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    Abstract     Especially in humid moderate climates, high yields require the application 
of fungicides. Its site-specifi c application based on the biomass of crops is state of 
the art. Yet this technique does not take into account that fungal infections in most 
cases start and spread out from small, initial spots within a fi eld. So a sensing tech-
nique to detect these initially small infected spots would be of great importance for 
saving fungicides, for reducing damage to crops as well as to the environment and 
for allowing higher driving speeds in uninfected areas. Refl ectance indices of visi-
ble and near-infrared light as well as indices of fl uorescent light are candidates for 
detecting these spots. 

 Detecting the fungi in early stages of infection (= latency stage) can be important 
for a successful treatment, because stopping the infection after this time gets more 
diffi cult. In this latency stage, the diseases might not yet be visible by human eyes. 
Fungal diseases often change the physiological state of plants either by means of the 
photosynthesis or by the formation of secondary metabolites like phenols. These 
changes can be detected in the smartest way by optical sensing. Hereby fl uores-
cence is a sensitive method with the potential of detecting changes before infections 
are visible by human eyes.  
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11.1         The Situation for Site-Specifi c Fungicide Applications  

 It is a well known fact that fungal crop infections in most cases start with a few 
small and very discrete  patches  . At the beginning of a fungal epidemic, these few 
tiny infected loci within a fi eld are hard to detect. Their visual patterns depend very 
much on the respective fungi, on the infection stage, on crop development as well as 
on varieties and on the weather. Therefore, traditionally crop epidemiologists have 
been  detectives of patterns   with microscopes as manual tools. 

 The early detection of an infection is crucial, because it allows timely counterac-
tions, hence to eliminate further spreading of the disease and to prevent serious 
damage to the crop. It is also a prerequisite for site-specifi c application. Because at 
the far end of a fungal epidemic and much damage, a more uniform spatial distribu-
tion of the disease will exist. 

 If the challenge of an early and site-specifi c detection of infected patches is met, 
there probably are no other farming operations where treating the whole fi eld uni-
formly can be so far off the actual needs. However, these challenges also mean that any 
successful site-specifi c application of fungicides must comply with extremely high 
spatial and temporal resolutions. So to come up to the prerequisites for site- specifi c 
spraying against fungi is not easy, yet the prospects might justify the efforts. 

 As a consequence of this situation, two different approaches for site-specifi c 
application of fungicides have evolved. The fi rst approach is based on a  full-area 
preventive concept  . Since for practical applications the detection of the initial tiny 
infected loci is not yet solved, still the whole area is treated in a precautionary man-
ner. The timeliness for these largely prophylactic applications is oriented at local 
epidemic forecasts of extension services. However, there might still be a site- specifi c 
control of the application rate. This control might be based on more general crop 
properties such as biomasses  or leaf-area-indices . 

 The second approach aims at  discrete spot spraying   of the few just infected loci 
and if possible not beyond these. This approach – if well conceived and executed – 
would allow a radical reduction of fungicide use. However, whereas the full area 
preventive concept with site-specifi c application is state of the art, the discrete spot 
spraying of fungicides still is in an experimental stage. And especially the latter con-
cept needs sprayers that allow for separate section- or even better separate nozzle 
control. Modern sprayers that use  direct injection   of the pesticides into the water 
close to the nozzles instead of premixed batches provide the technical prerequisites 
for such a resolution in the application (Vondricka and Schulze Lammers  2009 ).  

11.2     The Full-Area Preventive Concept  Based on Biomass  

 It is general experience that dense, lush crops are more susceptible to fungal 
infections than thin and less developed canopies. On a site-specifi c basis, the bio-
mass densities or leaf-area-indices of crops vary as the soils do. With the usual 
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practice of applying a uniform fungicide rate across the whole fi eld, any site-
specifi c differences in crop densities are disregarded. Yet since in many cases the 
leaf-area is the object of a fungal attack, it seems logical to apply the same con-
centration of fungicides per unit of leaf surface area. This is the rationale for 
fungicide application according to site-specifi c crop densities or its surrogates, 
the biomasses or leaf-area-indices. 

