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Abstract

The dramatically increasing nitrogen fertiliser prices and growing environmental aware-
ness emphasise the need to optimise machine operability to avoid double overlapping of
the target dose rate in different field units, including headlands and field bodies, to be
more congruent with satellite-based nitrogen prescription maps. However, the map grids
frequently do not correspond with farmers’ management practices, specifically machine
operability. To this end, this study develops an algorithm that subdivides any given field
into operable units by considering pneumatic spreaders based on the actual tramline on the
field and placing the operable units along with this. The newly developed algorithm allows
ex-ante specification of the required fertiliser amount. It shows how well such techniques
can implement an optimised application map supported by the statistical information for
each field unit. Uniform fertilizer application can further be compared with variable rate
application (VRA) as well as machinery with and without section control, allowing the
identification of areas with the greatest deviation and the excess amount of nitrogen ap-
plied. A more precise nitrogen application on both homogeneous or heterogeneous field
units saves nitrogen and decreases the negative environmental impact.

Keywords Algorithm - Fertiliser - Field contour - Overlapping - Nitrogen - Satellite
imagery - Site-specific management - Variable rate

Introduction
The dramatically increasing nitrogen fertiliser prices and growing environmental awareness

require a more precise nitrogen application to different field units, including headlands and
interior parts of the fields, and more targeted applications to different field zones varying in
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productivity. Therefore, nitrogen application to fields must be optimized on both homoge-
neous and heterogeneous fields. Field contours frequently vary, necessitating consideration
in fertiliser application, as well. The overlapping of target dose rates should be avoided,
and heterogeneous fields should be fertilised according to site-specific yield potentials to
target the nitrogen application to management zones and avoid nitrogen losses harming the
environment (Balafoutis et al., 2017; Bongiovanni & Lowenberg-Deboer, 2004; English et
al., 1999; Geesing et al., 2014; Jin et al., 2019).

Such strategies vary depending on the current fertiliser practice. Driven by high yield
expectations, farmers, particularly in the highly productive regions of West Europe, tend to
over-apply nitrogen; hence, strategies must be optimized. Massive problems exist in Ger-
many and other European regions with intensive agriculture (Schuster et al., 2022). This
requires avoiding overlapping nitrogen target dose rates in headlands and field bodies but
not applying outside the field boundaries and improved site-specific fertiliser application
strategies respecting productivity differences. No strict consensus on the latter exists. Rec-
ommendations on heterogeneous fields differ and include, for example, redistributing nitro-
gen by applying less nitrogen to the less productive, environmentally more vulnerable zones
for the sake of the more productive zones but also increased application to less productive
zones (Guerrero & Mouazen, 2021, Yara Deutschland, 2018). However, long-term field
evaluation of different strategies has shown that nitrogen applications should be markedly
reduced in less fertile zones. There may be even occasionally a potential for reducing nitro-
gen application in the more fertile zones considering that nitrogen applications still tend to
be overly high and frequently overpass the specific crop demand (Ebertseder et al., 2005;
Schmidhalter et al., 2008; Mittermayer et al., 2021). Nitrogen applications in heteroge-
neous fields should also be crop-demand oriented to align with the good code of agricultural
practice. This is supported by the need to decrease further the excessive nitrogen budgets
prevailing in many countries and the negative impacts of excessive nitrogen application on
the environment, including groundwater, air quality, and health (Wang and Li, 2019; Hu
& Schmidhalter 2021). The unsatisfactory groundwater quality status in nitrate-sensitive
zones has resulted in several West European countries adopting legislative measures that
require reduced nitrogen application even below the expected crop nitrogen demand in line
with the Nitrate Directive requirements (BMEL 2020, 2017).

A further approach to reducing the fertiliser amount is to divide the working width into
several sections, which reduces areas (with unwanted overlapping of target doses) receiving
excessive fertiliser (Guerrero & Mouazen, 2021; Shockley et al., 2012).

