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CROP.SENSe.net 
German Federal Ministry of Education and Research (BMBF) 
funding program AgroClustEr: Networks of expertise in  
agricultural and nutrition research

CROP.SENSe.net is an interdisciplinary research network 
aimed at developing and promoting the use of modern 
sensor technology for phenotyping of plants from single 
plants through to entire field crops. The network, made 
up of partners from research and the private sector, is 
dedicated specifically to developing procedures for in-
creasing efficiency in plant breeding and crop manage-
ment which are suitable for practice. The network was 
headed by the Faculty of Agriculture at the University of 
Bonn and the Jülich Research Center via the Institute 
of Bio- and Geosciences (IBG). This work was financed 
in the last five years by the German Federal Ministry of 
Education and Research (BMBF), as well as the European 
Regional Development Fund. 

Phenotyping of plants presents a large number of chal-
lenges. The CROP.SENSe.net network has been dedicated 
to some of these challenges in the last five years at various 

levels and from various perspectives. The research focus 
within the network is primarily on non-invasive identifi-
cation of traits which enable early evaluation of the yield, 
yield potential and quality of the harvest crop under abiotic 
and biotic stress, along with early identification of diseas-
es and pests and tolerance or resistance in breeding lines. 

The interdisciplinary network uses the latest sensor 
technologies for this, and also develops these further, 
including in relation to their use in high throughput pro-
cedures for plants – and soil characteristics under field 
and laboratory conditions. 

The network is divided into five research areas (groups) 
which are closely connected through organizational proj-
ects and sensor use. 

Junior research group

Environment

Plant analysis Sensor technology and IT

Soil analyses

Sensors

Model plant 
Sugar beet

Model plant 
Barley Data analysis

CROP. SENSe . net
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“�We�need�a�camp�fire�where�scientists�
can�get�together�and�perform�joint�
research.”

The “Sensor Technology” Group works on the devel-
opment and further improvement of new physical and 
chemical detection principles, evaluation of suitability in 
practice for the various applications and with automated 
systems and quality assurance concepts. 

Through the development of innovative sensors and sen-
sor procedures, agricultural and plant scientists, growers 
and farmers are provided with new practice-oriented pro-
cedures which deliver quantitative data on the structure 
and key functions of crops. These sensors are tested un-
der defined environmental conditions as well as in the 
open air on the two contrasting arable crops “barley” 
and “sugar beet”, thereby forming two further groups. 
The focus here is on early and non-invasive detection of 
stress reaction (abiotic and biotic stress) of the crops on 
the one hand and on the recording of species-specific and 
genotypic plant architecture using sensors on the other.

The latest mathematical methods and models are used 
in the “Data Analysis and Data Management” Group for 
the purposes of assessing the large quantities of data 
arising from this. Different sensors are also combined in 
order to shed light on multi-causal relationships between 
different morphological and physiological traits in relation 
to stress tolerance and plant architecture. 

The newly developed mathematical models are also used 
in the “Soil and Site Characterization” Group. The sen-
sors are used here for high temporal and spatial reso-
lution control of crops with due regard to local soil vari-
ability with the aim of increasing and securing the yield, 
improving quality and ensuring sustainable agricultural 
land management using fewer resources.

“We need a camp fire where scientists can get together 
and perform joint research”, said Prof. Martin Koch at the 
WG Experimental Semiconductor Physics at the University 
of Marburg on network planning. The central experi-
ments with barley and sugar beet represent this camp 
fire, forming a linkage which connects all the groups and 
the multiple sub-projects in the network. Scientists meet 
here from the plant sciences, agricultural engineering, 
soil science, computer science, geodesy, geography and 
physics in order to record plant characteristics during de-
velopment in high temporal and spatial resolution wher-
ever possible. The light use efficiency provided through 
the spatial structure of the outer canopy plays a signifi-
cant role with this for instance. Its 3D recording over time 
represents a challenge, since this changes continuously 
during development, although it is hugely significant for 
e.g. yield formation.
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Sensor Research Group 

Sensor technology and methodology
New physical measurement procedures were developed within the sensor technology research group which 
were tested for their suitability in practice, with their automated systems and quality assurance concepts 
also implemented within the framework of the CROP.SENSe.net project. The focus was placed on innovative 
sensor technology which can provide agricultural and plant scientists, growers and farmers with new pro-
cedures for delivering quantitative data relevant to practice on the structure and physiological properties 
of crops. The tests were carried out both under defined environmental conditions as well as in the open 
air. Partners from university institutes as well as from Jülich Research Center and a private crop breeding 
company came together in 10 sub-projects. The projects were financed by the German Federal Ministry of 
Education and Research (BMBF) funding program AgroClustEr and by the EU ERDF program. 

SP SP / AG  
Head

Executive body Financing 
by

Contribution

S1 Claus  
Buschmann

Karlsruhe Institute of  
Technology (KIT),  
Botanical Institute II

BMBF Fluorescence image analysis with spectral  
variability in detection and excitation  
(multicolor fluorescence imaging analysis)

S2 Georg Noga, 
Mauricio  
Hunsche

University of Bonn, Faculty of 
Agriculture; INRES Horticul-
ture

BMBF Non-invasive recording and differentiation 
of biotic and abiotic stress loads on barley 
and sugar beet using high temporal and 
spatial resolution fluorescence techniques.

S3 Norbert Klein Emisens GmbH, Jülich BMBF Non-invasive determination of water and 
salt content with a mobile microwave res-
onator

S4 Martin Koch University of Marburg; Depart-
ment of Physics, WG Experi-
mental Semiconductor Physics

BMBF Water status determination using  
Terahertz sensors

S5 Martin Koch University of Marburg; Depart-
ment of Physics, WG Experi-
mental Semiconductor Physics

BMBF Water status determination using Terahertz 
sensors

S6/S7 Georg Bareth University of Cologne,  
Institute of Geography

ERDF Imaging spectrometry in combination with 
terrestrial laser scanning (TLS) for the pur-
poses of deducing plant parameters

S8 Jürgen Schulz Fritzmeier Environment GmbH 
& Co. KG; Großhelfendorf

BMBF Sensor optimization and data analysis of a 
chlorophyll fluorescence sensor

S9 Uwe Rascher Jülich Research Center; IBG-2: 
Plant sciences

BMBF Quantification of the spatial structure of the 
external canopy

Pheno 
Crops

Uwe Rascher Jülich Research Center; IBG-2: 
Plant sciences

ERDF Complex sensor technology for crop re-
search, breeding and crop management
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The objectives of the research group can be 

summarized as follows:

●● Reviewing and developing sensor concepts for  
applications in plant production and breeding

●● Development of new sensors with high potential for 
application in plant production and breeding

●● Development of sensor fusion for the purposes of 
quantifying traits for plant production and breeding

●● Testing of new sensors in cooperation with Group G 
and Group Z on barley and sugar beet

●● Integration of the sensor technology into data  
management in cooperation with Group D

The focus was placed on three measurement principles 
which are: 

●● Fluorescence procedure

●● Absorption measurements in the terahertz and 
sub-terahertz range

●● 3-dimensional surface reconstruction using stereo 
cameras and laser scanning

The sensor technology was ultimately integrated and 
transferred into agricultural practice in the ERDF proj-
ect PhenoCrops, for which complex infrastructure mea-
sures at the Klein-Altendorf Campus ensure long-term 
perspectives for integrated and automated use of the 
sensor technology.
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S1
Innovative fluorescence measurements were either devel-
oped in the group, or existing concepts for plant phenotyp-
ing were adapted and tested in practice. In sub-project S1 
(KIT) an imaging laboratory device was developed which 
permits flexible determination of the wavelength of the 
excitation light. Ultraviolet and blue light only penetrates 
into the external layers of the leaf, green, yellow and red 
light is absorbed in the overall leaf tissue, inducing differ-
ent components in the photosynthesis complex. The flu-
orescence emitted is not only detected in the broad band 
red spectrum as is the case with standard commercial 
systems; it can also be quantified in different wavelength 
ranges (orange, red, dark red).

The ability to implement this system was tested exten-
sively in various studies using model plants by CROP.
SENSe.net. The final device is now available for use at 
the Jülich Research Center. A scientific publication on 
this measurement system can be found under Konanz 
et al. (2014).