 Several methods of detecting the site-specifi c biomasses or leaf-area-indices are 
available and have been dealt with:

•    proximal or remote  refl ectance   sensing (Fig.   6.7    )  
•   mechanical sensing of the  bending resistance   (Fig.   9.33    )  
•   sensing by  ultrasonics   (this section Fig.  11.1  and Sect.   9.4.6    ).

      The growth stages at which fungal infections occur can be very different. For 
small grains, depending on the respective fungi, infections can develop at almost 
any growth stage. But the sensing methods listed above differ in their capabilities to 
detect well at various growth stages. Only the ultrasonic method can reliably sense 
biomass at any growth stage (Fig.  11.2 ).

   With refl ectance sensing, because of soil effects in less developed canopies, the 
 minimum growth stage   of small grains is about EC or BBCH 30. This is when 
tillering has ended. Refl ectance indices with wavelengths from the red edge range 
should be preferred in order to avoid limitations at advanced growth stages for 
lush crops. 

sensing principle

em
itted

reflected

ultrasonic sensors
spraying nozzles not shown

  Fig. 11.1    Section control of a sprayer by ultrasonic sensing of biomass. The  insert  shows the 
sensing principle (From Reusch  2009  and Agri Con GmbH, Jahna, Germany, altered)       
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 Finally, sensing leaf-area-indices or biomasses via the bending resistance of 
crops requires even a minimum growth stage of about EC or BBCH 35 (Ehlert et al. 
 2004 ). This is when the fi rst fl ag leaf – still rolled – has appeared. 

 The  savings in fungicides   that can be realized with a site-specifi c control based on 
biomass via a full-area preventive concept will vary with the heterogeneity of a crop. 
When the sensing in ten fi elds with small cereals and growth stages between EC or 
BBCH 39 and 71 was based on the bending resistance, savings in pesticides between a 
minimum 7 % and a maximum of 48 % were realized (Ehlert and Dammer  2006 ). The 
average saving in fungicides was 23.1 %. The savings did not affect the grain yields.  

11.3     The Discrete-Spot Sensing  Concept Based 
on Refl ectance  

11.3.1     The Pinpointing Approach  and the Field of View  

 Theoretically, the savings in fungicides could be much higher than indicated above 
if only at the start of a fungal epidemic the infected loci were treated. This  pinpoint-
ing approach   still is in an experimental stage. 

 Site-specifi c spraying against fungi is much more diffi cult than site-specifi c 
 fertilizing of nitrogen, though the sensing might be based in both cases on the refl ec-
tance of the canopy. Because usually nitrogen defi ciencies occur in much larger 
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  Fig. 11.2    Sensing the aboveground biomass of winter wheat at various growth stages by ultrasonics 
(From Reusch  2009 , altered)       
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patches or areas than fungal infections in their initial stages do. Hence for sensing 
fungal infections adequately, much smaller optical  fi elds of view   are needed. This 
will be diffi cult to obtain with sensing from satellites. But for proximal sensing 
from fi eld based machines, principally it is possible to provide the small fi eld of 
view by a narrow angle of vision and by a short distance to the canopy. In  experiments 
with infections of yellow rust ( Puccinia striiformis ) and leaf blotch ( Septoria ) in 
winter-wheat, Moshou et al. ( 2011 ) used a fi eld of view with 20 cm diameter on the 
canopy level for sensing from a sprayer-boom. However, small fi elds of view must 
be accompanied by many records in order to scan a fi eld adequately. Already 
because of this, sensing for a discrete-spot effect will be more expensive than the 
conventional refl ectance sensing for nitrogen fertilization. 

 Another point to consider is the fact that the  top leaf   of a plant in crops generally 
is not infected because it has only recently unfolded and incubation periods for the 
fungi hold (West et al.  2003 ). Hence in fi eld operations, the viewing should be such 
that the top leaf is omitted as far as possible. Since with most crops – especially with 
small grains – the top leaf initially has a vertical position, oblique view directions 
towards the canopy should be avoided. With vertical viewing directions, primarily 
the horizontally oriented leaves get into the fi eld of view, and the recently unfolded 
new vertical leaves affect the results less.  

