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Executive summary
The objective of this deliverable is to present methodological framework, different approaches through
analyses of thematic maps in case-studies supported by up-to-date field data of canopy reflectance and N
inputs as a consequence of variable-rate management strategies followed in four pilot areas (Greece, Italy,
Czech Republic and Spain). The data are presented primarily in the form of field maps, but diagrams and
tables are included in order to explain the methodology and interpret the results. The teams of the four pilot
areas used different approaches for variable-rate nitrogen management. Although most teams used red
edge-based vegetation indices to produce N diagnosis maps, the approaches varied widely in terms of tested
crop varieties, data acquisition devices, algorithms used, spatial resolution, degree of employment of
fertilizer delivery systems, experimental design and system evaluation. For example, the Czech team used
traditional grid soil sampling to calculate fertilizer N recommendations for spring barley and apply these in
low spatial resolution as defined by management zones. Ground sensor data based on the red waveband of
Yara N-tester and GreenSeeker as well as satellite data (Sentinel-2) were used for comparative purposes. The
Spanish team presents the scientific basis of using the red-edge vegetation indices and supporting evidence
of strong correlations between ground nitrogen measurements, radiometer and Sentinel-2 vegetation
indices at varying spatial resolutions. The Italian team used ground-truth data for wheat and tomato to
calibrate Sentinel-2 red edge-based spectral information into equations for estimating and mapping crop N
requirement at a 20-m spatial resolution through the Nitrogen Nutrition Index (NNI). The Greek team used
red or red edge-based reflectance data from ground sensors, field-specific calibration methodology and a
geospatial model to estimate crop N requirement for winter wheat, cotton and corn. The information is
processed under real-time conditions to apply fertilizer with an integrated variable-rate spreader at 1-m
spatial resolution.
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1 Objectives
The initial objective of this deliverable was to provide methodological framework and up-to-date field data
of canopy reflectance and N inputs at high spatial resolution as implemented in the Greek and Spanish pilot
areas. However, it was decided to extend the provided information by including field data of the Italian and
Czech pilot areas in order to display the different approaches for variable-rate nitrogen management.
Although most teams used red edge-based vegetation indices to produce N diagnosis maps, the approaches
varied widely in terms of tested crop varieties, data acquisition devices, algorithms used, spatial resolution,
degree of employment of fertilizer delivery systems, experimental design and system evaluation.

2 Introduction
2.1 Exploring red-edge vegetation indices to capture N content
Remote sensing techniques can provide the N content in the crop by different approaches, but the simplest
and most operational way is using different combinations of spectral reflectance bands known as vegetation
indices (Clevers et al, 2013; Gitelson, et al., 2005; He et al., 2016). In this deliverable, the field maps of the
Spanish, Italian and Greek pilot areas were produced by vegetation indices that were predominantly based
on the red edge waveband. The red edge spectral band (700 ± 40 nm) is a transition region with a rapid
change in leaf reflectance caused by the strong pigments absorption in the red, and leaf scattering in the NIR
spectrum. The behavior of the reflectance in this region of the spectrum has been proved sensitive to crop
canopy chlorophyll and consequently to N status (Hatfield et al., 2008). Due to crop spectral behavior of the
red, red-edge and near infra-red region, different sensors have been designed to acquire reflectance at
different spatial, spectral and temporal resolutions in order to estimate the chlorophyll and N content in
crops. These sensors cover a range from field observations at high spectral resolution with handheld
radiometers, to high resolution mobile multi-spectral sensors (Crop Circle®, Parrot Sequia®), to recently
launched multispectral medium resolution Sentinel-2 and satellites (Rapideye® and Worldview-2®). The most
used models to map crop N content from these sensors are the red edge-based indices that are based on
reflectance band combinations. There are many of these indices published in the bibliography as they tackle
different objectives and overcome different problems, such as saturation with high crop density, color and
brightness variations in soil background, linear behavior with N content, or angular view and illumination
variation.
Most of the indices based on red radiation lose their sensitivity under high aboveground biomass conditions.
The commonly used normalized difference vegetation index (NDVI) becomes saturated at moderate to high
canopy coverage conditions. It has been proved that wheat NDVI losses its sensitivity when aboveground
biomass of winter wheat is higher than 3.7 t·ha-1 (Li et al, 2010). In the case of corn, the red-based vegetation
indices lost their sensitivity at the V10-VT growth stages under moderate to high aboveground biomass and
high N rate conditions (Shaver et al., 2010).
Based on high impact publications, according to their suitability for the pilot areas and crops in the field
campaigns, the red edge-based indices provide better results than red-based indices in estimating crop N
content. These indices are defined in Table 1. The normalized difference red edge index (NDRE) (Fitzgerald
et al., 2006) that is defined in the form of the NDVI but with the red band replaced by a red edge band, was
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a reliable indicator of chlorophyll or N status in previous experiments. The red edge chlorophyll index (ClRE),
was designed to predict chlorophyll content of maize and soybean, and also with sensitivity to N content (Li
et al., 2014). The canopy chlorophyll content index (CCCI) is based on the theory of two-dimensional planar
domain and it uses the red edge band, which has been proposed as a superior method to estimate N-related
indicators for cotton, wheat and broccoli (Fitzgerald, 2010). It has been applied to corn showing promising
results for estimating summer maize plant N concentration and uptake at the V6 and V7 and V10-V12 stages
(Li et al., 2014). Another important factor for the N determination in crops by remote sensing techniques are
the angular variation on the illumination and observation. This effect is due to the vertical gradient in leaf N
distribution in a plant canopy, with the lower shaded leaves generally having lower N content than the upper
illuminated leaves, leading to variation in canopy structure, which has a significant impact on directional
performance of Vegetation Indices. Thus, in order to improve the predictive accuracy of N content and the
angular stability, He et al. (2016) have recently defined the Angular Insensitivity Vegetation Index (AIVI). This
index shows high correlations (R2 over 0.9) with N content in wheat, for a range of high spectral resolution
reflectance measurements zenith angles (±40º) referred to the nadir. As can be seen, those indices have been
defined to be sensitive to the cover amount and N content but normalizing other effects such as soil
brightness and colour variation, avoiding saturation effects or improving angular stability.
Table 1. Definitions of the applied Red-Edge vegetation indices including some indications about their use.
Vegetation
Formula
Use
Reference
Index
𝑅 +𝑅
[ 670 2 780 − 𝑅700 ]
𝑅700 + 40 ×
𝑅740 − 𝑅700

