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11.1. Introduction 

11.1.1.  These techniques concern the issue 

Minimising the impact to the environment by nutrient discharge. 

11.1.2.  Regions  

All EU regions. 

11.1.3.  Crops in which the problem is relevant 

All vegetable, fruit, vine and ornamental crops. 

11.1.4.  Cropping type 

All cropping systems. 

11.1.5.  General description of the issue 

 Sub-Issue A: contamination of subterranean water by nitrate 11.1.5.1.

In modern intensive agricultural systems, large amounts of nitrogen (N) are applied, as 
mineral fertiliser or in organic materials, to generate high crop yields. With conventional 
management approaches, an appreciable portion of the applied N is not recovered by crops 
and is lost from soil (or substrate) to the environment. Nitrogen lost to the environment is 
associated with several serious environmental problems. It can be lost to the atmosphere as 
1) ammonia (NH3) by NH3 volatilisation causing elevated N deposition and 2) as nitrous 
oxide (NO2) by denitrification and through nitrification, thereby contributing to increased 
atmospheric greenhouse gas conent and global warming. Nitrogen can be lost to surface 
waters, by surface run-off, contributing to eutrophication, this is discussed subsequently. 
Nitrate (NO3) leached from the root zone of crops can contaminate subterranean water 
(aquifers).  

Nitrate contamination of aquifers is a commonly associated with intensive horticultural 
systems. The presence of NO3

 in water used as drinking water is considered a risk for human 
health. The major concern with elevated concentrations of NO3 in drinking water is of 
metahemoglobinemia, also known as blue baby syndrome. Metahemoglobinemia affects 
infant children and unborn babies. It occurs following consumption of water, with elevated 
concentrations of nitrite (NO2), by infants/babies or lactating mothers. There is concern that 
when appreciable NO3 is present in water that it can be converted to NO2 within the water, 
or within the human body either in a child’s body or that of a lactating mother. Nitrite 
absorbed through the digestive system of susceptible children enters the blood stream 
where it blocks the capacity of haemoglobin to transport oxygen. The condition is serious 
and can be fatal. In older children and adults, NO2 does not block the transport of oxygen. 
Because of concern of this issue, there are limits on the allowable NO3

 concentration in 
subterranean and superficial water bodies. In the European Union, this limit is 50 mg NO3/L. 
Most NO3 that enters subterranean water originates from agriculture. 

To reduce NO3 contamination of subterranean water from agricultural sources, the EU 
Nitrates Directive was legislated in 1991. This Directive is explained in detail in section 7.1 of 
this chapter. Agricultural areas that are considered to be associated with NO3 contamination 

http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf
http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf


Transfer of INNOvative techniques for 

  sustainable WAter use in FERtigated crops 

 

This document includes a cover page with the FERTINNOWA disclaimer. Full terms and conditions for using this 
document can be found at http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-

terms-and-conditions.pdf                     11-7 

of subterranean water are declared Nitrate Vulnerable Zones (NVZ) and are required to 
implement improved management practices to reduce the contamination. Approximately 
40% of the EU surface has been declared to be NVZs. Improved management practices 
relate to both N and irrigation management and must reduce the likelihood of NO3 
accumulating in soil and of it being leached to subterranean water. 

In several countries or regions in the north or North-west Europe, the Nitrates Directive is 
being strictly applied following pressure from the EU on national and regional governments. 
With time, it is likely that increasing pressure will be applied to countries in southern and 
eastern Europe.  

 Sub-issue B: eutrophication of superficial water bodies 11.1.5.2.

The second issue of concern regarding nutrient use in intensive horticultural systems and 
other agricultural systems is eutrophication of inland and coastal superficial water bodies. 
Eutrophication involves the rapid growth of large algal blooms. The death and 
decomposition of the algae result in reduced dissolved oxygen concentration in water that 
can adversely affect the quantity and diversity of aquatic life. Additionally, the algae can 
produce toxins that can adversely affect animal and fish species. 

Algal growth is caused by additions of N and/or phosphorus (P) that originate from 
agricultural activity. N can enter surface water either as NO3 that enters from NO3 
contaminated aquifers or as ammonium (NH4) transported in run-off from the surface of 
agricultural soils. Phosphorus also enters through being transported in the run-off. Both NH4 
and P are transported in run-off in fine soil particles. 

