable device for determination of chlorophyll in plant by

measuring fluorescence.

The present inventor has now discovered that the application of fertilisers and any other

crop yield optimising agents such as fungicides, herbicides or pesticides can be optimised
substantially be combining real time measurements of plant chlorophyll/biomass content
with simultaneous measurements of the plant leaf area, height and density. The type of

measurements used depends on the agent (e.g. fertiliser or fungicide) to be applied. The
application of fungicides and other surface active agents can be optimised by varying the
rate according to especially leaf area but also height an density.

SUMMARY OF THE INVENTION

Accordingly, the present invention provides in a first aspect a method of controlling the
application of fertilisers, fungicides, herbicides or pesticides to a plant crop, the method
comprising simultaneous real time measurements of chlorophyll and/or biomass contents
by determining the a Vegetation Index (VI) such as Reflectance Vegetation Index (RVI),
Red Edge Inflection Point (REIP) or an equivalent measure of chlorophyll and/or biomass
content, and crop leaf area by determining the Leaf Area Index (LAI) or an equivalent
measure of crop leaf area, providing said measurement data to a data processing unit
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which calculates an VI/LAI ration, such as an RVI/LAI ratio, an REIP/LAI ratio or an
equivalent ratio as an indication of the chlorophyll content per unit leaf area, said data
processing unit is operably connected with a control unit regulating the application of
fertilisers, fungicides, herbicides or pesticides to the plant crop.

In a further aspect, the invention pertains to a dual sensing device for real time controlling
the application of a crop yield improving agent, the device comprising (i) means for deter-
mining a VI such as RVI data, REIP data or data for an equivalent measure of chlorophyll
and/or biomass content, (ii) means for determining LAI data or data for an equivalent
measure of crop leaf area, data processing means to combine the VI and LAI data or data
for equivalent measures to an VI/LAI ratio or an equivalent ratio and means for
transmitting VI/LAI ratio data or equivalent ratio data to a device controlling the
application of the crop yield improving agent. Preferred VI/LAI ratios are the RVI/LAI ratio
and the REIP/LAI ratio.

DETAILED DISCLOSURE OF THE INVENTION

A primary objective of the present invention is to provide the means for optimising agri-
cultural crop yield by designing a method of improved contro! of the application of crop
yield improving agents, in particular fertilisers such as N-fertilisers, but also other improv-
ing agents such as fungicides. This is achieved by providing a method of controlling in real
time the application of such agents to a plant crop by combining measurements of
chlorophyli and/or biomass contents in the crops to which the agent is to be applied by
determining a Vegetation Index (VI) such as the Reflectance Vegetation Index (RVI), the
Red Edge Inflection Point (REIP) or equivalent measurements of the biomass/chlorophyll
content and crop leaf area by determining a leaf area index (LAI) or a corresponding
measure of the plant leaf area. The method of the invention is applicable to both

monocotyledonous and dicotyledonous plant crops.

By obtaining the ratio between the chlorophyll and/or biomass contents and the crop leaf
area simultaneously and over the same area, a highly valuable information about the
individual plants in the crop is achieved as the ratio gives an indication of the chlorophyl!
content at the leaf level of each plant. It is thus possible to distinguish between a situation
where a low level of chlorophyll and/or biomass content in a certain part of a field is due to
the plants in this given area of the field is nutritionally deficient or are due to the plants in

the given area is grown with a high distance between the individual plants.
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A critical parameter in determining the ratio between the chlorophyll and/or biomass
contents and the crop leaf area is that the crop leaf area is determined accurately and

within the same area wherein the chlorophylil and/or biomass content is being measured.

The RVI is typically measured by means of a sensing device that is capable of measuring
the reflectance (p) of the crop in the visible light spectrum, such as the red light spectrum
and in the near infrared (NIR) spectrum and combining the measurement values into the
spectral index, RVI. It has been found that RVI measurements are closely related to the
biomass and chlorophyll content of crops. RVI may be influenced by the altitude of the sun
which implies that RVI measurements can only be made with high precision around noon.