11.3.2     Spectra  and Indices of Refl ectance  

 There are many different types of fungal infections that can occur and these may 
affect the refl ectance in different ways. Even within the same crop, different fungi 
can cause different  refl ectance spectra  . This can be seen when the spectra of three 
different fungal infections of sugar beet leaves – cercospora leaf spot, powdery mil-
dew and rust – are viewed (Fig.  11.3 ). The refl ectances of the artifi cially infected 
leaves were recorded in a laboratory with increasing severities of the diseases 
(Mahlein et al.  2010 ).

   The courses of the spectra for the non-infected leaves correspond to the known 
pattern within the visible and near-infrared wavelengths (Fig.   6.3    ). However, the 
deviations from these courses that result from the infections are different for each 
fungus. The powdery mildew infections cause rather uniform increases in refl ec-
tance in the visible as well as in the near-infrared range. The deviations for the 
infections of the cercospora and rust fungi do not comply with this in the range from 
about 720 to 900 nm wavelength. Within this range, the infections by these fungi 
result in decreases of the refl ectance. And an unusually steep rise in the red refl ec-
tance evolves from cercospora fungi for highly infected leaves. But it has to be 
pointed out that these are results from one trial and its course of the refl ectance 
could also be interpreted as the fact that  e . g . 20 % of cercospora severity damages 
the crop the same as 100 % rust. 

 For the sensing of many crop properties, the use of  refl ectance indices   has led to 
success. Generally indices allow to limit the sensing to just a few, narrow 
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wavelengths and thus to simplify the technology and – if properly selected – still 
can provide a high precision. 

 Attempts with  standard refl ectance indices   have been made for sensing fungal 
infections in wheat. The leaves were artifi cially infected. Among many standard 
indices, the best  differentiations  between infected and healthy leaves for yellow 
rust ( Puccinia striiformis ) were provided by either

•    the Photochemical Refl ectance Index =  
R R

R R

531 570

531 570

−
+  

  (Huang et al.  2007 ) or  

•   the Anthocyanin Refl ectance Index =  
1

550

1

700R R
−

 
  (Devadas et al.  2009 ).    

 It should be noted that all standard refl ectance indices originally were developed 
for defi ned purposes. The photochemical refl ectance index was created for assess-
ing the effi ciency of radiation-use in photosynthesis (Penuelas et al.  1995 ). And the 
anthocyanin refl ectance index was developed for estimating the anthocyanin accu-
mulation in plants (Gitelson et al.  2001 ). The fact that these indices depend on the 
development of rust fungi does not imply that they are the best possible choice for 
any refl ectance indices that are conceivable. Because none of the standard refl ec-
tance indices was developed with the aim of sensing fungi. 
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  Fig. 11.3    Refl ectance spectra of sugar beet leaves infected with various fungi (From Mahlein 
et al.  2010 , altered)       
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 It might be helpful to remember that in-season nitrogen sensing also started with 
standard refl ectance indices that too originally also were created for other purposes 
(Heege and Reusch  1996 ). It turned out that the prediction of these standard indices 
could be improved by special indices, which solely were determined for nitrogen 
sensing (Sect.   9.4.3.1    , Table   9.5    ). These special nitrogen refl ectance indices were 
developed by systematically checking all theoretically possible ratios of narrow 
refl ectance bands from the visible range plus the adjacent near-infrared range 
(Reusch  2003 ,  2005 ; Müller et al.  2008 ). 

 Hence for sensing of fungi it probably is reasonable as well to systematically 
check mathematical combinations of discrete narrow wavelengths along a sensible 
full spectrum for their sensitivities in this respect. The efforts needed for this 
 systematic searching  will be immense, since many different fungi and various 
crops should be considered. A start in this direction has been made by Mahlein et al. 
( 2013 ) for fungal diseases of sugar beets. 