Eutrophication is associated with excess nutrient addition and also with the inadequate 
timing of nutrient application such as before large rainfall or irrigation event. 

 Sub-issue C: Possibility to reduce fertiliser costs 11.1.5.3.

Excessive fertiliser applications entail an unnecessary cost for horticultural producers.  

11.1.6.  Brief description of the socio-economic impact of the issue 

The main socio-economic impacts are associated with the consequences of impaired water 
quality. Nitrate contaminated subterranean water cannot be directly used for human 
consumption; either alternative sources must be found or NO3 removal processes must be 
used to ensure that the water meets the required standards for human consumption. These 
effects influence the cost of water supplied to human populations. 

Eutrophied surface water bodies are unpleasant which affects their amenity value for 
human activities. In addition to being unpleasant, this can negatively affect activities such as 
tourism. The loss of aquatic life can appreciably economic activities such as fishing. 

Additionally, as consumers, particularly those in North-east European countries, become 
more environmentally conscious they are likely to require that the products that they 
purchase are produced with minimal negative environmental impact.  

Reducing fertiliser applications will reduce grower’s variable costs and contribute to the 
profitability of their enterprise.  
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11.1.7.  Brief description of the regulations concerning the issue 

 European level 11.1.7.1.

The relevant EU legislation is the Nitrate Directive (Council Directive 91/676/EEC) and the 
Water Framework Directive (Directive 2000/60/EC). The Nitrate Directive requires member 
states to identify areas that have or are at risk of having groundwater with NO3 
concentrations in excess of 50 mg NO3/L or eutrophication of surface water. Such areas are 
declared to be “Nitrate Vulnerable Zones” and there is subsequently an obligation to 
implement an “Action Plan” of improved crop management practices to reduce NO3 
contamination. Additionally, monitoring is conducted every four years to follow the 
evolution of the NO3 concentration in the affected groundwater.  

The Water Framework Directive is a broadly-focused directive that deals with various 
aspects of water quality. It aims to ensure the good ecological quality of surface and 
subterranean water. It is implemented on the basis of water basins. 

 Country level  11.1.7.2.

Each member country of the EU passes national legislation on how the Nitrate and Water 
Framework Directives will be applied in that country. Commonly, the legislation related to 
the Nitrate Directive is applied at the regional level, and that of the Water Framework 
Directive is applied at national level. There have been differences in the degree to which the 
Nitrate Directive has been applied in different countries. In some North-west EU countries 
or regions (e.g. Flanders, The Netherlands, Germany), this legislation is being strictly 
implemented, whereas as in more southern and eastern countries, the implementation is 
more relaxed.  

 Regional level  11.1.7.3.

The Nitrate Directive is commonly applied at the regional level. 

11.1.8.  Existing technologies to solve the issue/sub-issues 

The general approaches of the existing technologies can be organised into the following 
categories. 

Fertiliser recommendations 

 N Fertiliser recommendation schemes for horticultural crops 

 P Fertiliser recommendation schemes for horticultural crops 

Soil and substrate monitoring 

 Soil analysis 

 Dutch 1:2 soil: water extraction method 

 Soil solution analysis 

 EC measurement in soil using sensors 

 EC measurement of substrate drainage 

 Measurement of soil EC by conventional methods 

 Nutrient analysis of root zone solution and drainage soilless systems 
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Crop and plant monitoring 

 Plant tissue analysis 

 Sap analysis 

 Chlorophyll meters 

 Canopy reflectance 

 Fluorescence sensors 

On-farm nutrient analysis 

 Rapid, on-farm analysis of nutrients 

Computer technologies 

 Decision Support Systems (DSSs) for soil grown crops 

 Models for nutrient uptake 

 Models for nitrate leaching  

Types of fertiliser 

 Use of slow and controlled release fertilisers 

 Organic fertiliser 
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11.2. Summary of technologies subsequently presented in this chapter in individual technology descriptions (TDs). 