Sensitive in
variations of
Clorophyll and
N.

Guyot et
al. (1988)

Normalized
difference
red edge
index
(NDRE)

(𝑅790 − 𝑅720 )
⁄(𝑅 + 𝑅 )
790
720

Sensitive in
variations of
Clorophyll and
N.

Fitzgerald
et al.
(2010)

Red edge
chlorophyll
index (CIred
edge)

𝑅790
−1
𝑅720

Estimation of N
plant uptake at
different
bandwidths.

Gitelson
et al.
(2005)

Red Edge
Position

MERIS
terrestrial
chlorophyll
index
(MTCI)

Canopy
chlorophyll
content
index (CCCI)

(𝑅750 − 𝑅710 )
⁄(𝑅
710 − 𝑅680 )

N plant
concentration
after heading.
N uptake
before
heading.

N plant
(𝑁𝐷𝑅𝐸 − 𝑁𝐷𝑅𝐸𝑀𝐼𝑁 )
concentration
⁄(𝑁𝐷𝑅𝐸
𝑀𝐴𝑋 − 𝑁𝐷𝑅𝐸𝑀𝐼𝑁 ) after heading.
N uptake
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across growth
stages.
Angular
Insensitivity
Vegetation
Index (AIVI)

𝑅445 · (𝑅720 + 𝑅735 ) − 𝑅573 · (𝑅720 − 𝑅735 )
𝑅720 · (𝑅573 + 𝑅445 )

Stability
estimating N at
different view
zenith angles.

He et al.
(2016)

2.2 Variable-rate nitrogen inputs
While N diagnosis maps are more or less provided for all experimental sites, N input data by variable-rate
delivery systems are so far available only in the Greek pilot areas. Description of the variable-rate system, its
operation and mode of variable-rate application (VRA) of N fertilizer has been previously provided in
Deliverable D3.1.1. In summary, the VRA system is based on the ability of ground-based sensors to detect
canopy N content, to translate the spatial information into fertilizer N requirement and to convey a rate
signal to a variable-rate spreader for application of granular fertilizer with inter-row precision of placement
under real–time conditions. The sensors are monitoring the crop at 40,000 Hz and record three optical
channels (670, 730 and 780 nm) at 10 Hz.
Algorithm description and in-season adjustments: The first step in the process is to set the basic model
parameters in the GeoScout X data logger according to the algorithm developed by Holland and Schepers
(2010) when the back-off function to limit N application for low SI values is turned off:

(1)
NAPP is the N application rate and Nopt is the optimal in-season N rate to maximize crop yields. Embedded
within Nopt are modifications to the soil N pool from processes that are difficult to quantify like
mineralization, immobilization, denitrification, and leaching. SI is the sufficiency index (SI=VI sensed/VI
reference) and ΔSI is the sufficiency index difference parameter (ΔSI=0.3) for corn (Holland and Schepers
2010). When the back-off function is turned on to conserve N for SI values below 0.70 under problematic
field conditions, the algorithm becomes:
(𝟏 − 𝑺𝑰)
𝑵𝑨𝑷𝑷 = (𝑵𝒐𝒑𝒕 ) ∗ √
∆𝑺𝑰 ∗ (𝟏 + 𝟎. 𝟏𝒆𝒎(𝑺𝑰𝒕𝒉𝒓𝒆𝒔 −𝑺𝑰) )