S2
In sub-project S2, sensitive fluorescence detection pro-
cedures were tested for capturing and differentiating 
stress factors at the leaf and plant level with sugar beet 
and barley. For this the laser-induced spectral resolution 
fluorescence lifetimes (Laser- Fluorometer Lambda 401, 
IOM Berlin, Germany) as well as the imaged-based and 
spectral resolution fluorescence intensities (multispectral 
fluorescence camera Nuance®CRI, Perkin-Elmer, USA) 
provided information on the accumulation of pigments 
and the physiological condition of the plants depending 
on abiotic and biotic stress factors. The development of 
leaf diseases (e.g. powdery mildew and leaf rust) was 
impressively demonstrated in particular. In addition flu-
orescence sensors suitable for the field such as the Mul-
tiplex® device (Force-A, France) was implemented and 
validated for capturing drought stress and N-supplies. 
The combination of data from different sensors allowed 
a precise assessment to be made on the physiological 
condition of the plants, providing adequate prospects of 
practical use in phenotyping and crop management.

S8
The company Fritzmeier provided the first prototype of 
a fluorescence sensor for use by a tractor on the field 
scale in sub-project S8 (MiniVeg-N). This sensor permits 
continuous recording of the fluorescence signal of crops 
with the aim of determining the leaf chlorophyll content 
and stress-induced limitation of photosynthesis from this. 
The MiniVeg-N sensor was both tested in sub-project S2, 
and also implemented in sub-project GS6 under practical 
conditions.

Konanz S., Kocsányi L. & Buschmann C. (2014) Advanced Multi-Color Fluorescence 
Imaging System for Detection of Biotic and Abiotic Stresses in Leaves. Agriculture, 4, 
79–95; doi:10.3390/agriculture4020079 [open access publication]

Kang Yu, K.; Leufen, G.; Hunsche, M.; Chen, X.; Bareth, G. (2014). Investigation of Leaf 
Diseases and Estimation of Chlorophyll Concentration in Seven Barley Varieties Using 
Fluorescence and Hyperspectral Indices. Remote Sensing, 6, 64–86.

Leufen, G.; Noga, G.; Hunsche, M. (2014). Fluorescence Indices for the Proximal 
Sensing of Powdery Mildew, Nitrogen Supply and Water Deficit in Sugar Beet Leaves. 
Agriculture, 4, 58–78.

Leufen, G.; Noga, G.; Hunsche, M. (2014). Proximal Sensing of Plant-Pathogen Interac-
tions in Spring Barley with Three Fluorescence Techniques. Sensors, 14, 11135–11152.

Fluorescence measurements
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S5
Another approach was taken in sub-project S5 which al-
lows a larger part of a plant to be examined rather than 
one single leaf. Emitters and detectors with two working 
frequencies in the sub-terahertz range are used for this 
purpose which work at 35 GHz and 60 GHz. Both sub-THz 
rays X-ray the plant with a beam diameter of several cen-
timeters and arranged in such a way that the plant is lo-
cated in the center of the measurement setup where both 
beams cross. This way measuring data can be recorded 
simultaneously with both frequencies, while the plant is 
rotated once around itself on a motorized rotation unit in 
order to X-ray it from different angles. Shadow images 
of the plant are also taken using an optical camera in 
addition to the sub-THz measuring data. The combination 
of different sensor data allows the amount of water that 
was introduced into the beam path with the plant to be 
calculated. Here as well the gravimetric water content 
coincided with measurements on barley as carried out 
in sub-project GS2.

Gente, R., Born, N., Voß, N., Sannemann, W., Léon, J., Koch, M., & Castro-Camus, 
E. (2013) Determination of Leaf Water Content from Terahertz Time-Domain Spec-
troscopic Data. Journal of infrared, millimeter, and terahertz waves, 34, 316–323.

Microwaves, terahertz and sub-terahertz procedure

Electromagnetic radiation in the microwave, terahertz and sub-terahertz range is particularly suitable for the non-invasive 
detection of small quantities of water, thereby enabling determination of the water status of crops using the leaf water 
content. While most dry dielectric substances for this frequency range are largely transparent, liquid water represents 
a strong absorber.

S3
Series of measurements were carried out on maize, 
wheat, rapeseed and potato leaves in sub-project S3 using 
the dual-mode resonator procedure (microwaves). For this 
the leaf to be examined is placed on the sensor surface of 
the mobile device and the change in quality and resonance 
frequency caused by the leaf is ascertained. There was a 
good correlation between the microwave measurement 
data and the gravimetrically determined water content 
for the relevant variety of leaf. The procedure is based on 
the interaction of so-called evanescent electromagnetic 
fields with the plant tissue, which results in a very high 
level of accuracy and reproducibility for this method. In 
addition to the water content, current research is focused 
on ascertaining the electrical conductivity and therefore 
the mineral content through comparing the quality and 
frequency data.

S4
A fiber coupled Terahertz time domain spectrometer ca-
pable of also being used outside of the optics laboratory 
was developed and set up in sub-project S4. All of the 
components required to operate the spectrometer are 
housed in a mobile 19-inch enclosure on castors. A fem-
tosecond short pulse laser and fiber coupled delay line are 
among the key components particularly worth noting here. 
The actual Terahertz beam in which the leaves examined 
are introduced is located in a measuring head separate 
from the main enclosure. The cables and glass fibers 
which link the measuring head to the other components 
are brought together in a flexible hose, meaning that the 
measuring head can be moved to the plant manually. A 
algorithm based on a physical leaf model was developed 
to assess the data acquired. The volume and weight pro-
portions of these three components can be determined 
from the Terahertz measurement data with the aid of an 
optimization algorithm (Gente et al. 2013). Measurements 
on barley crops in cooperation with sub-project S2 proved 
the suitability of the procedure as compared with compa-
rable gravimetric measurements.

Determination of the leaf water content using THz sensor 
technology
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S6, S7 and S9

3-dimensional reconstruction of the crop surface

The acquisition of the geometry of the crops was recog-
nized in various application projects as relevant trait to 
characterize crops as well as the required parameters for 
the interpretation of other measurable quantities. On the 
one hand active, laser-assisted procedures for surface 
measurements for plants were adapted and tested in this 
research group (sub-projects S6 and S7). In addition a new 
measurement procedure was developed and optimized 
for measuring crops (sub-project S9).

Both procedures provide high-resolution data regard-
ing the spatial and temporal dynamics of the geomet-
ric surface properties of the crop. For instance growth 
rates of differing varieties in the field can be deduced 
over the vegetation period using the laser system. The 
stereo camera approach enables the capturing of the 
local leaf angle distribution under natural conditions. Both 
approaches were successful scientifically and were pub-
lished in corresponding scientific journals (Müller-Linow 
et al. submitted). In the meantime the stereo approach 
has been developed in such a way that an initial version 
of the software package is available and can be provided 
to other scientific institutes.

Furthermore various hyperspectral measurement pro-
cedures (point sensors and imaging approaches) were 
integrated in sub-projects S6, S7 and S9 and the spectral 
high-resolution data were integrated with the geometric 
surface data (“sensor fusion”). Initial findings were capable 
of being derived from this on structural-functional rela-
tionships in crops, which are being examined for applica-
bility as part of ongoing doctorates and follow-up projects. 
An innovative sensor (Isaria) from the company Fritzmeier 
(sub-project S8) was tested within this context and then 
handed over to sub-project GS6 for the practical test.

Müller-Linow M., Pinto-Espinosa F. & Rascher U. The leaf angle distribution of natural 
plant populations: assessing the canopy with a novel software tool. Plant Methods, 
submitted in August 2014. [open access publication]

Recording of the 3D arrangement of the leaves in a sugar beet 
population: from recording using a stereo camera – calibration 
of a known object – allocation of the orientation of individual 
leaves (segmentation) – reconstruction of the plant population 
with color coding of the leaf orientation 

calibrated originals disparity (depth) leaf segmentation

stereo setup
3-d surface  
modeling
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Klein-Altendorf Campus

Infrastructure development – PhenoCrops 

The setup of a phenotyping chain for automated charac-
teristic detection in individual plants through to entire 
agricultural crops is implemented as part of this infra-
structure project. It is broken down into four work pack-
ages as well as the central IT infrastructure.

Individual plants are examined in so-called ‘rhizotrons’ 
which allow traits to be captured both above as well as 
below ground. An innovative hyperspectral measurement 
box is integrated into this automated setup. Hyperspec-
tral measurements of roots are a complete innovation 
here which will provide valuable findings on the struc-
tural-functional relationship in the root area in future.

A greenhouse vessel with adjoining open area were 
converted for the larger scale level of the smallest crop 
populations at the Klein-Altendorf Campus. Large plant 
troughs (1 x 1 meter) can now be flexibly installed there. 
An automated sensor positioning system allows precise 
and reproduced acquisition of various plant traits using 
active and passive fluorescence analytics, thermography 
and imaging spectroscopy.

There are two measurement systems available for use in 
field phenotyping at the experimental plot level. There is 
a field vehicle with side arm available soon, as well as a 
converted lifting platform which is provided specifically 
for mobile use. This vehicle is able to approach defined 
waypoints with a very high degree of accuracy and is in-
tended for use as a multi-sensor carrier platform.