Sub-groups in TD 
group 

Technology description Use  Cost External services and extra information required Technical knowledge 
required 

Fertiliser 
recommendations 

N Fertiliser 
recommendation 
schemes for horticultural 
crops 

Determine quantity and timing 
of N fertiliser application 

approx. 20 € for 
associated soil 
sampling 

Public or private laboratory for soil analysis and 
possible data interpretation. Recommendation 
schemes generally provided by regional advisory 
service 

Basic agronomic 
knowledge 

Some schemes require 
basic computer skills 

P Fertiliser 
recommendation 
schemes for horticultural 
crops 

Determine the quantity of P 
fertiliser application 

approx. 20 € for 
associated soil 
sampling 

Public or private laboratory for soil analysis and 
possible data interpretation. Recommendation 
schemes generally provided by regional advisory 
service. If not available, general recommendations 
can be used that consider test method, soil type and 
crop. 

Basic agronomic 
knowledge 

Some schemes require 
basic computer skills 

Soil and substrate 
monitoring 

Soil analysis Determine if fertiliser required 
for various nutrients. With 
suitable recommendation 
schemes indicate quantity 

approx. 50 € Public or private laboratory for soil analysis and for 
possible data interpretation. Where linked to fertiliser 
recommendation schemes, these are generally 
provided by regional advisory service 

Basic agronomic 
knowledge 

Dutch 1:2 soil: water 
extraction method 

Determine if fertiliser required 
and indicates quantities- all 
nutrients. For fertigated crops 

110-140 €/ha Laboratory for extraction and analysis. Interpretation 
guidelines provided by local advisory service. 
Available for Netherlands and Italy 

Basic agronomic 
knowledge 

Soil solution analysis Provides information on 
nutrient supply in root zone, 
mostly used for N 

30-75 € for each 
sampler; 91-120 € 
for the pump; plus 
costs of analyses 

Laboratory, if rapid analysis systems not used. 
Generic reference values available; Local reference 
values are preferred; Tendencies can be used 

Basic agronomic 
knowledge 

EC measurement in soil 
using sensors 

Root zone salinity 
management 

400-1000 € per 
sensor 

Generally, some reference information will be 
required. Suppliers should provide this information 

Basic agronomic 
knowledge 

Familiarity with use of 
sensors 

Some training in sensor 
use 
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Sub-groups in TD 
group 

Technology description Use  Cost External services and extra information required Technical knowledge 
required 

EC measurement of 
substrate drainage 

Root zone salinity 
management 

200-500 € for a 
meter for 
measurement 

Generally, the relevant information is publicly 
available. Specialist knowledge would be helpful 

Specialist knowledge of 
substrate management 
an advantage 

Measurement of soil EC 
by conventional methods 

Root zone salinity 
management 

See soil solution 
analysis for suction 
samplers 

For some methods, a specialist laboratory is 
required. Information for interpretation is publicly 
available 

Basic agronomic 
knowledge 

Crop and plant 
monitoring 

Nutrient analysis of 
substrate root zone 
solutions or drainage 
water in soilless growing 
systems 

On-going nutrient 
management in substrate-
growing systems 

40-50 € for 
complete nutrient 
analysis  

Generally, the relevant information is publicly 
available.  

 Specialist knowledge of 
substrate management 
an advantage 

Chlorophyll meters Assessment of crop N status AtLEAF: 300 €; 
SPAD/Yara N-
tester: 3000 € 

Locally. Derived or verified reference values required 
for data interpretation. These provided by 
researchers, technicians, suppliers 

Some training in sensor 
use 

Canopy reflectance for N 
management 

Assessment of crop N status Generally 3000-
6000 €; but simpler 
and cheaper 
sensors now 
available for 400 € 

Locally. Derived or verified reference values required 
for data interpretation. These provided by 
researchers, technicians, suppliers. Also, need for 
support 

Specialist knowledge of 
sensor operation; Good 
computer skills often 
required 

Fluorescence sensors Assessment of crop N status >3000 € See above, but still in research phase Specialist knowledge of 
sensor operation; Good 
computer skills often 
required 

Sap analysis Assessment of crop nutrient 
status, mostly N and K 

Cost lab analysis 
50-60 €; also see 
Rapid analysis 
systems 

Locally. Derived or verified reference values required 
for data interpretation. These provided by 
researchers, technicians, suppliers. Generic values 
should be used with caution 

Basic agronomic 
knowledge 

Plant tissue analysis  Assessment of crop nutrient 
status 

Approx. 40-50 € for 
a range of nutrients  

Locally. Derived or verified values recommended for 
data interpretation. These provided by researchers, 
technicians, suppliers. Published values from other 

Basic agronomic 
knowledge 
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Sub-groups in TD 
group 

Technology description Use  Cost External services and extra information required Technical knowledge 
required 

systems available, should be used with some caution 

On-farm nutrient 
analysis 

Rapid, on-farm analysis 
of nutrients 

Avoids time delay associated 
with sending samples to an 
analytical laboratory.  