Subdividing a field into management zones is challenging and frequently needs the sup-
port of service providers, leading farmers to rely on them. With the advancement of freely
available Sentinel satellite data (esa, 2022a) as part of the Copernicus mission in 2016, a
widespread offer and usage of such information can be observed. In rare cases, farmers will
download the information alone, but most frequently, this will be offered and performed by
commercial service suppliers. In Germany, for example, several commercial service pro-
viders are already offering varying solutions to farmers, including biomass maps and yield
potential maps of individual fields (e.g., AGRAVIS, 2021; VISTA, 2019) or fertiliser appli-
cation maps (Atfarm, 2021; geo-konzept, 2021; KleffmanDigital, 2021; Solorrow, 2021;
VISTA, 2019).

Beyond the fact that the information offered for the same field may vary among provid-
ers, requesting strengthened efforts to assess the information critically, pixel- or manage-
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Fig. 1 Field size distribution in the German federal state of Bavaria (based on Bayerische Landesanstalt
fiir Landwirtschaft 2018)

ment unit-based information is based on grids derived from satellite or drone data. However,
these uniform grids are often unrelated to the fertiliser spreader technology used by farm-
ers; hence, the boundaries of fertilisation zones and working widths will not frequently
correspond.

Approaches that address the operability of these application maps with the application
technique already exist (Griepentrog et al., 2007; Tisseyre & McBratney, 2008). In some
cases, even the main tramline is considered here with application errors (Leroux et al., 2017;
Roudier et al., 2011; Griepentrog, 1997) and additionally supplemented by the overlap rep-
resentation at the headland (Zandonadi et al., 2011). However, it has not been investigated
how accurately an application map can be implemented using the existing technique when
considering the overlap at the first round along the field boundary and the change between
the headland and the field interior. The previous attempts did not yet provide farmers with a
map that allowed them to make the best use of his machine. So far, specific indices [which
are not to be confused with spectral indices like the NDVI (ROUSE et al. 1974)] that use
input parameters like working widths and management zones have been calculated to deter-
mine whether or not VRA is recommendable (Griepentrog et al., 2007; Leroux et al., 2017;
Roudier et al., 2011) or which percentage overlap exists between the headland and the inner
area of the field (Zandonadi et al., 2011).

This is particularly noteworthy considering that Bavaria, the largest agricultural federal
state of Germany, where exemplary field sites have been chosen for this study, only has
1.64 ha of average field size (Bayerische Landesanstalt fiir Landwirtschaft 2018). The 95%
field size is smaller than 5 ha (Fig. 1); thus, the proportion of headlands is significantly
larger compared to areas with larger field sizes (e.g., in East Germany or some East Euro-
pean countries), and many of them do not have regular field shapes.
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Using prescribed maps offered by service providers that do not match the given field
subdivisions, it does not become evident how the recommended fertiliser application maps
are derived and how they suit the fertiliser spreader technology on a given farm. With com-
mon machinery software, the weighted average of the entire working width is generally not
created because only values from the exact position of the tractor are used (Sharipov et al.,
2021).

In the present work, we focus on advanced spreaders, such as pneumatic spreaders or
field sprayers, which allow precise site-specific application in both lateral and longitudinal
distribution. In contrast, disc spreaders require a double overlapping to optimize the lateral
distribution but also have a significant positional gap in the longitudinal position. The com-
mon overlapping required for disc spreaders is to be distinguished from the undesirable
double overlapping of the target dose rate.