 Instead of sensing by indices from narrow wavelengths, sometimes  image  sensing   
for the detection of fungi is proposed. These images rely on broad wavelength bands, 
 e . g . the red, green and blue (RGB) bands of the spectrum. An obvious advantage of 
imaging is that the locations of the infected loci or discrete spots directly can be seen 
on the records. A disadvantage of images is that the broad wavelength bands tend to 
hide early effects of fungal infections. The detection is possible not until when symp-
toms appear as obvious lesions. Yet with suitable spectral indices from narrow wave-
lengths, the sensing can start already slightly before the fi rst sporulation (Moshou 
et al.  2011 ). And a still earlier detection might be possible when fl uorescence pro-
vides the signals. This will be dealt with in the next sections.   

11.4     The Discrete-Spot Sensing  Concept Based 
on Fluorescence  

11.4.1     Indirect Measuring  with In-Situ Sensor System  

 Fluorescence is the emission of radiation that follows an absorption of light energy. 
The emitted radiation has longer wavelengths than the absorbed light. Fluorescence 
requires an adequate substance called  fl uorophore  . Normally, the sensing of fungi 
by means of fl uorescence is an indirect method. This means that the fungi are non 
fl uorescent or only show a very weak fl uorescence according to their low concentra-
tion in the leaf when compared with fl uorescent plant pigments. Only some biotro-
phic fungi like powdery mildew and yellow rust show a blue fl uorescence if excited 
with UV light (Zhang and Dickensen  2001 ). 

 The normally called “plant fl uorescence” originates from substances insides the 
leaves that are natural fl uorophores. This is different from the fl uorescence detection 
tools used in serological or molecular methods where the samples must be prepared 
to show fl uorescence. 
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 In higher plants, the natural fl uorophores are mainly chlorophyll and phenols. 
The latter are organic compounds that develop in plants during decomposition. The 
chlorophyll absorbes primarily in the blue as well as in the red and it emits fl uores-
cence in the far red, whereas the phenols absorb dominantly in the ultraviolet and 
emit in the blue and green. The typical spectral characteristics of these optical prop-
erties are shown in Fig.  11.4 .

   A non-invasive measurement is only possible from the whole leaf or plant. This 
is of course not only a fl uorescent dilution, but it is a very complex optical system 
with many other compounds in separated compartments and with a typical geo-
metrical structure. For a fi rst approach, one can summarise up to three types of fl uo-
rescence with their related measurement techniques:

•    With excitation in the ultraviolet, the whole fl uorescence  emission spectrum   
is possible to measure. The excitation wavelength, which is also refl ected, can 
be separated from the emission with wavelength-selective fi lters. But with 
blue or red excitation, only the chlorophyll fl uorescence is measureable. 
Because these wavelengths are not short enough to induce phenolic fl uores-
cence. So the fl uorescence emission provides information about chlorophyll 
and/or phenols.  

•   Another method is measuring the  excitation spectra   ,  which induce the fl uores-
cence .  The excitation wavelength is changed consecutively to discrete bands or 
scanned continuously and the fl uorescence is measured at a fi xed emission wave-
length. So a kind of absorption spectrum for substances inside the leaf is obtained. 
Normally the emission is detected in the far red (approximately 650–750 nm). So 
chlorophyll serves as sensor inside the leaf. Mainly two excitations are used: one 
within the ultraviolet and one within the visible region.  

•   As mentioned before in Sect.   6.4     “Fluorescence Sensing”, the fl uorescence is 
also temporally variable. This so called “ Kautsky effect  ” is typically measured 
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  Fig. 11.4    Schematic diagram of plant fl uorescence: The light absorption in the ultraviolet region 
by phenols ( violet line at top ) induces fl uorescence in the blue-green ( blue line at bottom ), the light 
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when a dark adapted plant is illuminated with intense light. The effect in 
 normal plants is that the fl uorescence rises quickly up to fi ve times higher than 
an  initial low level and after a few seconds it decreases to an intermediate 
stationary level. This is due to the processing of the light in photosynthesis, 
and it is obvious that a damaged leaf which is “dead” or “nearly dead” shows 
no or limited variable fl uorescence (Fig.  11.5 ).

      So in summary: there exist not only the spectral emission and excitation spectra 
of fl uorescence, but also the temporal kinetic behaviour of the plant’s fl uorescence.  