Another preferred measure of plant biomass/chlorophyll content is the "Red Edge Position"
(REP) spectral index — hereinafter called Red Edge Inflection Point (REIP) - which is
measured by using at least three channels. REIP is a good candidate for the estimation of
canopy chlorophyli density (CCD) in dense canopies, and REIP is furthermore insensitive to

solar zenith angle and also insensitive to light composition.

Yet another measure of plant biomass/chlorophyll content is the second soil adjusted
vegetation index (SAVI2).

The REIP and SAVI2 is examples of "an equivalent measure of plant biomass/chlorophyli
content". The formulas of three VIs are given in Table 1.

Table 1
Acronym | Name Vegetation Index (VI)
RVI Ratio vegetation index | RVI= P
pred

Second soil adjusted SAVI2 = P
SAVI2® cation ind Pra Tbla

vegetation index

’ a=139,b=1.94
A)=c, +cA+c,A+c A+c,A+cA+c A
REIP® Red edge inflection point plA)=cota 2 o . 6
REIP = root of the second derivative (p" (1) = 0)

2 The soil line coefficients a and b are derived from the relationship pgogo=a*peso+b using
spectral measurements performed at different soil moisture contents.
® ¢o, C1, Ca, C3, C4, Cs and cg are coefficients associated with a polynomial curve fit over the

vegetation red edge region (670 ~ 780 nm).
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A canopy reflectance model (ProSAIL (Jacquemoud et al., 2000)) can be employed to
simulate spectral reflectance with 10 nm band spacing of a range of similar canopies. The
selected range of model input parameters represent a wheat crop. The mathematical form
of the ProSAIL model is

p(ﬂ’) = f(GSﬂ//S)BVaWV,MTA,LAI,N,
Cab’CW=CDM :S:ViS>PS (/1))

where p is reflectance at wavelength 4, 65(°) and ws(°) represent the solar zenith and
azimuth angles, 6,(°) and y/(°) represent the view zenith and azimuth angles, MTA(®) is
the mean leaf tilt angle, N(-) is a parameter describing the leaf mesophyll structure
(Jacquemoud and Baret, 1990), C.»(ng/cm?)) is the leaf chlorophyll concentration, Cy{(cm)
is the leaf water depth, Com(a/cm?) is the leaf dry matter content, s is the Kuusk hot spot
size parameter (Kuusk, 1991), and ps is the soil background reflectance at wavelength 4.
The ProSAIL model builds on the following assumptions regarding canopy morphology:

« the canopy is horizontal, homogenous and infinitely extended

« the canopy consist of small green flat leaves and is characterised by a uniform leaf

azimuth distribution.

A presently preferred method of measuring the crop leaf area index is by applying a scan-
ning laser instrument that, when applied to the crop field area and moved herein, is capa-
ble of continuously recording, at a high precision level, the leaf area of the crop, the re-
flection of the plant organs and the height and density (canopy cover fraction) of the crop
plants. The leaf area index (LAI) is calculated on the basis of measurements of canopy gap
fractions by means of a model for light penetration in a crop and numerical inversion of the
model. Other means of obtaining LAI data are conceivable such as e.g. ultrasonic

measurements, and such means are within the scope of the present invention.

When the scanning laser instrument is applied to the crop field area and moved herein, the
crop leaf area, height and density is being determined from a number of scan lines
perpendicular to the direction of travelling of the vehicle carrying the instrument, i.e. the

scan is crosswise of the plant rows.

Measurement of standard parameters such as LAI, height and density is important for the
regulation of the application of surface active compounds such as fungicides and in part

also pesticides.

Measurements of RVI and corresponding values have been used previously in several

experiments aiming at describing the development of a variety of crops and the harvest
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yield hereof under varying N-applications. These measurements have been performed both
as manual and position determined mobile measurements. The spectral index is, as
mentioned above, closely related to green biomass of a crop and the amount of chlorophyll
per unit area of ground. Accordingly, the RVI/LAI ratio is a measure of the chlorophyll
content per unit leaf area, which in turn is a measure of the nitrogen content of the leaves

and the nitrogen requirement of the crop.