Seen that satellite information may be offered in 10 m pixel resolution, this represents a
challenge for common working widths, particularly of centrifugal spreaders, but also pneu-
matic spreaders or sprayers how to optimize the congruence of such satellite information
with common working widths. In this work, we concentrate on pneumatic spreaders or
sprayers but will briefly also discuss the implications and optimizations for advanced disc
spreaders offering a more distinct lateral distribution. For this work, we have chosen a pneu-
matic spreader or sprayer with a 27 m working width, allowing it to switch on and off in 3 m
units. It is important to remember, as outlined above, that the positional information of 10 m
satellite pixels does generally not match available working widths of fertiliser spreaders, is
frequently not aligned along the tramline, and does, particularly along the field boundaries,
often include only fractions of pixels which are often also irregularly shaped. To the best of
our knowledge, the optimization of the congruency of the resolution of satellite-based fertil-
iser map information with common working widths of fertiliser spreaders and the option to
control boom sections as well as the ex-ante quantification of the actual amount of fertiliser
applied has not been addressed and represents the goal of this work. We further address six
scenarios, with and without section control and including, for both cases, a uniform nitrogen
application, a site-specific fertiliser application with a redistribution strategy (from the less
fertile to the more fertile zones without changing the total application rate), and a variable
rate application by reducing the application in the less favorable zones and keeping con-
stant in the more productive zone in line with a demand-oriented application, thus overall
reducing the applied amount of nitrogen. The potential to increase the precision in nitrogen
application is demonstrated, and possible savings are indicated for five fields.

Materials and methods

Experimental fields

The investigated fields are in the federal state of Bavaria, Germany, and are managed fol-
lowing standard practices. These fields are located in Neuburg District on the Danube. Mod-
erately heterogeneous fields of farmers with winter wheat were used for this study. Farm

fields belonging to the Technical University of Munich located in Freising were also used.
Figure 2 presents the field maps with their contours and sizes. Field 3 has variable soil types
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Fig. 2 Size and dimension of the experimental fields

(more or less sandy), fields 3 and 4 have changing topography, and field 5 has backfilled soil
in some parts of the field.

Fertiliser application maps

The fertilisation maps were based on satellite-based NDVI images for the respective fields.
Figure 3 shows an exemplary field map. Reflectance values were obtained from the SEN-
TINEL-2 mission of the European Space Agency (esa, 2022b). Satellite data were preferred
over airplane or unmanned aerial vehicle reflectance information because of their wide-
spread use and lower cost (Sozzi et al., 2021). Their spatial accuracy of 10 m for the neces-
sary bands for calculating the NDVI is also sufficient for fertilisation.

The NDVI images were obtained shortly before or on the date of the second fertiliser
application at BBCH 32. These dates were April 28, 2021, for field 1; April 26, 2020, for
field 2; April 26, 2021, for field 3; April 21, 2020, for field 4; and April 16, 2020, for field 5.
Two years were used because winter wheat was not grown in all fields in the same year. The
different days in the same year are due to the different cloud cover on the fields.

In this work, six scenarios in total were investigated. We evaluated the usage of no sec-
tion control or section control and, for both cases, three nitrogen application strategies (uni-
form application and two variable rate applications, termed VRA 1 and VRA 2). In the
uniform strategy, 70 kg N/ha was applied. The VRA 1 strategy included a redistribution
strategy (from the less fertile to the more fertile zones without changing the total application
rate), and it was varied to be within 20 kg N/ha of the uniform application rate, and VRA
2 consisted of a demand-oriented strategy by reducing the application in the less favorable
zones and keeping the applied nitrogen amount constant in the most productive zones (lev-
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Fig. 3 SENTINEL-2 NDVI map and corresponding pixel-oriented nitrogen fertilisation map

eling at 70 kg N/ha comparable to the amount applied by the uniform application), thus
overall reducing the applied amount of nitrogen.

Pixel-specific N fertilisation values were determined; hence, specific management zones
were not created. This allowed a weighted average for later allocation to the operable sub-
units using the existing machinery width, considering that the previous zoning would affect
the accuracy (Fig. 3).

Software

Data processing was performed using self-written programs in Python (Python Software
Foundation, 2022) with Jupyter notebook (Project Jupyter, 2022). The packages used for
processing the field boundaries were GeoPandas (Jordahl, 2014) and Shapely (Sean Gillies,
2007). The satellite data were downloaded using the Earth Engine (google 2022) and eecon-
vert (Hofste, 2018) packages. The pandas (McKinney, 2010), NumPy (Oliphant, 2006), and
scikit-learn (Pedregosa et al., 2011) packages were used for further data processing. Lastly,
Matplotlib (Hunter, 2007) visualized the data and results.