(2)

where the rate parameter m determines the rate at which the N application model decreases N supply and
the SI threshold determines when the back-off function starts to limit N supply. Having access to reflectance
data from three wavebands makes it possible to calculate several vegetation indices. We select NDVI
(normalized difference vegetation index) for early-season growth conditions or NDRE (red-edge vegetation
index) that is more responsive to crop N status under closed canopy conditions. NDRE is similar to the
Chlorophyll Index that accurately estimates chlorophyll contents in contrasting species in terms of LAI,
chlorophyll, canopy architecture and leaf structure for different crops (Gitelson et al., 2005).
Auto-calibration: When set in the VRA mode, the data logger subsequently needs field-specific canopy
reflectance data to estimate the Vegetation Index reference value that is necessary to compute the SI values.
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The NDRE reference value is determined by the “virtual strip approach” as described by Holland and Schepers
(2011). Based on this approach, the canopy sensors monitor a portion (one strip) of the existing crop that
represented the range in crop vigor within the field and then statistically identifies plants that are deemed
to be non-N limiting by selecting the 95-percentile cumulative value from the histogram (Fig. 1).
Variable-rate application: When auto-calibration is complete, the N application rate (NAPP) is computed and
a rate signal is conveyed to a variable-rate spreader for application of granular fertilizer with inter-row
precision of placement under real–time conditions. Nitrogen rate recommendations are made at 1 Hz which
amounts to about every 1.3 m when the tractor with the spreader are traveling at 4.3 km/h. Geospatial sensor
data are stored on an internal, 2GB, SD flash card for post-processing. Data is stored in files that are organized
with a comma-separated-variable text format for easy import into third-party GIS mapping and analysis
software.

3 Case studies in the Greek pilots
3.1 Rainfed winter wheat in 2016
The 2.4 ha experimental field was located near the village of Nea Lefki, 12 km south of the city of Larissa
(central Greece) at the coordinates 39°31’30” N and 22°30’52” E and an altitude of 125 m. The field had
variability in topography with a 14-m difference in elevation between upland and lowland areas and the soil
is classified as a Vertic Xerochrepts of clay to clay loam texture.
The field was divided into four blocks and three treatments were randomly assigned within each block to
follow a randomized complete block design (Fig. 2). Each treatment was a field strip of 7-m wide running the
entire length of the field (~200 -m) to simulate full-scale field conditions and to accommodate the operation
of the variable-rate applicator and harvester. The three treatments consisted of a control with preplant
application only (100 kg N/ha), a farmer preplant and in-season uniform N application (100 + 112 kg N/ha)
and a preplant with in-season variable-rate application (100 kg N/ha + VRA). A field strip without any preplant
or in-season N application was also included.
The VRA applicator delivered in-season VRA and uniform farmer applications of granular ammonium nitrate
(34.5-0-0) on the soil surface of each treatment strip on February 25, 2016. For VRA, auto-calibration
determined the NDRE reference value of 0.3731 (the 95-percentile reference) when the canopy sensors
monitored a portion of the existing crop (Fig. 3). This value was used to compute the sufficiency index (SI) of
canopy NDRE values for in-season VRA. The SI difference parameter (ΔSI=0.3) for corn (Holland and Schepers
2010) was used in the absence of any previous knowledge of ΔSI for winter wheat. The optimal in-season N
rate to maximize crop yields (Nopt) was set to 56 kg N/ha (50 lb N/acre) as the farmer application of 112 kg
N/ha (100 lb N/acre) was considered excessive. The back-off function in the model was omitted because the
field did not have any known soil salinity or water saturation problems that would otherwise limit crop yields.
In this respect, it was assumed that plants of limited growth would benefit from increased N inputs. The map
of spatial variability of the NDRE vegetation index in all field strips at the time of application is shown in Fig.
4. The applied N rates corresponding to the SI values is shown in Fig. 5 and the applied N rates in each VRA
strip is shown in Fig. 6.
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Figure 2. Treatment strips assigned to blocks to follow a randomized complete block design. Each strip depicts the path
of the tractor with a set of dual Crop Circle sensors on board. Crosses indicate fixed sampling positions on each treatment
strip to represent lowland (SW), slope (middle) and upland (NE) areas of the field.

Figure 3. Histogram showing distribution of canopy NDRE values from which the 95-percentile reference value was
extracted.
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Figure 4. Map showing the spatial variability of the NDRE vegetation index in all treatment strips on February 25, 2016.
The data was recorded by the GeoScout X data logger and processed in five color classes.

Figure 5. Applied N rates using the sufficiency index (SI) values without a back-off function at the tillering stage of wheat
(96 DAP). The SI value of 0.7 equated to an Nopt value of 56 kg N/ha.
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VR
VR
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Figure 6. Map showing the spatial variability of N application rates in the VRA strips on February 25, 2016. The data was
recorded by the GeoScout X data logger and processed in five color classes.