Measurements of REIP (Broge et al) have shown that REIP is associated with high REN
values (relative equivalent noise "REN"; (Baret and Guyot, 1991)) for prediction of both
LAI and CCD at low vegetation densities, because this index is sensitive to the leaf area.
For this reason, REIP is not suited as an integrated measure of crop development under
field conditions during the very early development stage, because leaf chlorophyll content
and leaf area index may vary independently. However, at intermediate and high vegetation
densities REIP provide the most accurate estimate of the photosynthetic potential of the
canopy (CCD).

Accordingly, the REIP/LAI ratio is a measure of the chlorophyll content per unit leaf area,
which in turn is a measure of the nitrogen content of the leaves and the nitrogen

requirement of the crop.

If LAI is known, then the important parameter C,, (the leaf chlorophyll concentration in
pg/cm?) can be estimated from REIP with a high degree of accuracy irrespective of the
position of the sun. A scanning imaging NIR laser prototype for characterization of canopy
architecture has been developed by the present inventor at Research Centre Foulum. This
technology has proven very interesting in this context because it allows for the calculation .

of a spectrally independent measure of canopy structure.

When spectral reflectance is the only source of information regarding crop development in
sparse canopies, the traditional indices based on pyeq and pyr such as RVI are to be
preferred over REIP. However, canopy photosynthetic potential for intermediate to dense

canopies is best estimated using REIP.

Accordingly, simulations with canopy reflectance models and field measurements with a
specially designed four band sensor for simultaneous measurement of RVI and REIP has
recently shown that RVI should be applied to the early stages of canopy development and
that REIP is the best index to use for estimating the leaf chlorophyll content when the feaf
area index exceeds approximately 2. If measurements are made during early morning or
late afternoon conditions, REIP is preferable for leaf area indexes exceeding approximately

1. In general REIP is almost insensitive to the solar position and allows measurements to
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be made during daylight conditions whereas the use of RVI should be restricted to the
middle of the day.

The crop nitrogen status is achieved by the direct measurement of canopy structural
parameters (leaf area, height and density), and the herein described system thus allows a
more accurate application of e.g. N-fertilisers and/or plant protection agents as compared
to previously described systems which are not capable of measuring leaf area

independently of chlorophyll content and/or biomass.

When, in accordance with the method of the invention, the RVI/LAI data or REIP/LAI data
or any equivalent data have been provided, the data are transmitted to a data processing
unit operably linked to measuring device, which unit calculates an RVI/LAI ratio or an
equivalent ratio as an indication of the chlorophyll content per unit leaf area. The data
processing unit is in turn operably connected with a control unit regulating the application

of fertilisers, fungicides, herbicides or pesticides to the plant crop being measured.

The above simultaneous measurements of RVI, REIP or an equivalent measure and LAI or
an equivalent measure is preferably carried out by means of a dual sensing device
comprising (i) means for determining RVI, REIP or the equivalent thereof and (ii) means
for determining LAI or the equivalent thereof which conveniently is mounted on a tractor
or any other vehicle carrying a device for application of a fertiliser, a fungicide, a herbicide
or a pesticide in such a manner that the dual sensing device is operably linked to the

sensing device.

It has been found that in the method of the invention the LAI is conveniently measured by
measuring canopy gap fractions by means of a laser diode such as an IR laser diode.
Presently preferred LAI measuring parameters for the laser diode include: a small mea-
suring area (spot), e.g. less than 1 mm including less than 0.75 mm, less than 0.50 mm or
less than 0.25 mm, measurement of the strength of the reflected signal and a relatively
high measuring frequency such as at least 25 kHz, at least 50 kHz, at least 75 kHz or at
least 100 kHz. Preferably, the laser diode is connected with a scanning unit and preferably
the entire LAI measuring device is adapted to mobile measurements. Although the above
laser instrument parameters are those presently preferred it will be appreciated by the
person of skill in the art that any laser instrument and any parameters which are capable
of providing the required LAI data can be used.