Input parameters

The field contour, working width, and changeover distance served as the input parameters
for the field map creation, like those reported by Tisseyre & McBratney (2008) and Roudier
etal., (2011). Individually switchable boom sections and the main tramline were also added.
The changeover distance represents the distance the fertiliser spreader does not change the
application rate. The distance the machine needs to adjust the application rate, termed posi-
tional gap (Griepentrog & Persson, 2001; Fulton et al., 2005), was not taken into account for
reasons of simplicity, and an immediate change in the application rate was assumed.

The number of boom sections is defined as how often the working width can be subdi-
vided to switch individual boom sections on and off, for example, in narrow tracks. The
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Selection of the main tramline
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Fig. 4 Tramlines created from the field contours

main tramline indicates the line on which the farmer drives in his field apart from the round
along the field boundary.

The input parameters used to create the field maps refer to any pneumatic spreader with a
working width of 27 m and nine boom sections. A pneumatic spreader was chosen because
it allows more precise switch-on and offs than a disc spreader. The application rate remained
the same over the entire working width. The changeover distance was set to 20 m, and the
switch-on and switch-off points of the boom sections were considered optimally set. A treat-
ment considering no subdivision of the working widths into boom sections was also evalu-
ated to outline the possible advantages of using boom sections.

Procedure defining operable subunits

The field contour was first divided into individual tramlines. For this purpose, the contour
was divided into individual straight lines and reassembled depending on the selected curve
angle at which the curve can no longer be driven, and a new line begins. The main tramline
was also selected from these tramlines because it is important for the subsequent field sub-
division (Fig. 4).

The field was divided into a round along the boundary and the inner part. Accordingly,
the boundary lines were shifted inwards by the working width. The field was then divided
at this inner boundary line (Fig. 5).

The final operable subunits were separately created for the two parts of the field, the
round along the field boundary and the body part.
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Fig.5 Inner and outer parts of the field

Fig. 6 Final operable subunits inside the inner field contours

Creation of operable subunits inside the field

The field was first divided into strips by choosing the selected working width and using par-
allels of the main travel line to divide the inner part into operable subunits. These working
widths were cut into smaller strips using the selected number of boom sections. Each strip
corresponds to the selected working width divided by the number of boom sections. The
individual strips of the boom sections were cut again at a 90° angle to simulate the switch
off and on of the machine when entering the inner field body from the round along the field
boundary and vice versa.

The strips belonging to one working width were then reassembled into one. This reas-
sembled strip was subdivided into the final individual operable subunits with the selected
changeover distance. The cutting process was continued on the opposite side of the previous
working width to simulate the travel process (Fig. 6).
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Fig. 7 Finalised operable subunits for the entire field

Creating operable subunits in the round along the field boundary

When creating operable subunits in the round along the field boundary, the field boundary
was shifted inward by the working width. The area between the actual and shifted field
boundary formed a frame with the thickness of a working width (Fig. 5 right, remaining blue
area). For this frame, the creation of the final operable subunits was like that of the operable
subunits inside the field (previous subsection). In contrast, no parallels of a line were created
here. All tramlines were used to drive once around the field. The assumed travel direction
was counterclockwise because the common boundary spreading systems on disk spreaders
can either spread on both sides of the boundary (Amazone; RAUCH Landmaschinenfabrik
GmbH) or only on the right side (Bogballe, 2019), allowing most farmers to work in this
direction. This step is necessary to use the approach for disc spreaders and not only for
pneumatic spreaders.

After that, the finalised operable subunits of the round along the field boundary were
merged with those of the interior of the field. The operable subunit creation was then finally
completed (Fig. 7).