11.4.2     Fungi-Plant-Interaction  and Physiology 
of Infected Plants  

 There exist many fungi (about 1.5 Mio) and plant species (250,000) and these have 
had much time during their evolution to develop strategies against each other. Fungi 
cause a  defence mechanism   in the infected plant. Elicitors ( e . g . reactive oxygen spe-
cies – ROS – that are produced by fungi) trigger a hypersensitive response of the 
plant. This could be the production of special substances – callose as a barrier for the 
fungi or phenols with antifungal properties – or the dying of hypersensitive cells. 

 With common fungi in cereals, the defense reactions are either  necrotrophic   or 
 biotrophic  . For the fi rst case: septoria leaf spot and fusarium head blight are typical 
examples in wheat. These fungi are destroying the plant cell walls with toxic sub-
stances and lead to necrosis of the plant leaf. Hereby compounds in the plant cells 
transform into phenols (Osbourn  1996 ). 

 The obligate biotrophic fungi need living plant material as they assimilate the 
plant’s nutrients by haustoria (extraction by roots). Typical examples are powdery 
mildew ( Blumeria ) and rust ( Puccinia ) fungi. The effects on the plant parameters 
are normally reduced photosynthesis but increased respiration. The biotrophic fungi 
often form “green islands” on the leaf with a nutrient sink and higher nonphoto-
chemical quenching (energy dissipation of the light excitation) than the surrounding 
area (Scholes and Rolfe  1996 ). 
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  Fig. 11.5    Schematic of variable fl uorescence (F) in a normal leaf and in a damaged leaf where 
photosynthesis is totally blocked. In the former, the fl uorescence shows typical kinetics during 
illumination. In contrast to this, the damaged leaf has a higher but constant fl uorescence       
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 Hypersensitive death of invaded cells is known as the most typical feature of rust 
resistance (Heath  1982 ), and this increases the concentration of phenols.  

11.4.3     Fluorescence Indices Related to Infection  

 Indices are normally ratios of simultaneously measured radiation intensities. They 
are rather insensitive to changes in measurement geometry, to sensor drifting or to 
environmental conditions. Each index can be assigned to the corresponding mea-
surement technique:

•    The maxima in the fl uorescence  emission spectra   correspond to chlorophyll and 
phenols (Fig.  11.4 , bottom). The ratio of the intensities of the maximum chloro-
phyll fl uorescence supplies a simple but powerful index. This relation of  F680/
F730  is a measure for the chlorophyll content (Gitelson et al.  1999 ). As described 
before in Sect.   6.4.1    , this ratio is negatively correlated to the chlorophyll content 
due to self-absorption of the radiation below 700 nm. The blue fl uorescence 
around 450 nm related to the far red fl uorescence 680 or 730 nm –  e . g .  F450/
F680  – is related to the content of phenols (Lichtenthaler and Schweiger  1998 ).  

•   The dual  excitation   of chlorophyll with light in the ultraviolet and visible region 
leads to the  F   UV   /F   VIS   quotient. For this the fl uorescence intensity in the far red 
excited with UV light is related to the one that is excited with VIS – normally 
blue or red light. This is a measure for the UV absorbing pigments in the leaf 
epidermis (Cartelat et al.  2005 ), namely the phenols.  

•   The  kinetics  of the Kautsky effect  are very complex and can be infl uenced by the 
light scheme during measurement. The main parameter is the variable fl uores-
cence,  i . e . the difference between maximum (F M ) and minimum fl uorescence 
(F 0 ) related to the maximum fl uorescence, hence ( F   M    − F   0  )/  F   M.   This variation 
occurs in the time of some seconds. The initial rise in the millisecond range can 
be described with a special method (Strasser et al.  2004 ).    