3.2 Irrigated cotton in 2016
The 8 ha experimental field was located near the village of Nea Lefki, 18 km south east of the city of Larissa
(central Greece) at the coordinates 39°33’40” N and 22°35’47” E and an altitude of 63 m. The field had
variable soil texture and soil productivity potential. The soil is classified as a Typic Xerochrepts of silt loam to
clay loam texture.
A variable part of the field (0.15 ha) was divided into four blocks and three treatments were randomly
assigned within each block to follow a randomized complete block design (Fig. 7). Each treatment was a field
strip of 8 rows wide running the block length that ranged from 50 to 70 m to accommodate the operation of
the variable-rate applicator and harvester. The three treatments consisted of a control with preplant
application only (50 kg N/ha), a farmer preplant and in-season uniform N application (50 + 112 kg N/ha) and
a preplant with in-season variable-rate application (50 kg N/ha + VRA). A field strip without any preplant or
in-season N application was also included.
The VRA applicator delivered in-season VRA and uniform farmer applications of granular ammonium nitrate
(34.5-0-0) on the soil surface of each treatment strip on June 27, 2016. For VRA, auto-calibration determined
the NDVI reference value of 0.7956 (the 95-percentile reference) when the canopy sensors monitored a
portion of the existing crop (Fig. 8). This value was used to compute the sufficiency index (SI) of canopy NDVI
values for in-season VRA. The SI difference parameter (ΔSI=0.3) for corn (Holland and Schepers 2010) was
used in the absence of any previous knowledge of ΔSI for cotton. The optimal in-season N rate to maximize
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crop yields (Nopt) was set to 90 kg N/ha (80 lb N/acre). The back-off function in the model was omitted
because it was assumed that the field did not have any soil productivity or water saturation problems. The
map of spatial variability of the NDVI vegetation index in all field strips at the time of application is shown in
Fig. 9. The applied N rates corresponding to the SI values is shown in Fig. 10 and the applied N rates in each
VRA strip is shown in Fig. 11.

Figure 7. Treatment strips assigned to blocks to follow a randomized complete block design for cotton in the summer of
2016.

Figure 8. Histogram showing distribution of canopy NDVI values of cotton from which the 95-percentile reference value
was extracted.
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Figure 9. Map showing the spatial variability of the NDVI vegetation index in all treatment strips on June 27, 2016. The
data was recorded by the GeoScout X data logger and processed in five color classes.

Figure 10. Applied N rates using the sufficiency index (SI) values without a back-off function on June 27, 2016. The SI
value of 0.7 equated to a Nopt value of 90 kg N/ha.
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Figure 11. Map showing the spatial variability of N application rates (lb N/A) in the VRA strips on June 27, 2016. The
data was recorded by the GeoScout X data logger

3.3 Irrigated cotton in 2015
The 1.5 ha experimental field was located next to corn, near the village of Eleftherio, 15 km east of the city
of Larissa (central Greece) at the coordinates 39°39’20” N and 22°36’17” E and an altitude of 50 m. The field
had variable soil texture, electrical conductivity and, thus, soil productivity potential. The soil is classified as
an Aquic Xerochrepts of silty clay loam to clay loam texture.
The field was divided into four blocks and four treatments were randomly assigned within each block to
follow a randomized complete block design (Fig. 12). Each treatment was a field strip of 8 rows wide running
the entire length of the field (~110 -m) to simulate full-scale field conditions and to accommodate the
operation of the variable-rate applicator and harvester. The four treatments consisted of a control with
preplant application only (64 kg N/ha), a farmer preplant and in-season single uniform rate (64 + 150 kg
N/ha), a farmer preplant and in-season uniform split rate (64 + 75 + 75 kg N/ha) and a preplant with in-season
variable-rate application (64 kg N/ha + VRA).
In-season uniform fertilization with ammonium nitrate (34.5-0-0) was performed by the farmer between July
15 and July 27, 2015. The VRA applicator was not yet operational to deliver in-season VRA. For this reason,
VRA N was applied by the farmer with the fixed-rate granular applicator by delivering 3 different rates of
ammonium nitrate at metered intervals within each VRA strip. The VRA fertilizer rates were computed by the
crop model after measurement of canopy reflectance with Crop Circle ACS-430 sensors on August 5, 2015.
The NDRE reference value of 0.297 (the 95-percentile reference) was computed from the entire dataset of
canopy reflectance (Fig. 13). This value was used to compute the sufficiency index (SI) of canopy NDRE values.
The SI difference parameter was set to ΔSI=0.3. The optimal in-season N rate to optimize crop yields (Nopt)
was set to 112 kg N/ha (100 lb N/acre). The back-off function in the model was set to 0.65 because the field
had soil salinity problems that were likely to limit crop yields. The map of spatial variability of the NDRE
vegetation index in all field strips at the time of application is shown Fig. 14. Applications of ammonium
nitrate were performed in 3 different rates of 41 kg N/ha, 83 kg N/ha and 104 kg N/ha, according to an
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average estimations of different nitrogen needs. The applied N rates corresponding to the SI values is shown
in Fig. 15 and the spatial variability of the applied N rates in each VRA strip is shown in Fig. 16.

Figure 12. Treatment strips assigned to blocks to follow a randomized complete block design. Each strip depicts the path
of the tractor with a set of dual Crop Circle sensors on board.

Figure 13. Histogram showing distribution of canopy NDRE values of cotton from which the 95-percentile reference value
was extracted.
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Figure 14. Map showing the spatial variability of the NDVI vegetation index in cottton treatment strips on August 5,
2015. The data was recorded by the GeoScout X data logger and processed in five color classes.

Figure 15. Applied N rates using the sufficiency index (SI) values with a back-off function on August 5, 2016. The SI value
of 0.7 equated to an Nopt value of 80 kg N/ha.
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Figure 16. Map showing the spatial variability of N application rates (Kg NO3NH4/ha) in the VRA strips on August 5,
2015. The data was recorded by the GeoScout X data logger.