Flying systems are used here for crop examinations such 
as octocopters and airships. The airship excels with this 
through its long flying times and relatively high load ca-
pacity. It is also suitable therefore for parallel use of dif-
ferent sensors. The octocopter on the other hand is only 
able to carry one sensor and has very short flying times. 
However, it can be deployed very rapidly and has integrat-
ed GPS positioning. This makes it possible to control de-
fined waypoints with a high degree of positioning accuracy. 
Both pieces of flying equipment have been in use since 
2013 and have proven themselves in practice beyond the 
central experiment site at the Klein-Altendorf Campus.

Burkart A., Cogliati S., Schickling A. & Rascher U. (2014) A novel UAV-based ultra-light 
weight spectrometer for field spectroscopy. IEEE Sensors, 14, 62–67.
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Soil Research Group

Soil sensor technology  
Site characterization
Soils are generally heterogeneous within individual plots of land. The humus content may for instance fluc-
tuate by a factor of two on a plot. The same applies to the clay content and the maximum reservoir output. 
Dynamic parameters such as mineral nitrogen content (MN) or current soil moisture often vary even more. If 
these spatial fluctuations are not known then they can barely be compensated using management measures. 
In plant breeding these inhomogeneities can influence the plant traits or crop yields to be appraised, meaning 
that the unknown margin of experimental error increases and ultimately breeding success is restricted. A 
range of sensors were tested and optimized therefore in Cluster B “Site characterization” in order to quantify 
spatial influencing parameters rapidly and reliably on the field scale which essentially control plant growth. 

SP SP / WG Head Executive body Financing by Contribution

B1 Kurt Heil,  
Urs Schmidhalter

Technische Universität 
München, Chair of Plant 
Nutrition

BMBF Detection of soil heterogeneity in crop 
nurseries and field experiments

B2 Gerhard Welp, Stefan 
Pätzold, Wulf Amelung

University of Bonn,  
INRES soil sciences

BMBF, ERDF Sensory pattern recognition of nutrient 
contents and availabilities in the soil

B3 Lutz Weihermüller Jülich Research Center, 
Agrosphere Institute

BMBF Non-invasive assessment of  
plant stress on the field scale

B4 Andreas Pohlmeier Jülich Research Center, 
Agrosphere Institute

BMBF Drought stress recognition in the  
soil/root area using NMR  
imaging and relaxometry
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B1
Conductivity sensors (EM38, EM38-MK2) and optical sen-
sors were used at the Chair of Plant Nutrition, Technische 
Universität München (Project B1). The optical sensors 
capture the diffuse reflection of light on the surface of 
the soil. Either sunlight (Zeiss-Spectrometer MMS1) is 
used here as a reference signal or an artificial light source 
(active LED or Xenoflash 4-channel sensors). The sensors 
used are able to capture very rapidly whether and if so how 
the moisture changes in the soil, or how soil stratification 
is distributed over the area. The illustration shows an 
example of conductivity measurements with the EM38-K2 
sensor. The difference between winter and summer fruits 
can easily be seen: Since winter fruits extract more soil 
water, the conductivities (ECa values) are generally lower. 

Distribution of the apparent electrical conductivity (ECa) in May 2011  
at the end of a 4-week period with low precipitation at the Dürnast site  
(data from Kurt Heil, TUM)

A model was developed with the measurements car-
ried out on three sites from which grades of the yields 
or different water usage efficiency of the arable crops 
can be deduced. Various mathematical calculation steps 
which convert the signals from the different sensors into 
the desired soil characteristics form the basis for this. 
Together with topographical information it is therefore 
possible to determine to a certain degree why e.g. the 
yield for a certain variety on a plot of land varies spatially, 
or which varieties may be more tolerant towards these 
soil conditions. This way the aforementioned margins of 
experimental error can be minimized in the field exper-
iment, by identification of stress conditions in the crop 
stand and reducing errors incurring through separate 
sampling of soils and plants.

ECa [mS m-1]

ECa [mS m-1] MK2 v-mode, 0.5 m coil distance
13 May 2011

0 25 50 100 meters

00–5
06–10
11–15
16–20
21–25
26–30
31–35
36–40
41–45
46–50
51–55
56–60
61–90
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ECa pattern (above), 
Total gamma radiation (center) 
and ortho image (below, growing maize crops) 
of a experimental field at Dikopshof

B2
The works by the INRES soil sciences, University of Bonn, 
build upon the above information. Their specific objective 
was to clarify how nutrients vary spatially on plots of land, 
thereby influencing the growth conditions of our arable 
crops. These findings may assist in managing the soils 
on a subarea-specific basis and thereby in optimizing 
management measures and avoiding losses in the yield. It 
is true in turn that high-resolution maps of soil nutrients 
and humus content cannot be created in an economic 
manner using the conventional procedures of sampling 
and laboratory analysis. Soil sensors were also used 
here as a consequence. These are based on reflectance 
spectroscopy in visible and near infrared (VIS NIRS; the 
reflection of this beam on the soil is detected), gamma 
spectrometry (γ-S; the natural radioactive background 
radiation of the soil is detected) and electromagnetic in-
duction (EMI). Both methods (gamma-spectrometry and 
electrical conductivity) yield corresponding results.

Determining nutrients via soil sensors is not easy, since 
sunlight, roughness of the soil, fluctuating moisture con-
ditions as well as partial covering of the soil surface with 
straw and plant parts interfere with the measurements. 
However, it was also possible to capture these interfer-
ing parameters by sensor and thereby to eliminate them 
using appropriate assessment mechanisms (PLSR, SVM). 
A new measurement chamber was developed based on 
a standard commercial VIS-NIRS sensor, with this new 
chamber capable of capturing spectra of the ground sur-
face on-the-go independently from the sunlight. These 
spectra reveal spatial differences in the C-, N-, and P-con-
tent. The K content can also be captured using gamma 
spectrometry; however, the expected indirect detection 
of P using gamma spectrometry does not work in central 
European soils. Since the sensors used only provide ap-
proximate values for the soil characteristics of interest, 
on-site calibration of the equipment to the relevant local 
conditions is required. However, remaining uncertainties 
can be reduced considerably if the various sensors are 
used and assessed simultaneously. As illustrated in the 
opposite picture, the different biomass regrowth at the 
Dikopshof site (ortho image) can be fully explained by EMI 
and gamma spectrometry data.

ECa (mS / m2)
 7,5 –10,0
 10,1 –10,5
 12,6 –15,0
 15,1 –17,5
 17,6 –20,0

Dikopshof Total counts (cps)
  <0.850
 850 –0.900
 900 –1.000
 1.000 –1.100
 1.100 –1.200
 >1.200
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B3
In sub-project B3 (Forschungszentrum Jülich GmbH), 
various non-invasive geophysical measurement meth-
ods such as ground-penetrating radar (GPR), electrical 
resistance tomography (ERT) and electromagnetic induc-
tion (EMI) were tested for the characterization of exper-
imental areas and deduction of the water content in the 
root area. These non-invasive measurement procedures 
yield approximate physical data which provides indirect 
information, e.g. on soil water content or soil texture. For 
more detailed information on influencing factors which 
determine growth, information on additional soil param-
eters is required (e.g. texture, porosity, effective electrical 
conductivity, nutrient content) which was acquired here 
from the other sub-projects (B1 and B2). 

The results showed that multi-frequency GPR data contain 
adequate information for the purposes of determining 
the hydraulic characteristics in the root area on an iso-
lated basis. It could also be shown that ERT-calibrated 
EMI signals allow extensive conclusions to be made on 
soil factors which determine plant growth. The high cor-
relation between the EMI signal and leaf area index (LAI) 
during periods of drought stress (see fig. below) must be 
highlighted in particular, even though the EMI measure-
ments did not take place during the drought periods. The 
documented link points to the fact that heterogeneities 
in the subsoil produce constant patterns which are only 
reflected in the plant population in the case of extreme 
events (periods of drought stress). If these types of influ-
ences are not taken into account then plant experiments 
cannot be adequately analyzed for statistical purposes. As 
a summary of this study it can be noted that plant experi-
ments should not be set up using a classical pattern (e.g. 
randomized block design). Instead they should be oriented 
towards the proven similarities in the soil characteristics.

Pattern of the leaf area index (LAI) of a wheat field following a period of drought in 2011 (derived from Rapideye data; a) and EMI mea-
surement from different depths (b, c) for the same area from 2012 at the Selhausen site.