 In general the changes in plant properties –  e . g . chlorophyll and phenol content 
or photosynthesis – are detectable with the corresponding fl uorescence measure-
ment techniques. This is summarised in Table  11.1 . In detail there is a lot of litera-
ture dealing with stressed plants and fl uorescence. In the following, only a few 
selected publications that deal with fungal infections as the stressor are listed:

•     Lüdeker et al. ( 1996 ) analysed wheat and barley infected with rust ( Septoria ) and 
mildew ( Blumeria ) with ultraviolet excitation and found the blue  fl uorescence 

   Table 11.1    Types of plant fl uorescence and their applications   

 Fluorescence  Subtype and index  Properties  Trend when infection rises 

 Emission  Red: F680/F730  Chlorophyll  Long term falling 
 Blue green : F450/F730  Phenols  Short term rising 

 Excitation  F UV /F VIS   Phenols  Short term rising 
 Kinetics  (F M  − F 0 )/F M   Photosynthesis  Decreased activity 
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emission   ratio F440/F730 higher in infected leaf areas. They related the effect 
directly to the fungi, especially for the symptoms of mildew. But also for necro-
trophic fungi like septoria leafspot it was found that this fl uorescence ratio F440/
F730 increases compared to uninfected wheat leaves even before symptoms are 
visible (Thiessen  2002 ). For the classifi cation in healthy and infected leafs the 
whole fl uorescence emission spectra could be used with multivariate analysis. 
Römer et al. ( 2011 ) demonstrated that there are mainly differences in the  blue- 
green region  of fl uorescence  spectra comparing healthy and rust ( Puccinia ) 
infected wheat leafs. This is due to the change in phenols  in the early fi rst days 
after infection. Differences in the far-red region due to chlorophyll degradation 
show up signifi cantly later. This is in agreement with many other results in litera-
ture ( e . g . Kuckenberg et al.  2009 ) where the fl uorescence emission F680/F730 
was used to quantify the disease. With this index, changes show up within a time 
period in which also visual symptoms and chlorosis appear. This could also be 
measured by refl ectance.  

•   Scholes and Rolfe ( 1996 ) studied the  variable fl uorescence   on oat leaves 
infected with crown rust ( Puccinia coronata ). They discriminated infected and 
healthy regions by differences in the fl uorescence kinetics. The  fast kinetic 
method  shows differences between drought stress and infection with a fungal 
infection of wine – called esca disease – compared to the control (Christen 
et al.  2007 ).     

11.4.4     Problems and Discussion 

 The  environmental light  also induces fl uorescence that is refl ected into the sensor. 
Normally this fl uorescence is eliminated by modulating the active excitation light 
( e . g . by using  pulsed lasers  ) and relating the detected fl uorescence only to these 
light pulses. This works even in fi eld conditions. But for the variable fl uorescence  ,  
the uncontrolled  sun light  generates an additional effect to the photosynthetic state. 
And for this method, of course the measuring duration of some seconds is a problem 
when sensing in the fi eld from a driving vehicle. 

 Fluorescence indices are also infl uenced by other factors like abiotic stress, envi-
ronmental condition or even age of the leaves (Gorbe and Calatayud  2012 ). So it is 
diffi cult to state that  e . g . “F440/F730 > 0.8” means “infected” and “F440/F730 < 0.8” 
means “healthy”. As with other indirect measurements of plant parameters like 
refl ectance or mechanical resistance, the fl uorescence is a  relative measure  and needs 
to be compared with “reference” plants. So a calibration for the special situation is 
essential. One possible solution to differentiate between stressors is a multivariate 
calibration  .  For this, more then one index is measured,  i . e . some spectral region or 
even a complete spectrum is obtained and analysed according to its whole profi le. 

 Another fact is that an infection shows a spatial pattern  on the leaf. If symptoms 
appear pronounced in small spots (like sporulation or insertion points of the fungi), 
the use of sensors with a high spatial resolution – in the range of some mm – might 
be needed. Consequently, the variation of the detected property along the leaf is an 
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identifi er for an infection. This can be detected with a spot sensor by successive 
scanning or with images from cameras (Kuckenberg et al.  2009 ; Moshou et al. 
 2005 ). The image analysis of fl uorescence pictures is a very promising technique 
and could be automated with increasing computational capacity. 

 For an effective sensing in a fi eld, the  sample size  is an important aspect: 
Fungicides are applied typically in an area within the working width of a sprayer. 
However, optical sensors for fl uorescence detect an area in the range of only some 
mm 2  up to a few cm 2  when acting with artifi cial light. Small plots of infections 
might start with a diameter of maybe some meters. Hence if the sensor is operating 
in an on-the-go manner, there might be problems:

•    The measured area is only a very small spot sample of the whole fi eld ( e . g . a line 
of some mm of the 24 m working width).  