Comparison with the given fertilisation maps

Next, the fertilisation map and the operable subunits created in the previous section were
overlaid to assess whether and how well the fertilisation map can be addressed using the
chosen technology. The weighted average (Eq. 1) of all fertiliser values within each oper-
able subunit was calculated to determine the specific application rate for the given operable
subunits.
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e 2 (1)
D1 Wi
x is the weighted average, n the number of pixels in the operable subunit, x; the corre-
sponding nitrogen application rate for every pixel and w; the size of the intersection of the
pixel and the operable subunit. This step was necessary because different fertiliser amounts
may be recommended within an operable subunit. Deciding on the dominant fertilising
amount, as described by Leroux et al., (2017) and Roudier et al., (2011), was no longer
necessary with today’s technology because modern fertiliser spreaders no longer have such
large intervals between differing fertilisation rates.
Subsequently, the root mean square error (RMSE, Eq. 2) was determined for each oper-
able subunit for both the uniform and VRA treatments.

N . A<_ 2
RMSE,, = § @ % (3i = yi) Q)
i=1 dos

RMS E,; is the root-mean-square error for each operable subunit, y; the weighted mean
application rate in the chosen operable subunit, Yi the application rate of the respective
NDVI pixels in the operable subunit. / is the number of different Sentinel-2 pixels in the
operable subunit, g; is the number of square meters multiplied by 100 in each pixel overlaid
with the operable subunit and aopg is the number of square meters in the operable subuinit
multiplied by 100. This last step is necessary to account for the different-sized pixel over-
lays in the operable subunit.

The created operable subunits allow calculating the applied amount of fertiliser for the
different treatments. Due to the overlap on the round along the field boundary and the non-
parallel field boundaries, the actual amount of applied fertiliser will not correspond with
that of the pre-set fertiliser amount, even with uniform fertiliser application, but will mostly
be higher.

In short, a total of six variants were compared with each other: (i) uniform application
without section control, (ii) uniform application with section control, (iii) VRA 1 without
section control, (iv) VRA 1 with section control, (v) VRA 2 without section control and (vi)
VRA 2 with section control.

Results

Figure 8 illustrates the NDVI values of the selected experimental fields for the previously
indicated dates. The mean NDVI values for fields 1-5 were 0.77, 0.81, 0.57, 0.68, and 0.79,
respectively. The respective coefficients of variations were 4%, 5%, 13%, 8%, and 7%,
respectively, indicating overall moderate heterogeneity of the investigated fields.

Figure 9 illustrates the fertilisation map, fertiliser amounts assigned to the created oper-
able subunits, and corresponding RMSE values for the uniform and the VRA 1 treatment
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Fig. 8 Satellite-based NDVI values of the investigated five experimental fields

without section control. Fig. 10 illustrates this for the uniform and VRA 1 treatment using
section control.

Using a 27 m working width by choosing no subdivision into boom sections and adopt-
ing a uniform N application of 70 kg N/ha (Fig. 9) resulted in an RMSE value of 10.3 kg N/
ha, which indicated that, on average, each operable subunit deviated from the fertilisation
map by 10.3 kg N/ha. This error was reduced to 8.6 kg N/ha by switching to VRA 1. The
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Fig. 9 Fertilisation map, fertiliser amounts assigned to the created operable subunits and corresponding
RMSE values for the uniform and VRA 1 treatment without section control: (a) pixel-oriented fertilisa-
tion map based on the NDVI map using an average N application rate of 70 kg/N ha; (b) overlay of the
created operable subunits without section control and the corresponding fertilisation map derived from
Fig. 9a; (¢) RMSE and average RMSE values of 10.3 kg N/ha using a uniform application, with an ap-
plied amount of 76.0 kg N/ha; (d) RMSE and average RMSE values of 8.6 kg N/ha using VRA 1, with an
applied amount of 75.7 kg N/ha

amount of nitrogen applied in both treatments was slightly below 76 kg N/ha, 6 kg N/ha
more than planned.

Figure 10 illustrates the same parameters presented in Fig. 9 but using nine boom sec-
tions. This option reduced the RMSE compared to the uniform treatment by approximately
4 kg N/ha to 6.1 kg N/h a. In addition, the actual amount of nitrogen applied decreased
to 71.0 kg N/ha. The error became even smaller with the VRA 1 treatment using section
control. The RMSE was 4.0 kg N/ha, decreasing thus by over 4.5 kg N/ha. The amount of
nitrogen applied amounted to 71.0 kg N/ha and was very close to the prescribed one.