In one preferred embodiment of the method of the invention, RVI or an equivalent mea-
sure of the biomass/chlorophyll content is determined by means of combining measure-

ment data for crop reflectance of visible light and near infrared light. Thus, the inverse re-
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flectance of visible light is e.g. carried out within the red light spectrum such as at about
650 nm. Any type of spectral analysis equipment that is capable of providing spectral data
that are correlated to chlorophyll and/or biomass content of growing plants can be used in
the present method. E.g. may such equipment which also functions appropriately in vary-
ing daylight intensities and solar altitudes and/or in artificial light be particularly useful.

In a further aspect there is provided a dual sensing device for real time control of the ap-
plication of a crop yield improving agent. As mentioned above, such a device comprises
means for determining RVI data or equivalent data and means for determining LAI data or
equivalent data. The device further comprises appropriate data processing means including
software programmes to convert the signals received from the sensors to digital data, data
processing means for combining the obtained RVI and LAI data or the equivalents thereof
into an RVI/LAI ratio or equivalent ratio and means for interfacing such ratio data with a
device controlling the application of the crop yield improving agent. Such a controlling
device should include adequate mechanical means permitting the adjustment of the flow of

the fertiliser or other yield improving agent to the crop or the soil.

In yet a further aspect there is provided a dual sensing device for real time control of the
application of a crop yield improving agent. As mentioned above, such a device comprises
means for determining REIP data or equivalent data and means for determining LAI data
or equivalent data. The device further comprises appropriate data processing means
including software programmes to convert the signals received from the sensors to digital
data, data processing means for combining the obtained REIP and LAI data or the
equivalents thereof into an REIP/LALI ratio or equivalent ratio and means for interfacing
such ratio data with a device controlling the application of the crop yield improving agent.
Such a controlling device should include adequate mechanical means permitting the
adjustment of the flow of the fertiliser or other yield improving agent to the crop or the

soil.

Alternatively, a 4 channel portable multispectral radiometer developed at Research Centre
Foulum (Thomsen et al., 2002) may be employed. This system is capable of calculating
both REIP and RVI.

In a preferred embodiment, the means for measuring LAI is adapted to measure canopy
gap fractions by means of a laser diode e.g. having functional characteristics as it is de-

scribed hereinbefore.

A significant aspect of the sensing device of the invention is that it can be used for real
time simultaneous field monitoring of RVI and LAI data, REIP and LAI data, RVI and REIP
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and LAI data or equivalent data. It will be appreciated that such monitoring may be carried
out by using portable device units e.g. connected wirelessly to agent application control
devices mounted on a tractor or a similar vehicle carrying the means for applying the
fertiliser or other yield improving agent. However, in preferred embodiments of the
invention, the dual sensing device is mounted directly on the tractor or other vehicle and is
therefore provided with means for mounting it on a tractor or vehicle or on another device

or part mounted on the tractor or vehicle.

It will be appreciated that the means for measuring RVI, REIP and LAI, respectively or
measures equivalent with such indices can be separate means used or mounted
separately, i.e. used or mounted as separate units. However, it may be preferred that said
measuring means are located within the same housing, i.e. as a single unit comprising the
two sensing means. In both cases, it is important that the sensing devices are within single
housing or separate housings that are made of a material having a strength and form that
provide sufficient protection of the sensors towards mechanical and physical "hardship”.

The invention will now be illustrated in the following non-limiting example and the drawing

wherein

Fig. 1 shows the development in RVI and RVI/LAI ratios recorded in winter wheat plots
fertilised with varying quantities of nitrogen (0 N to 200 N = 0 to 200 kg nitrogen/ha).

EXAMPLE

With reference to the diagram in Fig. 1 it is illustrated how the RVI/LAI index measure-
ments provided by the method of the invention can be applied for controlling the applica-
tion of nitrogen to crops. Assuming that a first nitrogen application is carried out at an
early stage of the growth season, e.g. in March/April and a second application in May and
further that the soil quality and the expected yield requires a "standard" nitrogen applica-
tion of 160 kg/ha.