B4
The first three projects show that detection of soil het-
erogeneities and small-scale variability in soil param-
eters which determine growth is possible using sensor 
technology. In the last project in this cluster (Project B4, 
Forschungszentrum Jülich GmbH) an analysis was car-
ried out into whether and how sensors are suitable for 
measuring the relevant root architecture and the water 
absorption by the roots. Nuclear magnetic resonance 
imaging (NMRI) and magnetic resonance tomography 
(MRT) were used for this which are both well known from 
the field of medical diagnosis.

The pore size distributions in the soil can be measured 
relatively quickly and reliably using NMR. The results 
allow conclusions to be made on the soil’s water retention 
capacity. Growth of the roots can then be recorded via 
MRT, meaning that it is ultimately possible to describe 
the water absorption by the roots with repeated mea-
surements and mathematical models (see fig. above). 
The aforementioned procedures are still too expensive 
in agricultural practice, but they may provide valuable 
insights for breeders in particular in terms of how the 
subterranean biomass of the different varieties develops 
with differing soil characteristics.

a) LAI b) 0–0.5 m c) 0–1.8 m

Root architecture and water 
absorption rates of lupins, 
derived from MRT data and 
mathematical modelling.
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Data Analysis and Management Group

New methods for capturing structured  
3D models and interpreting hyperspectral 
sensor data
The objective of the “Data management and analysis” group was to provide and use IT methods for prob-
lems and tasks which apply across all arable crops and scales. These included the development of a plant 
information system, recording of three-dimensional geometric data and treatment and interpretation of 
sensor data with regard to breeding and crop management requirements, including early detection of stress 
before visible symptoms appear. 

All sub-projects involved the development of plant-specific models and implementation of these in terms 
of the software. The series of methods ranged from database technology to pattern recognition, machine 
learning to solving partial differential equations and mathematical optimization.

SP SP / WG Head Executive body Financing by Contribution

D1 Armin B. Cremers,  
Hanno Scharr

University of Bonn, Institute 
of Computer Science III; 
Jülich Research Center

BMBF Information systems for phenotyping 
experiments

D2 Daniel Cremers,  
Wolfgang Förstner,  
Heiner Kuhlmann,  
Volker Steinhage,  
Reinhard Töpfer

TU München, Computer 
Vision Group; University of 
Bonn, IGG – Photogram-
metry; University of Bonn, 
IGG – Geodesy; University of 
Bonn, Institute of Computer 
Science III; Julius-Kühn 
Institute, Geilweilerhof

BMBF Methodology for non-invasive recording 
and deduction of an objective architec-
ture model of plants structured and 
interpreted in space and time for auto-
matic phenotyping analysis

D3 Lutz Plümer University of Bonn, IGG – 
Geo information

BMBF Early identification of stress from hy-
perspectral sensor data and classifica-
tion of soil characteristics

D4 Martin Rumpf University of Bonn, Institute 
for Numerical Simulation

BMBF Modelling of the variation of 3D forms 
and changes in form of beets in order to 
create a template database for pheno-
typing analysis

D5 Heiner Goldbach University of Bonn, INRES – 
Plant Nutrition

BMBF Implementation and operation of a 
server platform for public presentation,  
CROP.SENe.net internal communication 
and management of data collected
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D1 Information systems for 
phenotyping experiments

The distributed information system PhenOMIS (Phenotyp-
ing Observation and Measurement Information System) 
was created in Project D1 from various databases and 
mapping services together with the associated infrastruc-
ture. It allows full recording and management of all data 
required for phenotyping of plants for each individual 
plant over its entire life cycle. Existing automated mea-
surement stations were connected to the system for this 
purpose, with plant handling stations suitable for prac-
tice also designed and set up. The handling stations are 
used for automated entry of data into the databases while 
working and during manual handling of the plants. The 
stations implemented sowing positions to be recorded 
for individual seeds, automated germination detection 
with visualization and selection aid using video projectors 
directly on the plant pots, support with setting out seed-
lings and randomization, as well as with automatic label 
and position generation, and weighing of samples with 
automated allocation to the sampled plant at the touch 
of a button. The practicability of the solutions developed 
was evaluated and optimized under real working condi-
tions in the greenhouse. This has facilitated and speeded 
up work processes which were previously time consum-
ing and prone to error. The data captured are also more 
reliable and accurate at the same time compared with 
earlier work processes. If no special hardware is required 
for data collection, e.g. for handling operations such as 
fertilizer dose, the data may be collected using a mobile 
tablet PC-based handling station. Successful integration 
of the climate database BayEOS allows integrated climate 
histories to be called up for plants or plant populations, 
or points to be made on the environmental conditions / 
sensor measurements of a plant over its entire life cycle. 
Data emanating from plants/plant populations can be 
called up using the prototype application “ScientistWP” 
and this can be presented in the special views “Plant-
Timeline”, “ClimaHistory” or “TableViewer”. 

D2 Interpreted 3D plant 
architecture

Capturing phenotypic traits of the vine shoot principally 
takes place under field conditions. For this trained em-
ployees who generally have many years of experience 
estimate the condition of various traits using two classi-
fication directories. This takes place on several hundred 
genotypes which are grown on an experimental area of 
30 ha. This makes the phenotyping very time consuming 
and the results are subjective. One of the main objectives 
of the interdisciplinary CROP.SENSe.net data manage-
ment group D2 was the development new phenotyping 
methods under field conditions with greater accuracy, 
objectivity and speed. These are crucial for improved ef-
ficiency in grapevine breeding, more extensive genotypic 
issues and improved vineyard management. A prototype 
platform was developed for this reason for field pheno-
typing. This platform includes calibrated cameras, 
a high-resolution GPS system and specially 
developed software “IGG Geotagger” 
for capturing georef-
erenced color 
photos. Use 
of the trac-
t o r - d r a w n 
prototype al-
lows image 
data to be captured from approx. 500 
vines per second, representing a basis 
for automatic non-destructive data collec-
tion in vineyards with high throughput. Various 
traits of the vine were considered for the pur-
pose of developing automatic image evaluation 
programs in D2. 1) classification of the budding 
time in spring; 2) automatic recognition of berries 
and determination of the berry size from the start of 
ripeness until harvest; and 3) automatic quantification 
of the visible digital leaf area of vines. Use of these new 
methods allows rapid acquisition of images directly in the 
vineyard followed by automated analysis of these images 
with reconstructed three-dimensional bathymetric charts 
and Matlab® enables objective and accurate phenotyping 
data to be produced with increased throughput.
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Photogrammetry 

The objective was to use the near-range photogramme-
try for the purposes of creating 3D scatter diagrams for 
phenotyping applications. This objective was achieved. A 
classifier was developed for the purposes of identifying 
the plant and the organs. This allows parameters to be 
deduced such as the number of berries and their diameter.

Geodesy 

The objective of this SP was to evaluate a near-range laser 
scanner system for creating high-precision 3D scatter 
diagrams for use in typical application scenarios in phe-
notyping. These are used as a reference for applications 
in photogrammetry. This objective was achieved for the 
model plants in the project, the geometry of the plant can 
be mapped in an obstruction-free surface description, 
permitting an analysis of the spatial-temporal develop-
ment. Algorithms were developed which automatically ex-
tract parameters such as leaf area and stem height from 
the scatter plots. Use of low-cost sensors and application 
of these in phenotyping issues were examined as a less 
cost-intensive alternative for practical application. The 
interaction of the laser scanner with the plant surface was 
examined. This is essential for the purposes of producing 
a high-precision 3D model. 

Imaging

The objective of the SP was to develop procedures for re-
construction of 3D models of plants from 2D RGB images. 
This objective has been achieved and it is now possible to 
deduce 3D parameters of the individual organs. This can 
be done both for snapshots as well as for time sequences. 

Artificial Intelligence

The objective of the SP was to develop a procedure for 
model-based reconstruction of plant architectures from 
sensor data for the purpose of automated phenotyping. 
This objective has been achieved and it is now possible to 
determine the phenotype to a greater extent and to use 
quantified dimensions for the traits instead of inaccurate 
categorizations. Installation of the system at project part-
ner JKI Siebeldingen is planned.

D3 Recognition of temporal-
spatial patterns

High-precision procedures for recognition and interpre-
tation of temporal-spatial patterns were developed as 
part of the project for early stress detection with spectral 
sensors. The methods significantly improve the robust-
ness of the classification model, the time for stress de-
tection and the ability to interpret the results, compared 
with established methods based on vegetation indices or 
traditional methods of pattern recognition.