For individual 
nutrient: 500 € For 
multiple nutrients: 
2000 € 

Suppliers of calibration solutions and replacement 
parts; on-going support 

Good agronomic 
knowledge; basic 
chemistry skills 

Decision Support 
Systems and 
models for nutrient 
management 

Decision Support 
Systems (DSSs) for 
supporting nutrient 
management 

Calculation of quantity and 
timing of fertiliser applications, 
mostly N 

Generally no cost, 
except for when 
supplied by private 
company 

Must be adapted/adaptable to local conditions. 
Technical and computer support often required 

Good agronomic 
knowledge; Good 
computer skills required 

Models for nutrient 
uptake 

Components of DSSs; 
research 

Generally no cost Generally, incorporated into DSSs. Otherwise, 
research tools  

V. Good agronomic 
knowledge; Advanced 
computer skills required 

Models for nutrient 
leaching  

Components of DSSs; 
resource management, 
research 

Generally no cost Generally, research tools or used for resource 
management applications 

V. Good agronomic 
knowledge; Advanced 
computer skills required 

Types of fertiliser Use of slow and 
controlled release 
fertilisers 

Less frequent fertiliser 
application 

More expensive 
than conventional 
fertilisers 

Objective advice on suitability  Good agronomic 
knowledge 

Organic fertiliser Enables access to the 
particular market sector 

Variable Objective advice on suitability and viability  Good agronomic 
knowledge 
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11.3. N Fertiliser recommendation schemes for horticultural crops 

(Authors: José Miguel de Paz14, Rodney Thompson23, Eleftheria Stavridou15) 

11.3.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.3.2.  Region 

For all EU regions. 

11.3.3.  Crops in which it is used 

For all vegetable, fruit and ornamental crops. 

11.3.4.  Cropping type 

Soil-bound. 

11.3.5.  Description of the technology 

 Purpose/aim of the technology  11.3.5.1.

The aim of this technology is to determine the optimal rate of N fertiliser application to 
obtain high yields and optimal crop quality with low environmental impact. In some cases, a 
schedule for mineral N fertiliser application is provided with the timing and quantity of 
individual N applications. Subsequent corrections may be based on monitoring methods 
such as foliar and sap analysis, soil solution analysis and proximal optical sensors. 

 Working Principle of operation 11.3.5.2.

Nitrogen is a basic element in agricultural production, so to achieve optimal crop yields, it is 
necessary that N be well managed. In order to establish a good fertilisation scheme, crop 
requirements and the complex soil-water-crop nitrogen dynamics should be known. Within 
the N dynamics, the N soil organic forms can be transformed to mineral N forms available 
for plants, by mineralisation process which is conditioned by soil characteristics, 
temperature and water content. Therefore, uncertainties arise in the knowledge of crop N 
requirements, which depends on soil and climatic conditions and crop management, and 
also in the transformations and losses of N from the soil which are difficult to assess. 

In order to provide useful tools for N fertilisation recommendation schemes to farmers, it is 
essential to reduce these uncertainties considering the crop N demand, expected N supply 
by the soil, N supplied in irrigation water, soil mineral N at planting date etc. 

Several approaches can be followed for N fertilisation recommendation schemes. 
Depending on the technological level and the availability of local information, farmers can 
use different systems of N fertilisation recommendation schemes: 

Fixed rates: A fixed rate of N application is recommended based on N fertiliser field 
experiments. Ideally, these fixed rates should be used for similar growing conditions (crop, 
soil, climate or management) to where the experiment was conducted. Since this type of 
experiment is very costly, information obtained from a specific experiment is commonly 
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extrapolated to other cropping conditions. This information is usually published in a 
technical fact sheet provided by public institutions, or by commercial or cooperative 
advisors. 