In the diagram two measuring points are shown for RVI values of 12.5 and 10, respec-
tively. The point at the lowest RVI value represents a point with a relatively low plant
density and a low amount of biomass and a correspondingly better nitrogen supply and
higher chlorophyll content in the leaves. By interpolating in the diagram between the
measuring points and the line for 160 kg/ha nitrogen application a local nitrogen applica-
tion of 85 kg/ha and 45 kg/ha, respectively can be derived.
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It should be noted that the diagram correctly assigns the point having a low density of
plants the lowest amount of nitrogen. However, had the fertiliser application been made
merely on the basis of the spectral measurements (biomass measurements), the result

had been the opposite.

As it can also be derived from the diagram, it will at a uniform plant density secure an op-
timal nitrogen application and uniform crop yield all over the field. In fields with a substan-
tial variation in growth conditions e.g. related to differences in soil structure. the diagram
is used in combination with a digital map showing the variation in the "standard" nitrogen
application. The application of nitrogen in the individual points is calculated as the inter-

polated difference between the measuring point and the standard nitrogen application.
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CLAIMS

1. A method of controlling the application of fertilisers, fungicides, herbicides or pesticides
to a plant crop, the method comprising simultaneous real time measurements of chioro-
phyll and/or biomass contents by determining at least one Vegetation Index (VI) or an
equivalent measure of chlorophyll and/or biomass content, and crop leaf area by de-
termining the Leaf Area Index (LAI) or an equivalent measure of crop leaf area, providing
said measurement data to a data processing unit which calculates an VI/LAI ratio or an
equivalent ratio as an indication of the chlorophyll content per unit leaf area, said data
processing unit is operably connected with a control unit regulating the application of fer-

tilisers, fungicides, herbicides or pesticides to the plant crop.

2. A method according to claim 1 wherein simultaneous real time measurements are car-
ried out by means of a dual sensing device comprising (i) means for determining said at
least one VI or an equivalent measure and (ii) means for determining LAI or an equivalent

measure.

3. A method according to claim 2 wherein the dual sensing device is mounted on a tractor
carrying a device for application of a fertiliser, a fungicide, a herbicide or a pesticide, said
device is operably linked to the sensing device.

4. A method according to any of claims 1-3, wherein the VI is selected from the group
consisting of Reflectance Vegetation Index (RVI), Red Edge Inflection Point (REID) and the

second soil adjusted vegetation index (SAVI2).

5. A method according to any of claims 1-4 wherein the fertiliser is nitrogen.

6. A method according to any of claims 1-5 wherein the LAI is measured by measuring

canopy gap fractions by means of a laser diode.

7. A method according to any of claims 1-6 wherein the RVI is determined by means of
combining measurement data for crop reflectance of visible light and near infrared light.

8. A dual sensing device for real time controlling the application of a crop yield improving
agent, the device comprising (i) means for determining VI data or data for an equivalent
measure of chlorophyll and/or biomass content, (ii) means for determining LAI data or

data for an equivalent measure of crop leaf area, data processing means to combine the VI
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and LAI data or equivalent data to a VI/LAI ratio or an equivalent ratio and means for
transmitting VI/LAI ratio data or equivalent ratio data to a device controlling the appli-

cation of the crop yield improving agent.

9. A sensing device according to claim 7 where the LAI is measured by measuring canopy

gap fractions by means of a laser diode.

10. A sensing device according to claim 8 or 9, wherein the VI is selected from the group
consisting of Reflectance Vegetation Index (RVI), Red Edge Inflection Point (REID) and the
second soil adjusted vegetation index (SAVI2).

11. A sensing device according to claim 10 where the RVI is determined by means of
combining measurement data for crop reflectance of visible light and near infrared light.

12. A sensing device according to any of claims 8-11 which is provided with means for

mounting it on a tractor or another device mounted on the tractor.

13. A sensing device according to any of claims 8-12 where the means for determining VI
data or equivalent data and the means for determining LAI data or equivalent data are

within the same housing.
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