In collaboration with the Fraunhofer Institute in Birling-
hoven the GA2 (Leon) and S9 (Rascher) projects, a sig-
nificant improvement was capable of being achieved in 
recognizing drought stress using imaging sensors. The 
spectral data were dissected into basic vectors capable 
of being interpreted using new methods of matrix fac-
torization. Assessing the temporal development of the 
redistribution coefficients, the onset of stress reactions 
enabled the detection of stress 5 days prior to the oc-
currence of the first visible symptoms in the barley cv.s 
Scarlett, Wiebke and Barke. Early detection of brown rust 
with fluorescence sensors was significantly improved in 
collaboration with project S2 (Noga). The robustness was 
increased through stepwise polynomial approximation of 
the spectral ranges and support vector machines, thereby 
achieving early detection on the second day after inocu-
lation, and with considerably higher accuracy compared 
with similar procedures. 

Interference factors such as roughness and moisture have 
a significant influence on the spectral signature which 
can even override the influence of the target values (e.g. 
carbon content). Classification of the surface roughness 
was made possible for the first time under fluctuating 
moisture conditions through ordinal and hierarchical clas-
sification as well as approximation of the spectra through 
polynomials in collaboration with project B2 (Amelung). 
Determination of both interference factors allowed the 
regression error in carbon determination to be halved. The 
procedures developed in this project are applicable on a 
large scale to spectral tasks in the area of phenotyping. 
Freely available open source software should open up the 
procedures developed for applications. The user-friendly 
software enables interactive and explorative classification 
of spectral data and segmentation of plant surfaces. The 
program combines the methods achieved in the D3 project 
and integrates them with active learning methods.
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D4 Form and structural 
analysis of beet growth 
based on 3D soil exposures

Mathematical tools for statistical analysis of sugar beet 
were developed in the D4 project. For this the three-di-
mensional geometry of a large number of different va-

rieties of beet roots were recorded digitally at 
different times of growth. Laser scanning and 

magnetic resonance tomography were used 
as recording procedures in the group. The 
geometry of a beet root is thereby extracted 
from the scatter plot data or the 3D image 
data as an equipotential surface. The actual 

statistical analysis is based on a main axis 
analysis of the forms (PCA) and a regression 
analysis of the form growth. A model of con-
tinuum mechanics is used for the main axis 
analysis. The average forms and primary form 
variations can be determined with this using 
a robust process. A relative distance concept 
can also be calculated of an individual form to 
a form distribution which can be used to allo-
cate individual beets to varieties of beet. The 

regression analysis enables time series of beet 
data to be analyzed and an average growth progression 
of the forms to be calculated. 

The tools developed can be used for automated and robust 
analysis of the beet growth and of the static evaluation of 
yields of different varieties under differing growth con-
ditions. As such they provide an alternative to classifiers 
used up to now and which are identified manually. 

The methods implemented in the project were compre-
hensively validated. The methodology also allows direct 
application to other volume-type forms. The algorithmic 
tools can be used directly by the user based on simple 
interfaces to the input data. The algorithms are available 
in a C++ software library.

D5 Network server and data 
management

A website was set up and maintained for the CROP.SENSe.
net network for the entire sponsorship phase. This pro-
vides an area for public relations work and network an-
nouncements, and there is also an internal password-pro-
tected area available to members of the network. Data 
produced by all sub-projects is managed here from the 
central experiment and further information is provided to 
all network members. The data collected was integrat-
ed into a suitable data management system (KENOMX) 
for plant research and breeding with multiple evaluation 
procedures for the purposes of sustainable use of the 
generated data in CROP.SENSe.net. This system provides 
an opportunity for statistical analysis across all sites of the 
core set of sugar beet and barley, with direct availability of 
statistical sizes and data analysis via integrated R-scripts 
and their graphic visualization. 

rieties of beet roots were recorded digitally at 
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Sugar Beet Research Group

Recording of phenotypic traits  
of root crops and tubers
A Sugar Beet Research Group was formed within the scope of the CROP.SENSe.net Project which was sub-
divided into the two sub-areas of plant architecture and plant stress. Partners from university institutes as 
well as from Jülich Research Center and a private breeding company came together in 7 sub-projects. The 
projects were financed by the German Federal Ministry of Education and Research (BMBF) funding program 
AgroClustEr and by the ERDF. 

The general objective of the research group was to develop 
methods for non-destructive in vivo detection of sugar beet 
roots and shoots with or without pathogen infections. The 
individual tasks can be summarized as follows:

●● Development of non-destructive in vivo detection of the 
sugar beet root architecture in high throughput and 
high-resolution procedures, 

●● Development of a sensory procedure for capturing sug-
ar beet leaf diseases and nematode infestations.

●● Description of the genetics for storage root formation 
using the established high-throughput sensor tech-
nology 

●● Development of a sensory process for detection of abi-
otic plant stress on sugar beet prior to the appearance 
of symptoms 

At the start the following plant material was selected for 
the joint work: 

●● three current varieties from KWS Saat AG  
(Pauletta, Isabella, Felicitas)

●● two lines contrasting in sugar content  
from the KWS breeding program

●● Sugar beet and chard parents, F2:5- RILs  
(recombinant inbred lines)

SP SP / WG Head Executive body Financing by Contribution

ZA1 Peter Schulze-Lammers University of Bonn, Institute 
of Agricultural Engineering

BMBF RADAR sensor technology for  
root growth determination

ZA2 Christian Jung,  
Friedrich Kopisch-Obuch

CAU Kiel, Institute of Crop 
Science and Plant Breeding

BMBF Populations which split for storage 
root formation, genetic maps, QTL 
mapping, candidate genes

ZA3 Dagmar van Dusschoten Jülich Research Center 3D tomography of sugar beets in  
natural soils with MRI/PET

ZS1 Marcus Jansen,  
Uwe Rascher

Jülich Research Center BMBF Phenotyping of the infestation  
dynamics of leaf pathogens with 
non-invasive sensor technology

ZS2 Heiner Goldbach University of Bonn, INRES – 
Plant Nutrition

ERDF Non-invasive sensor technology on 
the leaf apparatus of sugar beets for  
estimating the density of H. schachtii

ZS3 Heiner Goldbach University of Bonn, INRES – 
Plant Nutrition

BMBF Stress differentiation including  
volatile indicators

ZS4 Manfred Trimborn University of Bonn, INRES – 
Plant Nutrition 

ERDF Stress differentiation including  
volatile indicators

exter-
nal

Britta Schulz Kleinwanzlebener Saat AG 
(KWS)

--- Collaboration in ZA3, ZS1, ZS2,  
ZS3, ZS4
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ZA1
Sub-project ZA1 had the objective of establishing the 
ultra-wideband radar system (UWB-RADAR) principle 
for non-destructive analysis of the root growth determi-
nation of sugar beet in container experiments, mapping 
morphological differences in storage root formation and 
where applicable quantifying storage root sizes or storage 
root growth. 

The central task of sub-project ZA1 was the establishment 
of the RADAR system as a “scanner”, so that it would be 
possible to examine the root crops from different exposure 
angles. A linear drive and a circular drive were set up on 
a test stand produced specially for this purpose. 

The circular drive was used for rotating the plant contain-
er, and the linear drive for moving the antennae of the 
RADAR system in a vertical direction. There were therefore 
two different possibilities for movement of the scans:

●● Continuous movement of the rotation drive

●● Continuous movement of the linear drive

The relevant other drive was used progressively for the 
purposes of moving the antennae or the plant container 
as relevant by a certain distance. It was shown that con-
tinuous movement of the linear drive is more beneficial, 
since the sensor data can thus be interpreted more easily.

After defining the direction of the motion, the precision of 
the drives was assessed. While the rotation drive showed 
high repeatability and high precision of the angles for 
measurements, big deviations were sometimes found for 
the linear drive. These deviations were identified as being 
caused by lag or acceleration of the linear drive, which are 
not adequately taken into account by the RADAR software. 
However, a simple linear regression successfully correct-
ed these [systematic] errors. The detection of de-topped 
sugar beets was successfully tested in (dry) quartz sand. 
Beets of different sizes could be distinguished on basis of 
their fluorescence properties. However, the method was 
not sensitive enough for the examination of the population 
created in ZA2 with gradual differences in the storage 
root formation. 
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ZA3
The 3D tomography of sugar beets in natural soil was 
examined in sub-project ZA3. An innovative experiment 
setup was developed in the project which is capable of 
capturing the reflection and transmission (visible light 
to short-wave infrared) simultaneously, with appropriate 
near-natural substrates (soils) identified for cultivating 
the beets for the Magnetic Resonance Imaging (MRI) 
measurements. 

Architecture, contents and physiological traits of sugar 
beet genotypes were characterized with the non-invasive 
Magnetic Resonance Imaging (MRI) method. MRI reports 
were set up for high throughput-enabled recording of 
the three-dimensional architecture and anatomy of the 
body of the beet in the soil and its spatial and tempo-
ral development. The formation of the growth rings and 
individual tissues such as the vascular strand and the 
storage parenchyma were tracked at high resolution. Sug-
ar distribution and water flow in the beet were analyzed 
through 3D imaging, with the photoassimilate translo-
cation and storage examined using positron emission 
tomography (PET) following application of a radio tracer 
and high-resolution characterization of the external and 
internal structures of the beet. This allows quantification 
of the dynamic stress responses of different genotypes for 
the breeding of stress-resistant varieties. Finally it was 
possible to detect and quantify the fungal infestation by 
analyzing the combination of reflection and transmission 
in multiple wavelength ranges. 