The results for VRA 2 are indicated in Table 1.

Table 1 presents the RMSE values, and the actual amounts of nitrogen applied using uni-
form or VRA treatments for different fields. The VRA treatments always reduced the RMSE
values. Meanwhile, the actual amount of nitrogen applied hardly differed between the VRA
1 and the uniform treatment.

Table 2 illustrates how the RMSE values and the applied amount of nitrogen were
reduced using section control and compares it to Table 1. Consequently, the applied amount
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Fig. 10 Fertilisation map, fertiliser amounts assigned to the created operable subunits, and corresponding
RMSE values for uniform and VRA 1 treatments with nine boom sections: (a) Pixel-oriented fertilisation
map based on the NDVI map using an average N application rate of 70 kg/N ha; (b) overlay of the created
operable subunits with section control and the corresponding fertilisation map derived from Fig. 10a;
(c) RMSE values and average RMSE value of 6.1 kg N/ha using a uniform application, with an applied
amount of 71.0 kg N/ha; (d) RMSE values and average RMSE value of 4.0 kg N/ha using a VRA 1, with
an applied amount of 71.0 kg N/ha.

of nitrogen became significantly closer to the planned values, and the error was comparably
reduced.

Overall, the VRA 1 treatment, with and without section control, did not decrease the
applied amount of nitrogen (ranging from 0.0 to 0.3 kg N/ha) as compared to the uniform
treatment, whereas the RMSE values were decreased but to a variable degree depending on
the investigated field site (from 0.3 up to 3.7 kg N/ha). This was different for the VRA 2
treatment compared to the uniform treatment, where the applied amount of nitrogen (rang-
ing from 1.2 to 3.9 kg N/ha) together with the RMSE values (between 1.4 and 5.3 kg N/ha)
was decreased.

Figure 11 shows the difference between a redistribution strategy of fertilizer as used in
the VRA 1 treatment versus a reduction of fertilizer as adopted in the VRA 2 treatment.
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Table 1 RMSE \{alues inkg N/ Field Section Fertilization RMSE Applied
ha and applied nitrogen amounts Control amount
with uniform and VRA treat- ke N/ha —
ments for five fields £
1 - uniform 9,1 74,7
VRA 1 8,1 74,6
VRA2 7,7 73,4
+ uniform 43 70,8
VRA 1 32 70,8
VRA2 2,7 69,6
2 - uniform 6,7 72,2
VRA 1 5.8 72,3
VRA 2 5,0 70,9
+ uniform 4,0 70,5
VRA 1 3,1 70,5
VRA 2 2,2 69,1
3 - uniform 12,3 73,9
VRA 1 9,0 73,8
VRA?2 7,5 70,0
+ uniform 9,2 70,8
VRA 1 5,5 70,8
VRA2 4,0 67,1
4 - uniform 11,5 76,5
VRA 1 9,6 76,3
VRA 2 8,8 74,1
+ uniform 6,7 71,0
VRA 1 4,6 71,0
VRA 2 38 68,8
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Fig. 11 Redistribution of fertiliser in VRA 1 map (left) compared to a reduction of fertilizer in VRA 2 map
(right), white areas represent 70 kg N/ha
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Table 2 Reduction of the RMSE Field Fertilization change in RMSE  Ap-
in kg N/ha and applied amounts plied
of nitrogen (applied amount) amount
;s;ﬁﬁ Otﬁ)egiectlon control — kg N/ha —
1 uniform -4,8 -3,9
VRA 1 -4.9 -3,8
VRA 2 -5,0 -3,8
2 uniform -2,8 -1,8
VRA 1 -2,8 -1,8
VRA 2 -2,8 -1,8
3 uniform -3,1 -3,1
VRA 1 -3,4 -3,0
VRA?2 -3,5 -2,9
4 uniform -4,7 -5,5
VRA 1 -5,0 -5,3
VRA 2 -5,0 =53
5 uniform -4,2 -5,0
VRA 1 -4,6 -4,7
VRA 2 -4,6 -4,7
Discussion

In this work, an algorithm was developed to improve the congruency of satellite-based
fertiliser map information with field-operable units and was evaluated for advanced fertil-
iser application technologies using a pneumatic spreader. Optimisation potentials of section
control and variable rate applications were further investigated.