3.4 Irrigated corn in 2015
The 1.5 ha experimental field was located next to cotton 2015 field, near the village of Eleftherio, 15 km east
of the city of Larissa (central Greece) at the coordinates 39°39’20” N and 22°36’17” E and an altitude of 50
m. The field had variable soil texture, electrical conductivity and, thus, soil productivity potential. The soil is
classified as an Aquic Xerochrepts of silty clay loam to clay loam texture.
The field was divided into four blocks and four treatments were randomly assigned within each block to
follow a randomized complete block design (Fig. 17). Each treatment was a field strip of 8 rows wide running
the entire length of the field (~110 -m) to simulate full-scale field conditions and to accommodate the
operation of the variable-rate applicator and harvester. The VRA applicator was not yet operational and inseason VRA was not applied in any field strip. Uniform farmer applications of granular ammonium nitrate
(34.5-0-0) were delivered using the farmer conventional spreader on the soil surface of each treatment strip
in mid-June 2015. The NDVI map of each strip was created based on ground sensor measurements (Fig. 18).
NDVI was selected due to the early growth stage of the crop. The four treatments finally used for the
experiment consisted of a control with preplant application only (64 kg N/ha), a preplant and reduced inseason uniform rate (64 + 80 kg N/ha), a farmer preplant and in-season uniform split rate (64 + 150 + 150 kg
N/ha) and a farmer preplant and in-season single rate (64 + 300 kg N/ha).
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Figure 17. Treatment strips of corn assigned to blocks to follow a randomized complete block design. Each strip depicts
the path of the tractor with a set of dual Crop Circle sensors on board.

Figure 18. Map showing the spatial variability of the NDVI vegetation index in corn treatment strips on June 27, 2016.
The data was recorded by the GeoScout X data logger and processed in five color classes.
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4 Case study in the Czech pilot
4.1 Spring barley in 2016
The pilot site Dehtáře, managed by the Kojcice agricultural cooperative, is situated in the south-west
Bohemo-Moravian Highland, in 3° slope and average altitude of 535 m a.s.l, with mean year precipitation 660
mm (Fig. 19). The site is a very small catchment (60 ha) and is located in drinking water reservoir catchment
Zelivka. The site contains tile drainage and is of very heterogeneous soil conditions; from shallow, light and
stony Haplic Cambisols to heavy Haplic Gleysols, with profoundly different water regimes. Haplic Cambisols
prevailing in upper parts of the field are light, shallow and stony sandy loams and loamy sands. Stagnic
Cambisols medium-deep sandy loams dominate in the lower parts of the slopes.

Figure 19. Location of Dehtáře pilot site, Czech Rep

Within this site, a field trial (25 ha) was delineated based on soil conditions (soil survey, repeatedly analyzed
soil samples) and farm management for cereals (spreader width, tramlines shape, etc.). Further, crop yield
potential was assessed based on the multi-temporal satellite data. As the main data source, ESPA repository
of LANDSAT 5 and 8 satellite images was used, which offers surface reflectance products, main vegetation
indices (NDVI, EVI – reflecting crop biomass) and clouds identification by CFmask algorithm. A selection of
scenes from recent 8 years was made for the specific farm area to collect cloud-free data related to the
second half of the vegetation period. Yield potential was calculated for separate scenes as the relation of
each pixel to mean EVI value of the whole field. In the next step, all scenes were combined and median value
for each pixel was calculated as the yield potential value. Due to the spatial resolution of Landsat data (30 m
per pixel), the final map was smoothed by kriging interpolation into a spatial resolution of 5 m per pixel (Fig.
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20). After the full operation of Sentinel 2A/B satellites and with the presence of imagery for an increased
number of years, calculation of yield potential will be enhanced by these vegetation products in 10-m spatial
resolution (planned for 2017 FATIMA trial).

Figure 20. Yield potential for Dehtáře pilot site (Kojcice farm)

Based on this as well as on a detailed soil survey and repeated soil sampling (mineral N content), variable
fertilizer application zones (70 – 120%) were delineated (VAR trial, around 35% of the site) and mineral
fertilizers distributed accordingly with GPS operated spreader three times from early April to late May. The
rest of the site (65%) was fertilized uniformly (UNI trial), (Fig. 21).

4.1.1 Ground measurements of Chlorophyll and NDVI in Dehtare

Ground monitoring of spectral dynamics of cereals provide useful supplementary information on crop
biomass amount as well as chlorophyll content. This data could be employed for adjustment of N fertilizer
doses taking into account the current plant nutritive status. Ground monitoring of spectral characteristics for
spring barley was done in Dehtáře during 2016 by two offline hand devices; Yara N-tester and GreenSeeker.
N-tester scans crop chlorophyll content (in correlation with N content in leaves) based on different
reflectance of red (653 nm) and infrared (931 nm) radiation. Chlorophyll content is recalculated by N-tester
for a given crop variety (cultivar) and displayed as N need in kg N/ha. The N-tester is usually employed for
setting N doses for cereals in production fertilization (BBCH 30-31, start of stem elongation) and qualitative
(late) fertilization (BBCH 39-49, end of stem elongation to start of heading), as for central European
conditions. GreenSeeker monitors and records NDVI as canopy-reflected radiation in RED and near-infrared
spectrum (NIR). NDVI is in a close correlation with crop biomass and chlorophyll. Fertilizer N dose is given by
a reference value (from the densest crop cover) and expected yield.
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Figure 21. Variable fertilizer application zones for Dehtáře pilot site