ZA2
The objectives of sub-project ZA2 consisted in creating an 
RIL1 population from hybrids of chard x sugar beet, which 
segregate for storage root formation. Non-destructive 
sensor technologies (see ZA1) were applied to phenotype 
these lines, map storage root QTL2 and to identify candi-
date genes for storage root traits.

A total of 505 F5 lines (F5 RILs) were produced in the 
project. A tendency towards annual bolting was ascer-
tained while growing the F2 plants of populations 091530 
and 091535. Since early bolting has a significant impact 
on root development, only non-bolting plants should be 
seeded for the root phenotyping. After genotyping of the 
bolting allele there were over 200 biennial RILs available 
for the root phenotyping. From each line there were 5 
plants grown in each case at 2 different sites in 2L rose 
pots which were harvested at the end of 4 months, freed 
from any adhering earth and then assessed. To this end, 
data were collected of root dimensions, root weight, and 
number of cambium rings. The average values of the rel-
evant lines revealed an optimum distribution between the 
values of the sugar beet and chard parents. 

Markers were developed for the purposes of creating 
a genetic map; these markers feature polymorphisms 
between the chard and sugar beet parents. Calculation 
of the QTL is currently still in progress. 

3D tomography of sugar beets  
and development of their ring structure
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ZS1
Sub-project ZS1 involves phenotyping of Cercospora beti-
cola infested sugar beet plants using non-invasive sensor 
technology. For this purpose the company KWS SAAT AG 
has provided seed material (reference genotypes) with 
differing levels of sensitivity to Cercospora beticola and 
fungal isolates. Reports were set up for cultivation of the 
sugar beet, the fungus Cercospora beticola, as well as for 
inoculation of the plants with the fungus. Measurements 
were taken on diseased and disease-free plants using two 
hyperspectral cameras. An innovative experiment setup 
was developed for these measurements which allows the 
reflection and transmission to be captured simultaneously 
through a specific mirror arrangement and defined po-
sitioning of the leaves to the surfaces of the mirrors. A 

simultaneous measurement of this type on plant leaves is 
an innovative approach which has not yet been reported. 
As a result an application has been made to register the 
patent for the setup and the procedure with the German 
Patent and Trade Mark Office. Reflection and transmission 
spectra of the electromagnetic radiation (visible light to 
short-wave infrared) are measured at the leaf level with 
this new method.The measured values allow to identify 
healthy and diseased spots on the leaf. It was found that 
only the combination of reflectance and transmission 
values together in multiple wavelength ranges allowed the 
proper detection and quantification of fungal infections.
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Daily progress of the water index  
(A: morning, B: noon, C: afternoon). The 81 plots in an experi-
mental field with three different varieties of sugar beet can be 
recorded spectrally in high resolution (18 measurements per 
plot, values shown are average values, red: low water content, 
green: high water content).

ZS3
Sub-project ZS3 addresses the identification of stresses 
through emissions of volatiles. A system was developed 
for the gas measurements within the ZS3 sub-project to 
enable the detection of NO and other gas emissions from 
plants under controlled conditions. Various methods (re-
lated to water supply, antioxidant system, primary metab-
olism) were developed or adapted as part of the reference 
analytics. In order to check the extent to which selected 
parameters are suitable for describing early stages of 
drought stress, a standardized container experiment was 
developed in which sugar beets were grown under dif-
fering irrigation scenarios. This procedure for inducing 
drought stress was also used by other sub-projects.

The results of the different container experiments with 
sugar beets under drought stress show that some param-
eters react to the stress at a very early stage, while others 
react somewhat later. Overall the various parameters ex-
amined are well suited to revealing stress-related chang-
es in metabolism or damage. As a result they can also 
be used for showing inferences on the metabolic status 
of the plants, in particular the carbohydrate metabolism, 
as well as for documenting the degree of damage during 
the various sensor examinations. 

ZS2
A mobile hyperspectral spectrometer on the ground and 
UAV flights with different spectral camera systems were 
used in the ZS2 project, in order to assess the distribu-
tion of the soil-borne beet nematode Heterodera schachtii 
using signatures of the leaf apparatus and to calculate 
this with the Nemaplot model. The reflectivity on the leaf 
cover of different varieties of sugar beet in the open air 
was captured in three vegetation periods from 2012–2014. 
The varieties which vary in their level of resistance or 
tolerance were grown on areas with a wide variance in 
nematode density. 

Heterodera schachtii distribution 2013:
Distribution of the spectrally recorded nematode densities on 
an experimental field (K.Schmidt, Nemaplot)

Data from the vegetation period from 2012 showed that a 
general linear modelling permits a quantitative assess-
ment of the nematode density in the soil. However, the 
data are masked to some extent through effects of the 
varieties (tolerance or resistance) and favourable (moist) 
weather conditions. In the vegetation period 2013 with very 
dry weather conditions, the reflectivity of the leaf appara-
tus was captured spectrally over the course of the day in 
order to map variety-related effects and drought stress 
in high resolution. The water index provides the water 
content of the vegetation and is suitable for describing the 
progress of the drought stress in the different varieties 
of sugar beet. 

Suitable vegetation indices are currently being tested for 
their suitability to estimate nematode densities. In the 
container experiments and mini plots in open air con-
ditions the signatures of drought stress and nematode 
infestation are being examined further in order to optimize 
the population model. Spectral recording of the reflec-
tions of the leaf cover of sugar beet in combination with 
the population model may permit non-destructive early 
diagnosis of H. schachtii infestations in future.
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ZS4
The ZS4 project aimed at developing a measurement sys-
tem for identification and quantification of VOC emissions. 
The project intends to identify early (biotic and abiotic) 
stress responses by measuring VOC emissions for the 
development of early warning systems under greenhouse 
and field conditions. 

VOC emissions of heavily infected sugar beets feature 
hexenyl acetate. Hexenyl acetate is a green leaf volatile 
which is emitted following membrane damage. Our tests 
show that mechanical damage to sugar beets does not 
cause hexenyl acetate emissions. It can therefore be con-
cluded that hexenyl acetate emissions are a reaction to 
the development of Cercospora beticola.

Whether hexenyl acetate is also emitted following other 
biotic stresses still needs to be examined. Up to now this 
correlation reveals great potential for the identification 
of Cercospora beticola.

The results should also be transferred to other cultures 
(barley, vine). 

The essential results of the CROP.SENSe.net sugar beet 
group can be summarized as follows: Non-destructive 3D 
examination of the anatomy of sugar beet roots and the 
carbohydrate translocation is now possible. A population 
which splits for storage root traits is available. A new 
method has been established for measuring infestations 
of important leaf pathogens. Parameters for recording 
abiotic stress can partly be measured in high throughput, 
partly in “deep phenotyping” using different methods, 
and also used in breeding research and practical plant 
breeding. 

Cuvette for capturing the emission of volatile 
compounds from sugar beet

Emissions of volatile organic compounds (VOC) from sugar 
beet leaves with Cercospora infections
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Barley Research Group

Development of High Throughput  
Phenotyping (HTP) using barley as  
an example 
A Barley Research Group was established within the scope of the CROP.SENSe.net Project which was sub-
divided into the two sub-areas of plant architecture (GA) and plant stress (GS). Partners from university 
institutes as well as from the Jülich Research Center and two private crop breeding companies came together 
in 9 sub-projects. The projects were financed by the German Federal Ministry of Education and Research 
(BMBF) funding program AgroClustEr and by the ERDF. 