Advantages of using boom sections

With only slight modifications, the new algorithm will allow the creation of adapted oper-
able subunits for different working widths, also taking into account the number of available
boom sections, but is illustrated here for a pneumatic sprayer having nine boom sections.

Comparing the application without boom sections and nine boom sections revealed a
distinct reduction of the applied nitrogen amount (Table 2). The nitrogen amounts applied
were also found to correspond better with the planned application. The usage of boom sec-
tions reduces the overlap in the round along the field boundary and wedges due to narrowing
tracks and, consequently, the amount of nitrogen applied, which is economically and eco-
logically desirable. Fertiliser savings will further be augmented by increasing the number
of boom sections and/or reducing the working width on fields with no rectangular shape
by reducing the overlapping of the target dose rates in such areas. These advantages have
already been demonstrated in fertilisation, crop protection measures, and seeding opera-
tions (Guerrero & Mouazen, 2021; Runge et al., 2014; Shockley et al., 2012). This positive
effect is greater with irregularly shaped fields, especially if they are small and have a high
percentage of the headland.
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Advantages of using variable rate applications

The new algorithm allows for a better match of satellite map-based fertiliser application
with field operable units by using pneumatic spreaders and implicitly also sprayers. Opti-
mized values from VRA and uniform fertilisation treatments assigned to these zones made
it possible to compare how much the application in each operable subunit deviated from the
planned application map.

The precision in nitrogen application was increased by both VRA strategies compared
to the uniform management, as shown by decreased RMSE values (Table 1). This can be
attributed to a more needs-based fertiliser distribution over the entire field and is advanta-
geous because plants are supplied with nitrogen according to their specific needs in the
given field sites. Accordingly, over-fertilisation within partial field zones with less vigorous
plant growth is reduced and decreases potential nitrogen losses contributing to groundwater
contamination. The benefits of site-specific N fertilisation on N use efficiency and the envi-
ronment have already previously been demonstrated (Balafoutis et al., 2017; Bongiovanni
& Lowenberg-Deboer, 2004; Ebertseder et al., 2003, 2005; Geesing et al., 2014; Raun et al.,
2002; Schmidhalter et al., 2008; Stamatiadis et al., 2017; Vizzari et al., 2019).

However, the amount of nitrogen applied did not significantly change when the VRA
1 fertilisation strategy was used since a simple redistribution was adopted, meaning that
the overall application would not change. In contrast, considering that frequently current
applications are over-optimal (Ebertseder et al., 2005; Schmidhalter et al., 2008), adopting
a decreased application to the more fertile zones and decreased application to the less fertil-
ised zones reduced the total amount of fertiliser applied (VRA 2). However, a simple redis-
tribution may also benefit plant growth and contribute to environmental improvements since
plant growth may be enhanced in the more fertile zones and be accompanied by increased
nitrogen uptake.

The higher reduction of the applied amount in the VRA 2 compared to the VRA 1 treat-
ment is because the average amount of applied nitrogen in the VRA 2 treatment was reduced
compared to the VRA 1 treatment due to the cut-off at 70 kg N/ha (Table 4). This reduction
also caused larger changes in the RMSE values since many adjacent areas require exactly
these 70 kg, as illustrated in Fig. 11.

Ex-ante quantification of the actual amounts of nitrogen fertiliser to be applied

As a novelty, this report presents an ex-ante analysis of the amount of fertiliser applied and
allows the calculation of the exact amount of fertiliser needed for a given field. Until now,
overlaps have only been determined as percentage values (Shockley et al., 2012; Zandonadi
et al., 2011). The actual amounts of applied fertiliser were determined only after the com-
pleted fertiliser application as a post-hoc analysis by dividing the fertilised amount by the
area.