Monitoring of crop spectral characteristics by the aforementioned hand devices took place in Dehtáře
between 24.5.-7.7.2016, in a fortnight interval, on 22 sites within the pilot field trial polygon (Fig. 22). The Ntester was used only till 21.6. (BBCH 55-59, Heading), the GreenSeeker was applied till 7.7.2016. Results of
N-tester from 24.5.2016 were incorporated in adjustment of late N fertilization and applied on the same day.
Recommended values for N doses from N-tester were averaged and this value (28 kg N/ha) was applied in
the reference application zones (100% yield potential). In the other application zones, the applied N dose
was set according the appropriate zone (e.g. 80% = 0.8 x 28 kg N/ha, etc.).
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Figure 22. Chlorophyll content captured by Yara N-tester, 24.5.2016, Dehtáře pilot site

4.1.2 Harvest and comparison of ground NDVI data with satellite
images and yield values
Precise harvest (dated 15.8.2016) showed a general agreement with the delineated application zones and
yield potential. However, some ambiguities were revealed, most probably due to changeable soil water
regime as well as due to variable soil chemical properties (low soil pH) (Fig. 23). Nevertheless, precisely
applied fertilizer doses in the application zones of the trial polygon brought about higher crop yields
compared to homogeneous doses with simultaneous better N crop efficiency (kg grain / kg N – 56 for UNI,
60 for VAR).
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Figure 23. Precise harvest on Dehtáře pilot site

Heterogeneous fertilizer application increased spring barley yields by 8 % compared to homogeneous
application (6.7 t grain/ha vs. 6.5 t/ha, respectively) in parallel with lower fertilization consumption per
hectare (113 vs. 118 kg N/ha, respectively). This resulted in higher nitrogen efficiency of crop production (59
kg grain/kg N applied vs. 55 kg grain/kg N applied under homogeneous fertilizer application). The total soil
nitrogen balance was negative due to taking up soil mineralized nitrogen coming from cow manure applied
in autumn 2014.
The crop yield in 80 % application zone of the whole field, which was located especially in the lower part of
the field, was higher than in the part applied with the homogeneous nitrogen dose (100 % application zone).
This could be explained by nitrogen utilization which had been leached away from upper field parts.
Ground monitoring data (N-tester, Greenseeker) were compared to Sentinel-2 images from the days when
ground measurements took place and with the yield from precise harvest. So far, using cloudless images and
without atmospheric corrections, we got the only one date with a satisfactory correlation of yield with
GreenSeeker data from 21.6.2016 (r = 0.594, Fig. 24). A better output is expected as the indexes from rededge images are ready.
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Figure 24. NDVI as captured by GreenSeeker, 21.6.2016, Dehtare.

5 Case study in the Italian pilot
5.1 Wheat-tomato rotation
The field experiment was set-up in a private farm located in the Viterbo Province coastal plain, 7 km
Northwest part of the town of Tarquinia and 2.7 km from seashore (western Central Italy) at the coordinates
42° 69’ N lat and 11° 69’ E long, at an average altitude of 25 m above sea level, and 3% mean slope. The area
was developed on medium and low marine terraces formed in the Quaternary period, during the Pleistocene
epoch, and on recent local lowlands with limited costal aquifers saltwater intrusion.
The field experiment was carried out within a 20 ha private local farm, conventionally cultivated with a durum
wheat (Triticum durum Desf. var. Iride) - processing tomato (Solanum lycopersicum L. var. Vulcano) rotation
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since 2005. The cultivated field plots were spread on 7 m difference in elevation between upland and
lowland. The soil of the experimental site, with a clay loam texture, is classified as Calcaric Cambic Phaeozems
by FAO system (WRB, 2014).
In autumn 2015, 2.95 ha of total farm were engaged as the Italian pilot experimental area for FATIMA project,
in order to improve the level of sustainability of the durum wheat – processing tomato production system.
Two different field plots (A: tomato and B: durum wheat) were set-up to test the effects of alternative N
fertilization methods (SNF: synthetic, SRN: slow release and ORN: organic fertilizers) in comparison with the
current farm management on crop yield and environmental quality. Nitrogen fertilization details are shown
in Tables 2 and 3.
Table 2. Nitrogen fertilization management in Durum wheat trials.
Treatment

Time
Sowing
Top dressing 1
Top dressing 2
Total
Sowing
Top dressing 1
Total
Sowing

SNF

SRN
ORN

N%

Type
NP
NH4+ NO3NH4+ NO3DMPP
DMPP
Poultry manure

N

(w/w) (Kg/ha)
18
40
26
52
26
39
131
25
40
26
91
131
3
131

Table 3. Nitrogen fertilization management in processing tomato trials.
Treatment