•   The concerned leaf area (which is affected by fl uorescence changes due to infec-
tion) is too small and the sensed surface of some cm 2  shows up in an average 
signal, which is not signifi cantly different from healthy plants.  

•   The infected crop area is not measured, because the driving direction of the sen-
sor is not in line with the infected plot.    

 The solution could be smaller sensed sample areas that are obtained with  scan-
ning laser techniques    or a   series of small sensors   perpendicular to the driving 
direction. A large size of the sensed area would be a good choice if the infection and 
its fl uorescence signals extend over whole leaves or plants. Though this probably is 
not the rule, it still might be necessary to have a signal which describes the average 
plant property of an area where the application should be done. Depending on the 
spraying technique, this could be within the range of the working width, within sec-
tions of the boom length or even only within the range of individually controlled 
nozzles (Vondricka and Schulze Lammers  2009 ). 

 The best way out of this dimensional problem between current spraying tech-
niques and the infected loci probably is to leave the detection and perhaps also the 
treatment to small  scouting robots   (Fig.  11.6 ). In the future, these small robots 
might loiter through the fi elds and carefully inspect as well as treat individual plants.

  Fig. 11.6    Experimental 
robot in maize (Photo: 
Ruckelshausen)       
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11.4.5        Sensors for Practice and Research 

 For an on-line use, the  MiniVegN  (Fritzmeier, Germany) or  Laser-N-Detector 
( Planto, Germany) are commercially available. These systems are able to measure 
the fl uorescence emission ration F680/F730 of a small spot which is scanned beyond 
the tramline. This principle is sensible to the chlorophyll content and therefore 
mainly used for nitrogen application. 

 When using handheld commercial sensors, it is possible to measure almost 
everything. Spectralfl uorimeters ( e . g.  RF5001PC, Shimadzu, Japan) with ultravio-
let excitation can be applied in a laboratory or a fi eld to monitor the fl uorescence 
emission. For full  excitation spectra of plant fl uorescence,  the  Dualex  and 
 Multiplex  (Force-A, France) or the  UV-PAM  (Walz, Germany) are available. The 
 kinetics  can be measured  e.g.  with the  PAM ( Walz, Germany) or the fast kinetics 
with the  PEA  (Hansatech, England).   

11.5     Differentiation Between N Defi ciency 
and Effects of Fungi 

 For any site-specifi c application of farm chemicals there is the problem that the 
control signals of sensors may be ambiguous. Nitrogen defi ciencies in crops cause 
increases of refl ectances in the visible range. The same effect can result from fungal 
infections (Fig.  11.3 ). And there can be further examples of abiotic stress factors – 
 e.g.  lack of water – that affect the signals of a sensor in a similar way as biotic stress 
factors do. Because all signals of optical sensors are substitutes for the respective 
site-specifi c crop properties. These substitutes can be infl uenced by other factors 
than the one that the control should rely on. 

 The interaction which thus might arise between the effects of  nitrogen and 
fungi   is especially disturbing. Because it is general experience that high nitrogen 
rates promote the development of fungi. Hence if the control of site-specifi c nitro-
gen application results in increasing rates because of high refl ectances in the visible 
range that are caused by fungal infections, the result on the development of the crop 
might be disastrous. 

 To some extent, the present refl ectance indices for nitrogen sensing do prevent 
this misinterpreting of the situation. Because these indices do not only include 
details of the visible spectrum, but of the near-infrared radiation as well. This even 
holds if the indices are extracted from the red edge range. In the near-infrared and 
red edge range, the effects of fungi can deviate from the result of nitrogen (see Figs. 
  9.19     and  11.3 ). 

 Reusch ( 1997 ) designed a fi eld experiment with winter barley and strips that 
were either sprayed against fungi or not. In addition, different nitrogen applica-
tion rates were included on all strips. The strips where no fungicides had been 
applied and where higher nitrogen rates had been given were more severely 
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infected by leaf blotch ( Rhynchosporium secalis ), leaf rust ( Puccinia hordei ) 
and powdery mildew ( Erysiphe graminis ). However, the effects on the  red edge 
infl ection point indices   were much higher for the nitrogen rates than for the 
mode of fungicide application. The red edge infl ection point indices thus repre-
sented mixed effects from nitrogen as major contributor and fungi as minor 
participants. 