SP SP / WG Head Executive body Financing by Contribution

GA1 Iole Pisciottano,  
Udo Uschkerat

Fraunhofer Institute for 
High Frequency Physics and 
Radar Techniques FHR

BMBF Radar signal processing for the  
determination of biomass of barley  
ears in the crop 

GA2 Melanie Herker,  
Henrik Schumann,  
Jens Léon

University of Bonn, INRES –  
Crop genetics and biotech-
nology

BMBF Non-destructive growth analysis  
of barley

GA3 Pablo Rischbeck,  
Urs Schmidhalter

TU München, Chair of Plant 
Nutrition

BMBF High throughput screening in crop 
nurseries

GS1 Kerstin Neumann,  
Benjamin Kilian,  
Andreas Graner

IPK Gatersleben,  
Genome diversity

BMBF Automatic recording and genetic anal-
ysis of quantitatively inherited feature 
components for drought tolerance of 
summer barley

GS2 Wiebke Sannemann,  
Jian Shen,  
Dorothea Bartels,  
Jens Léon, 
Agim Ballvora

University of Bonn, INRES – 
Crop genetics and biotech-
nology

BMBF Sensory data – Characteristic – Marker  
association for the genetic co-localiza-
tion of plant stress reactions

GS3 Lászió Cselényi,

Joachim Moeser

W. von Borries-Eckendorf 
GmbH & Co KG, Leopold-
shöhe,

Saaten-Union GmbH

ERDF Sensor validation in barley breeding 
against biotic and abiotic stress

GS4 Anne-Katrin Mahlein 
Ulrike Steiner 
Erich-Christian Oerke

University of Bonn, INRES – 
Phytomedicine

BMBF Differentiation and quantification of leaf 
diseases in barley using their spectral 
signature

GS5 Fabio Fiorani,  
Achim Walter

RC Jülich BMBF Drought stress tolerance in barley

GS6 F.-F. Gröblinghoff, 
B.-C. Schäfer

South Westphalia University 
of Applied Sciences,  
Agricultural economics

ERDF Sensor validation under practical con-
ditions
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The general aim of the research group was to describe 
the development and application of non-invasive sensors 
for crop plants quickly and in a non-destructive process. 
The following objectives were pursued in the Barley Col-
laborative Project (VBG):

●● 3D depiction of the spatial orientation of the top layer of 
the barley crop as a site for absorption of photosynthetic 
active radiation (PAR)

●● High-precision georeferenced recording of hyperspec-
tral, chlorophyll fluorescence and thermal data under 
the particular conditions of small plots

●● Imaging hyperspectral analysis during vegetation to 
develop proxies for growth parameters

●● Estimation of the ear biomass using UWB radar as a 
basis for non-destructive recording of the harvest index

●● High Throughput Phenotyping of a highly diverse barley 
collection in a LemnaTec system (VIS, NR and fluores-
cence sensors), development of a model for the quan-
titative recording and evaluation of plant reactions to 
drought stress

●● Analysis of hyperspectral, sub-terahertz and fluores-
cence data under drought stress in a genetic context

●● Rhizotron investigations of the root growth and of 
shoot formation in order to explain dynamic reactions 
to stressors

●● Identification and quantification of leaf diseases, even-
tually before the occurrence of identifiable symptoms, 
using hyperspectral data

●● Validation of sensors under practical conditions
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GA1
Sub-project GA1 “Radar signal processing for the de-
termination of biomass of barley in the crops” aimed at 
establishing a system for acquiring high-resolution radar 
data of grain set in cereal crops. An UWB-SAR (Ultra Wide 
Band-Synthetic Aperture Radar) system was set up and 
data collected on the Klein-Altendorf campus over three 
consecutive years. 

A further goal was the development of a model to describe 
the interaction between reflected electromagnetic waves 
and of cereals ears to ultimately estimate their biomass 
in a standing crop by radar data. The biomass was de-
termined by destructive measurement for verification.

A comparison of the averaged radar data with the existing 
moist or dry weights has so far not shown any compre-
hensible trends which allow the biomass to be predicted 
from the RCS data. The model seems to be too simple 
and either needs to be revised or new models need to be 
developed. The amount of time required to develop the 
model is greater than expected.

GA2
Subproject GA2 “Non-destructive growth analysis of bar-
ley” intends to determine parameters which are indicative 
for growth changes, such as leaf surface, biomass and 
water content. However, its analysis is time-consuming 
and destructive. 

If one wishes to examine complex plant traits such as 
drought stress tolerance, then observing a large number 
of genotypes over a longer period is recommended. The 
objective was therefore to derive the growth parameters 
established in the crop research from spectral data. 

Plants can be recorded in a rapid, non-destructive and 
temporal independent process using spectrometry. Char-
acteristic spectral signatures allow conclusions to be 
drawn for plant growth.

Radar acquisitions

Vegetation sampling

Radar Cross  
Section (RCS)

●● Fresh Weight

●● Dry Weight

●● Moisture content

●● Biomass

SAR image
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UBo_14_020_Broschüre CropSense_eng_rz_1.3.indd   28 01.12.14   14:06



CROP. SENSe . net

29

GA3
In sub-project GA3 “High Throughput screening in crop 
nurseries” a hyperspectral active sensor was mounted 
on a carrier vehicle in order to measure plots in crop 
nurseries with drought stress and good water supplies. 
Reflection spectra were recorded during day and night 
and used to develop novel diurnal dehydration index. This 
index allows to estimate drought tolerance of different 
barley cultivars. Spectral indices were optimized which 
use the reflection in the near infrared range to record 
biomass and nitrogen uptake.

Thermal, distance and spectral data from the carrier vehi-
cle were merged and evaluated with the statistic methods 
linear regression and partial least square regression to 
predict grain yield prior to harvest.

Rischbeck, P., Baresel, P., Elsayed, S., Mistele, B., Schmidhalter, U. (2014): Develop-
ment of a diurnal dehydration index for spring barley phenotyping. Functional Plant 
Biology (published online)

Erdle, K., Mistele, B., Schmidhalter, U. (2013): Spectral high-throughput assessments of 
phenotypic differences in biomass and nitrogen partitioning during grain filling of wheat 
under high yielding Western European conditions. Field Crops Research, 141, p. 16–21.

Diurnal dehydration indices of the barley varieties from the core-set

Spectrometry

Thermography

Surface temperatures reveal differences in transpiration

Sensitivity of spectral indices for  
changes in the water content from  
red R2 0.95 to purple R2 0.20

Thermal photo: ripe barley crops
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GS1
In sub-project GS1 “Automatic recording and genetic anal-
ysis of quantitatively inherited characteristic components 
for drought tolerance of summer barley” the growth prog-
ress of individual barley plants was tracked under normal 
and drought stress conditions in a non-invasive process 
using an automatic system (LemnaTec-Scanalyzer 3D) 
with three different camera systems. In each case a top 
camera and a side camera record the plants in visible 
light, in the near infrared range and in the fluorescent 
range (400–500 nm). Furthermore the system is equipped 
with an automatic irrigation unit, meaning that all plants 
could be irrigated in a controlled manner and drought 
stress precisely monitored. Early summer drought lasting 
around three weeks was simulated in the early vegetation 
period which was followed by a recovery phase of a further 
two weeks. The plants are in mobile carriages which are 
fitted with an RFID chip and which contains and records 
all data which can be attributed to each individual plant 
and stored into the database. The carriages travel to the 
image acquisition cameras and the irrigation unit auto-
matically on transport rails.

The objective was to examine a genetically and phenotypi-
cally highly variable summer barley population in terms of 
its growth parameters under normal and drought stress 
conditions in order to carry out genetic analyses for the 
purposes of detecting associations between the estimated 
values obtained for drought resistance and genetic marker 
data. This was accomplished following the successful im-
age evaluation and extraction of the relevant digital image 
parameters, resulting in a large number of associations 
which are characterized further. 

GS2
The following objectives were pursued in sub-project GS2 
“Sensory data – Characteristic – Marker association to the 
genetic co-localization of plant stress reactions”:

●● Validation of the sensory data and results of their fusion 
in a genetic context

●● Association of the sensor results (fluorescence tech-
nology, terahertz and others) on genetic maps using 
sensor-marker association with simultaneous con-
sideration of the characteristic marker association for 
drought stress-related traits. 

For this purpose 533 double haploid offspring of a 
multi-parent population were examined for yield and yield 
forming traits under drought stress. The chromosome 
map clearly shows that gene regions for classic coding 
for yield-related traits are highly correlated to traits which 
were identified by the THz sensor (WCT and WL). 

●● Sensor data increase the physiological information 
content through a) early detection of reactions, b) de-
tection of previously undetected correlations of infor-
mation, c) repeated measuring during the stress phase, 
d) reduction in error variance through a now possible 
higher number of replicates

●● Comparison of non-invasive sensors with the expres-
sion of genes as early sensors on the traits of key genes 
for drought tolerance.

Gene expression as a response to drought stress over 

Chromosome maps of the 
seven linkage groups for barley. 
WCT=water content (water 
content in the leaf after 96 hours 
without irrigation), WL=water loss 
(difference between output and 
final water content after 96 hours 
without irrigation). The ellipses 
illustrate a close linkage between 
known yield parameters and the 
characteristics detected through 
the THz sensor.
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time varies in different barley cultivars. These cultivars 
can generally be divided into two sub-groups, i.e. variet-
ies which react at the early drought stress stage (Heils 
Franken; Pflugs Intensiv; Wiebke) and varieties which 
only react with severe drought stress. Varieties which 
only react at the late stage can be divided again into two 
sub-groups, i.e. those with enhanced gene expression like 
the varieties Barke, Eunova and Isaria, and with repressed 
gene expression like the varieties Trumpf and Victoriana. 