SNF

BNF

Grain fertiliser
Grain fertiliser
Liquid fertiliser

N%
(w/w)
15.0
12.0
-

Quantity
kg/ha (ss)
200
600
-

Horse bean green manure
Green residues compost
Grain fertiliser
Liquid fertiliser

3.1
1.6
12.0
-

7260
6380
600
-

Time

Type

Transplanting
Top dressing 1
Top dressing 2
Total
Transplanting 1
Transplanting 2
Top 1
Top 2
Total

N
(Kg/ha)
30
72
30
132
226
102
72
30
430

The approach tested in the Italian case-study on wheat and tomato is based on the concept of the Nitrogen
Nutrition Index (NNI). NNI is defined as the ratio Na/Nc between the actual crop N uptake (Na) and the critical
N uptake (Nc), on the basis of the concepts expressed by Lemaire et al. (2008).
This methodology is based on the combined use of : i) the crop growth model EPIC to derive the relationship
between the Leaf Area Index (LAI) and the Dry Weight Biomass (W); ii) Sentinel-2 spectral indices in the rededge region to estimate canopy chlorophyll content and LAI.

5.1.1 Assessment of Nc
Nc is expressed by means of the following relationship:
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(3)

with W being the dry biomass in t/ha. Coefficients ac and b for different crop species are given by Lemaire et
al. (2008). For wheat we have: ac = 5.3, b = 0.44 and for tomato ac = 4.5, b = 0.33.
Calibrated simulation of EPIC based on the experimental data set of 2016 in Tarquinia have been used to
derive the dry weight biomass W as a function of LAI for each crop genotype. The following relationships
have been found:
Wheat: W (t/ha) = 0.0691 LAI3 - 0.148 LAI2 + 0.6835 LAI
Tomato: W (t/ha) = 0.2303 LAI3 - 0.7507 LAI2 + 1.5974 LAI

(R² = 0.997)
(R² = 0.998)

These can be applied considering LAI as estimated from Sentinel-2 data (ANN procedure).

Figure 25. Calibration of W(LAI) relationship based on EPIC and field data for wheat

Figure 26. Calibration of W(LAI) relationship based on EPIC and field data for tomato
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5.1.2 Assessment of Na
By statistical analyses between observed MC-100 values and contemporary Sentinel-2 images the following
relationship has been derived:
WHEAT:
TOMATO:

(LAI_S2 * Ch _MC100) = 420.93 CIred_edge

(R2= 0.74; p<0.001)

[mg/m2]

(5.a)

(LAI_S2 * Ch _MC100) = 380.6 CIred_edge

(R2= 0.9136; p<0.001)

[mg/m2]

(5.b)

where CIred edge is given by (B7/B5-1) with B5, B7 indicating Sentinel-2 surface reflectance (20 m spatial
resolution).

Figure 27. Calibration between CIred_edge and canopy Ch content for wheat.

Figure 28. Calibration between CIred_edge and canopy Ch content for tomato.

The following calibration has been found from Fava experimental data set in 2016 between Chlorophyll
content measured by Apogee MC-100 and laboratory N%:
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(R2= 0.3976)

(6.a)

(R2= 0.7164)

(6.b)

Figure 29. Calibration between laboratory N% and MC-100 readings for wheat.

Figure 30. Calibration between laboratory N% and MC-100 readings for tomato.

Hence, Na is derived by combining Eqs. (5) and (6):
WHEAT:

Na = 0.0042 * (420.93 CIred_edge )/LAI_S2 + 1.8786

(7.a)

TOMATO:

Na = 0.0093 * (380.6 CIred_edge )/LAI_S2 + 0.8679

(7.b)
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5.1.3 Preliminary results from the Tarquinia (I) experiment (2016)

Figure 31. Relationship between LAI and Plant N% - Wheat (19.02.2016).

By using the relationships described above for the WHEAT plots, the information extracted from the Sentinel2 image on February 19th evidences a deficiency of N (graphic above) corresponding to about 11.4 kg/ha. The
farmer has applied during the first week of March an average fertilization of 40 kg/ha. From the acquisition
of Sentinel-2 on March 17th, the result of the over-fertilization is evidenced (Na>Nc) and the substantial
balance in May.

Figure 32. Relationship between LAI and Plant N% - Wheat 17.03.2016.
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Figure 33. Relationship between LAI and Plant N% - Wheat 05.05.2016 .

Similar situation is observed on the TOMATO, where the fertilization – applied together with irrigation – is
consistently excessive with an average surplus of 20 kg/ha at the beginning up to 40 kg/ha at the end of the
growing season.

Figure 34. Relationship between LAI and Plant N% - Tomato 08.06.2016.
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Figure 35. Relationship between LAI and Plant N% - Tomato 07.07.2016.