  Mixed effects  of nitrogen and fungi  may also be hidden in fl uorescence signals. 
However, the weighting of the contributors nitrogen and fungi for the sensed index 
might be reversed (Bürling et al.  2011 ). In Fig.  11.7 , the sensing index is the ratio of 
the blue to green fl uorescence emission amplitudes (Fig.  11.4  bottom, blue curve). 
The results were obtained in a laboratory and refer to wheat leaves from plants that 
were artifi cially infected or not by powdery mildew and either fully or only partially 
supplied with nitrogen. There is an effect of the nitrogen supply on the fl uorescence 
index, yet it is small. The infl uence of the fungal infections on the index is much 
more pronounced.

   So regarding refl ectance sensing by a red edge infl ection index, the signals rep-
resent predominantly the nitrogen supply, whereas instead with the blue to green 
fl uorescence index mainly the fungal infections matter. In the experiments by 
Bürling et al. ( 2011 ) this held not only for powdery mildew ( Blumeria graminis ) but 
for leaf rust ( Puccinia triticina ) as well. The discrimination among the infected and 
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not infected groups was possible as early as 1 or 2 days after inoculation for powdery 
mildew and leaf rust respectively. 

 In short, the problems with mixed effects from nitrogen supply and from fungal 
infections might be dealt with by  fusing  refl ectance and fl uorescence sensors . The 
latter, however, are not yet capable to sense fungi in an on-the-go mode in fi elds. 
And the multitude of different fungi and various crops still calls for much research.  

11.6     Summary and Prospects 

 A pinpointed, site-specifi c application of fungicides is one of the most ambitious 
and challenging aims in precision farming. Because extraordinary high spatial- as 
well as temporal resolutions are needed. If these resolutions can be realized in an 
on-the-go mode, very substantial savings in fungicides and consequently environ-
mental reliefs might become feasible. 

 Yet as long as such extraordinary high spatial resolutions cannot be obtained in 
practice, site-specifi c application based on the varying biomass or leaf-area-indices 
of crops must be regarded as the sole present alternative. This method fi ts well to a 
precautionary, prophylactic approach of spraying against fungi. Though prophylac-
tic methods hardly provide options for drastic reductions in the use of fungicides, 
they might even be needed in combination with pinpointed, site-specifi c applica-
tions. The timeliness of both methods might be greatly improved by local epidemic 
forecasts of extension services. 

 The pinpointed approach might rely either on refl ectance or on fl uorescence. 
Both methods still are not state of the art, and its prospects for applications in prac-
tice are diffi cult to predict. Solely refl ectance sensing for biomass and for nitrogen 
is well established. This technique depends largely on leaf-area-indices and chloro-
phyll. Fluorescence can be based on either emission spectra that sense chlorophyll, 
on excitation spectra that are infl uenced by phenols or on its kinetics that depends 
on the photosynthesis. 

 The earliest detections of fungal infections theoretically can be provided when 
the indications occur via phenols or via the photosynthetic process. Hence in this 
respect, sensing by the blue-green fl uorescence or by the kinetics of the variable 
fl uorescence is an advantage. Whenever the indications rely on biomasses, leaf-
area- indices and chlorophyll, the earliest detection is postponed by a few days until 
visual symptoms like chlorophyll degradation or other canopy alterations occur. 
This holds regardless of the sensing method that is used for these indicators. 

 Whether in practice any earliest possible detection as outlined above will be 
feasible and reasonable, depends not only also on the ability of sensing but also 
on control techniques that deal with the tiny initially infected loci. Since manag-
ing the spreading of fungicides with a temporal precision of 1 or 2 days might be 
diffi cult in practice anyway, the use of refl ectance sensing methods should not be 
excluded. For any pinpointing approach, sophisticated scanning, processing and 
spraying techniques will be essential.     
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