High temperature causes rapid water loss and has a neg-
ative influence on the expression of the HvCBF1 gene in 
barley. HvCBF1 can be seen as a molecular sensor for 
drought stress in barley. The expression of the heat shock 
protein Hsp17 is a very good indicator for temperatures 
in the field. The gene is expressed more strongly under 
drought stress and high temperatures than when ade-
quately watered.

GS3
The sub-project GS3 “Sensor validation in barley breeding 
against biotic and abiotic stress” aimed at:

●● Providing validation options under optimum field con-
ditions, at draught regions and sites with high pathogen 
pressure

●● Validation of the laboratory and greenhouse results 
in the field

●● Comparison of the standard spectrum of cultivars with 
breeders cultivars relevant for practice

●● Evaluation of the sensors in terms of their suitability 
for use in the breeding process 

●● Combination of genomics and sensor data for a more 
efficient breeding of drought tolerant and disease-re-
sistant cultivars in practice.

The standard varieties were cultivated at three locations 
in Germany in order to guarantee relevance to practice. 
In addition, cultivars were grown which are relevant for 
breeding, to enable a transfer from highly varying stan-
dard cultivars to high-performance varieties. All varieties 
to be examined were rated for pathogen infections and 
drought stress tolerance in the field. For comparison 
the sensors which produced good results in the other 
sub-projects under laboratory and greenhouse conditions 
for non-destructive detection of drought stress tolerance 
and pathogen resistance were implemented in the field. 
Climate data were also collected along with data on soil 
heterogeneity and on crop stands.

Type and 
environmental 
impact on 
expression 
patterns of the 
CBF1

Figure 1 A Figure 1 B

leaf: control 2010

leaf: drought control 2010

leaf: control 2011

leaf: drought control 2011

Day 7

Day 14

Day 21

Day 28

Hsp17 
Day 28

Actin

RNA

Day 7

Day 14

Day 21

Day 28

Hsp17 
Day 28

Actin

RNA

1 Barke, 2 Eunova, 3 Heils Franken, 4 Isaria, 5 Pflugs Intensiv,  
6 Trumpf, 7 Victoriana, 8 Wiebke, 9 Apex

UBo_14_020_Broschüre CropSense_eng_rz_1.3.indd   31 01.12.14   14:06



32

GS4
Quantification of disease infestation in plants is a prereq-
uisite for the selection of disease-resistant genotypes and 
fungicides and the basis for control decisions in the field. 
In sub-project GS4 “Differentiation and quantification of 
leaf diseases in barley using their spectral signature”, 
hyperspectral imaging procedures were implemented in 
the wavelength range between 400 and 2500 nm for the 
identification of capturing the most important leaf dis-
eases in the barley (fig. below) – powdery mildew, brown 
rust, net blotch, etc. Clear differentiation of the symptoms 
from those of other pathogens or physiologically-induced 
plant damage using disease-specific spectral signatures 
is required for quantification of the infestation. The poten-
tial for optical procedures related to sensitivity and clas-
sification accuracy was assessed for recording disease 
in cereals. A measurement protocol was developed and 
tested for this purposes at different levels. Time series in 
symptom development were recorded and allocated to the 
development status of the diseases. Spectral differences 
between the diseases in terms of temporal and spatial 
development were identified. Evaluation of the hyperspec-
tral image information was improved in cooperation with 
scientists from the Fraunhofer Institute. These findings 
represent a basis for developing assessment routines for 
the evaluation of plant diseases using machine learning 
procedures and for developing sensors for implementa-
tion in practice.

GS5
The root architecture can make an essential contribution 
to formation of the plant yield. Traits of the root architec-
ture are also more interesting for breeding in the context 
of climate change and a growing world population. Root 
systems are more difficult to access than shoot systems, 
and therefore their dynamic under stress conditions is 
researched less. In the sub-project GS5 “Drought stress 
tolerance in barley” the objective of the project was to gain 
a better understanding of the relationship between the 
root system architecture, shoot growth, photosynthesis 
and drought stress. In order to achieve this, those param-
eters need to be identified which characterize improved 
adaptation of the varieties to drought stress. A drought 
stress protocol for barley plants which are cultivated in 
rhizotrons filled with soil was established as part of the 
work package. This protocol was used to determine the 
temporal dynamic for shoot and root growth in relation 
to the progress of the drought stress experiment. The 
segmented data were related to the harvested biomasses 
of the shoots and roots. Two genotypes were examined 
from the barley core set (Barke, a more modern variety 
from 1996 and Heils Franken, an older variety from 1896). 
The biggest differences in the root architecture relate to 
a greater root diameter for the drought-stressed plants, 
which leads to a greater root volume. Irrespective of the 
treatment, Barke features a greater root diameter than 
Heils Franken. The methodology developed was used to 
characterize the reaction of the barley to drought stress 
in the high throughput procedure GROWSCREEN-Rhizo 
(Nagel et al., 2012).

Nagel, K. A. ; Putz, A. ; Gilmer, F. ; Heinz, K. ; Fischbach, A. ; Pfeifer, J. ; Faget, M. ; 
Blossfeld, S. ; Ernst, M. ; Dimaki, C. ; Kastenholz, B. ; Kleinert, A. -K. ; Galinski, A. ; 
Scharr, H. ; Fiorani, F. ; Schurr, U. (2012) GROWSCREEN-Rhizo is a novel phenotyping 
robot enabling simultaneous measurements of root and shoot growth for plants grown 
in soil-filled rhizotrons. Functional plant biology 39(11), 891–904.

Change in reflection spectra with progressive disease with 
leaf diseases in barley
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GS6
The sub-project GS6 “Sensor validation under practical 
conditions” had the following objectives:

●● Recording of plant development in the plant population 
and of plant stress for different genotypes as a function 
of N-fertilization and seed rate

●● Recording and development of relevant barley patho-
gens as related to nitrogen supply

●● Testing of the sensors for single plants and for the en-
tire crop

●● Statements on the ability to implement these sensors 
for crop management

●● Derive recommendations for practical use of the sensor 
technology

Setup of two exact multifactorial orthogonal experiments 
on open land for barley at the Merklingsen site (Soester 
Börde) with four replicates, implementation of the sen-
sor technology in experimental plots, assessment of the 
measurement results by comparing with standard field 
procedures.

For the experimental setup aimed at assessing plant de-
velopment and plant stress, plots were set up with sever-
al genotypes and with different seed rates and differing 
N-fertilization rates.

To assess the development of relevant barley pathogens, 
the experimental set-up comprised several genotypes at 
varying rates of pesticides and N fertilizer application. 

Development of a sensor unit 
Comparison of two commercial systems

Test stands for the development of field sensors
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CROP.SENSe.net Junior Research Group

Automatic detection of resistance types in 
barley using hyperspectral analysis
The objective of the CROP.SENSe.net junior research group is the development and application of non-invasive 
sensors for a high-throughput screening system for phenotyping of crops. The aim is to characterize the 
spectral properties of barley genotypes with different resistance reactions to powdery mildew in the 400 to 
2500 nm range for the purposes of creating the basis for an automatic, reproducible and objective process 
for phenotyping of resistant crops. Optical procedures are calibrated and validated using microscopic and 
molecular biological methods in order to establish a link between the phenotype and genotype.
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The group involves individuals working closely together 
from the area of phytomedicine (Anne-Katrin Mahlein), 
physiology and sensor technology (Uwe Rascher) as well 
as computer science and data mining (work with large and 
complex quantities of data: Kristian Kersting). The junior 
research group is organized into three work packages 
working in close cooperation and interactively to develop 
the fundamental methods for resistance screening. Barley 
lines with known and in each case different forms of re-
sistance are initially tested and spectrally characterized. 

The spectral patterns identified are then tested on un-
known genotypes and verified using analytical methods. 
The fundamental principles recorded for the spectral 

reflection of different forms of resistance are used as a 
basis for developing a phenotyping platform at the plant 
and plant population level. The process is continuously 
supported by machine learning procedures for the pur-
poses of automatic recording of spectral patterns, and by 
developing routines for controlled sampling of relevant 
genotypes.

By bringing together complementary expertise from the 
specialist fields of the agricultural sciences, phytomed-
icine, sensor technology and computer science, the bar-
ley/powdery mildew system is described in its entirety, 
with practical solutions developed for selecting resistant 
genotypes.

Sensor development Detection of functional plant parameters

Handling and interpretation  
of phenomic data

Identification of relevant 
plant genotypes

  HSI h  RGB i

Start
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