Positioning of the formed operable subunits
A particular feature of this approach is the shape and positioning of individual operable

subunits that do not correspond with the zoning of a field or a uniform grid. They represent
the actual units through which the machine passes and where the application rate can be
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changed. Such an approach combined with boom sections has not been previously reported.
Previous reports have either described an index that evaluates the possibility of variable
rate application (Tisseyre & McBratney, 2008) or placed a uniform grid within the working
width and the switching distance over the field (Leroux et al., 2017), which do not corre-
spond with the actual cultivation and do not include the round along the field boundaries.
Griepentrog (1997) described similar operable subunits for application within a field but did
not address the headland and the associated overlap.

Most commercial offers by manufacturers provide only a ready-made map for fertilisa-
tion that corresponds with field zoning but do not consider machine-specific field operable
units (geo-konzept, 2021; Solorrow, 2021; VISTA 2019). Transferring information from
these maps into a fertilisation decision must be made by the farmer or the agricultural equip-
ment manufacturer. Various inaccuracies might occur here; for example, in the conversion
of the specified fertiliser quantities in the current area to an output quantity that is applied
(e.g., many ISO bus terminals do not calculate the weighted average for all information at
hand as regards pixel-oriented fertilisation specified for the working width but use only the
value at the actual tractor position).

This feature of the approach can be used not only with new advanced technology but also
partly with older application technology that supports VRA. Creating the weighted average
of all recommended N values of the application map for the individual operable subunits
leads to an application rate closer to the application map, no matter at which point of the
working width the machine reads the application value.

Outlook

This approach can also partly be adopted by disc spreaders allowing to some degree for a
partial variation in the lateral application of fertiliser. When looking at new disc spreaders,
the option is now to gradually reduce the working width from either the left or right side
(Bogballe, 2019b). Although this is not as sharp a distinction as with pneumatic spreaders, it
would also already lead to a significant savings potential and could be used by more farmers
due to the lower investment costs.

In analogy to the fertilisation map, this procedure could be adopted for any application
map, including seeding, growth regulator, or pesticide application and harvesting.

In future work, it will be interesting to consider different parameters in varying the work-
ing width and the number of boom sections, along with the economic costs and benefits.
Lower working widths and/or a higher number of boom sections could lead to enhanced fer-
tiliser savings but increase the application and machinery costs. The difference between the
described pneumatic fertiliser spreader and a disk spreader or even a more advanced pneu-
matic fertiliser spreader with different application rates per boom section and sub-meter
plant information would be interesting to investigate the impact of the positional gap on the
distribution accuracy. This work did not yet consider the positional lag, which, however,
has very recently significantly been reduced in advanced pneumatic spreaders, amounting
to approximately 8 m at the outermost exhaust manifold of a 27 m boom and decreasing
linearly to 3 m at the middle outlet manifold when driving at 12 km/h (personal commu-
nication Romain Muckensturm, Rauch company, 2022), thus being reduced compared to
previous reports (Griepentrog and Petterson, 2001; Fulton et al., 2005).
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Conclusion

This study developed a new algorithm that allows dividing a field into manageable subunits
by adopting different working widths and boom section numbers depending on the used
machinery. As a result, an ordinary application map with operable subunits in a regular
raster or management zone can be converted to one manageable with the given machinery.
The operable subunits are suited to the tramlines and working width, several boom sections,
and changeover distance of the machinery used.

With this new approach, the applied amount of fertiliser can be determined ex-ante, con-
tributing to improved planning. Operable subunits better matching the actual application
also allow a more accurate fertiliser application on the field because the weighted average of
pre-planned fertiliser amounts can be calculated separately for each operable subunit. Like-
wise, this algorithm can be applied on the supplier side to provide farmers with fertiliser
maps tailored to their farm technology.

The approach further allows determining whether there is a potential to save fertiliser
by dividing the working width into several boom sections, which is desirable from both
economic and environmental points of view.
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