NNI maps for wheat fields was derived by Na and Nc according the following formula:
NNI = Na / Nc

(8)

Figure 36. Nitrogen Nutrition Index (NNI) map - 19.02.2016
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Figure 37. Nitrogen Nutrition Index (NNI) map - 17.03.2016

6 Case study in the Spanish pilot
6.1 Irrigated spring wheat
The work has been carried out on a commercial irrigated plot of bread wheat (coordinates 39.25º N, 1.99º
W) during 2016 and 2015 with an extent of 41 ha. The crop has been monitored along all the growing cycle,
from January to July. It is located in the South-East of Spain in the province of Albacete (Figure 38). The
climate is Mediterranean with an annual precipitation of 353 mm and an average temperature of 14.3 ºC
over the last 30 years. Precipitation occurs during autumn and spring. The wheat variety is Califa and the
water is applied by a central pivot system. The management of the plot is done by direct seeding and the soil
has not been plowed during the last 10 years. The mean soil depth in the area is about 50 cm.
The irrigation period was from February to June with a frequency of five days. Each irrigation is about 10 mm
with a total of 453 mm during the growing cycle. The fertilization practice comprises of 6 applications of NPK.
There were 2 applications after sowing. The third nutrient application was solid urea during the three leaf
stage. And the last three applications were done using the irrigation system (fertigation) distributed between
earing and flowering in order to increase the protein content. The nitrogen doses in the last application were
applied in a band of 100 m width (Figure 38).
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Figure 38. The location of the commercial plot (left) with the sampling points and the potential productivity map
calculated from cumulated transpiration from remote sensing (center). An orthophotography of the plot is shown on the
right with the N deficit band.

The points for the biomass and radiometry sampling have been selected in order to study three areas with
lower fertilization supply (148 kg/ha) and the other three sampling points in the area with traditional farmer
nitrogen supply (192 kg/ha). Prior to that, the spatial variability in the production of the plot during the last
years has been studied in order to set an experiment which covers the different ranges of yield (Figure 38).
The six points were composed of three repetitions, in each repetition six reflectance spectra were acquired.
Thus, the representative spectral reflectance for each point is the average of eighteen measurements. The
spectral measurements were done prior to the biomass sampling using the optical fiber (23º Instantaneous
Field of View), and observing the cover at nadir with a constant height of 1.7 m. The instrument used for the
reflectance measurements were an ASD® FieldSpec 3 Hi-Res (ref. number 16206). Each sub-sample consisted
on harvesting the whole aerial biomass within two crop lines along 1.5 m (covering a sampling area of 0.54
m2). All samples were dried during 48 h at 60 ºC to determine the dry biomass and they were analyzed in the
laboratory to obtain the total nitrogen.
The biomass shows the increasing tendency along the growing cycle reaching to a value of 17 t·ha-1 in points
3, 4, and 5 (Figure 39). In all the cases this variable describes a sigmoidal shape with an important variability
between the different sampling points, and thus the potential productivity areas. The differences between
them at the end of the cycle ranges from 13 to 17 t·ha-1. The minimum is reached in point 2 due to the deficit
in the N supply during flowering (BBCH 59-65) in a medium-low potential area. N content ranges from 4.5 g
per 100 g of biomass at the beginning to 1 g/100 g at the end. Point 2 shows the lowest concentration along
the cycle, indicating the poorest potential productivity within the low band N supply. The maximum variability
in the N content was found during the maximum slope of biomass accumulation.
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Figure 39. Time evolution of the points in the plot showing biomass (W) (filled points) and N content (g/100 g). The
Phenology in the BBCH scale is shown on the top horizontal axis.

The selected indices show a linear tendency in all cases with respect to the total N content (g·m-2) considering
the period from emergence to flowering (from BBCH 0 to 65). This criterion is coherent with the range of
application of the curve for the determination of Nc and Nup-c. The REP and the MTCI show the highest R2
with a value of 0.94 and an error in the slope of 4% (Figure 40). In all cases there is a good agreement with
low scattering in the initial values, when the accuracy of the remote sensing data is the lowest. Those indices
are sensitive to an increase in N uptake from BBCH 22. Those correlations became worse when passing from
the narrow band of the radiometer with less than 2 nm bandwidth to 20 nm that is the case of Sentinel-2
(Table 4). In this case the unique index that improves the correlation is the CCCI with a R2=0.94. This seems
to be more stable than the others with increasing the band width.
In conclusion, the selected red-edge vegetation indices can be implemented to feed the models for
monitoring the crop N status. The direct way is to provide the N content, which can be seen in this experiment
and can be estimated in an operational way. All the studied indices can be applied to remote sensing data
(satellite and aerial platforms) in order to provide large scale maps of N content. The empirical method shown
in this paper should be validated along time and space, introducing experiments in other areas and checking
the stability of these relationships along time in the plots studied.

Table 4. Linear fit of the red-edge indices to the spectral reflectance measurements to broad bands of
Sentinel-2.
Index
Slope (m)
Intercept (n)
R2
REP
1.34 ±0.06
-960 ±40
0.94
MTCI
4.1 ±0.2
-6.7 ±0.8
0.93
CIRE
10.6 ±0.5
-2.3 ±0.6
0.91
NDRE
43 ±2
-5 ±1
0.90
AIVI
31.8 ±1.8
-29.0 ±2.0
0.91
CCCI
27.1 ±1.2
-1.5 ±0.5
0.94
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Figure 40. Linear fit of the selected indices versus N content (g·m -2) at the 95% confidence prediction level.
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