Based on soil information: This type of system is based on soil analysis, generally of soil 
mineral nitrogen. The N recommendation is based on the amount of root zone soil N 
mineral and the crop N demand. Therefore, soil sampling and subsequent laboratory 
analysis are required to derive a recommendation for the amount of N fertiliser to apply. 
Various systems have been developed in several different countries: mineral N (Nmin) in 
Germany, Pre-side dress soil nitrate test in the US, “Kulturbegleitende Nmin Sollwerte” (KNS) 
in Germany, and the RB209 guidelines for Fertiliser Recommendations for Agricultural and 
Horticultural Crops which is used in the United Kingdom. A more detailed description of 
some of these systems follows: 

1) N min system. This system is based on the determination of mineral nitrogen content of 
the soil in the root zone at the beginning of the growing season of the crop. The 
recommended optimal fertiliser amount (Nrec) proposed is the difference between the 
total nitrogen required by the plant (“target value”) and the amount of mineral nitrogen 
found in the soil in the rooting area (Figure 11-1). The total nitrogen required by the 
plant (“target value”) and the rooting depth for the crops are obtained by fertilisation 
tests, although can be consulted in bibliography (Table 11-1) 

 Nrec = Ntarget – Nmin 
 where Ntarget is the target value (Table 11-1), Nmin is the amount of mineral 
nitrogen in the soil to a certain depth (depending on the crop) before the beginning of the 
crop. As an example of Nmin system application for cauliflower crop with a target value of 
300 kg N/ha (Table 11-1), and soil Nmin at planting date of 80 kg N/ha in 60 cm soil depth 
(Figure 11-1), the N recommended is: 
 Nrec (kg N/ha) = 300 – 80 = 220 kg N/h 

 
Figure 11-1. N recommendation dose as a function of soil Nmin at planting date for cauliflower crop 
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Table 11-1. Target values (A) for several horticultural crops in different European countries 

Crop 
Target value (A) (kg N/ha)  

Soil sampling depth (cm) 
Netherlands Germany  Spain 

Onion 180 118 170-190 60 

Leek 270 142-225 150-190 60 

Cauliflower 300 297 260-300 60 

Carrot 80 100 170-210 60 

Cabbage 350 272-339 230-250 60 

Spinach 290 166-182 140-160 30 

The Nrec assessment does not explicitly consider soil organic matter N mineralisation, 
neither gas losses by volatilisation or denitrification, nor N leaching, although the field 
experiments conducted for Ntarget determination are considered implicitly. The Ntarget 

should be experimentally-determined from fertiliser trials conducted at representative 
fields within the region 

2) KNS. This system is an evolution of the Nmin system in which the N target is flexible and 
change depending on crop development. In this case, the determination of soil mineral 
nitrogen can be at planting date and also later (in two or three times more depending on 
the length of crop growth). Therefore, the uncertainty about mineralisation, leaching, 
and N uptake is lower in comparison with the Nmin system. Since the Ntarget is calculated 
at planting date and also at any time during the growing season, this permits to the 
farmer to adopt the fertilisation plans more accuracy to N required by the crop, applying 
N fertiliser several times. For KNS system two or three soil Nmin analysis are required that 
sometimes farmers are unwilling to perform. This system has been implemented as a 
computer program called the N-Expert decision support system (more information 
later). KNS is widely used in parts of North-west and Central Europe, and the most 
common in Flanders (Belgium). In Germany, it is obligatory to use N-Expert to prepare N 
fertiliser plans for horticultural crops 

3) Fertiliser Recommendations for Agricultural and Horticultural Crops (RB209): This is the 
fertiliser recommendation scheme for the United Kingdom (Figure 11-2). The nitrogen 
recommendations in this manual are based on seven soil nitrogen supply (SNS) Indices, 
and each Index is related to a quantity of SNS in kg N/ha. This SNS is calculated as the 
sum of the soil Nmin + estimate of nitrogen already in the crop + estimate of soil 
mineralisable nitrogen. In most situations, the SNS Index will be identified using the field 
assessment method, which is based on field-specific information for previous cropping, 
previous manure use, and soil type and winter rainfall. The SNS Index is possible to 
assess following two approaches, firstly by reading directly from tables and secondly 
based on soil sampling and Nmin analysis 
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Figure 11-2. Fertiliser recommendations for England and Wales 

Based on computer-based decision support systems (DSS) that use simulation models. DSS 
are systems that calculate the N fertiliser requirement after considering the crop species, 
cropping season, management practices, and growing conditions. A number of different DSS 
have been developed; these include N-index, N-Expert, WELL_N, Cropsyst, EU_ROTATE-N, 
Azofert, and VegSyst-DSS among others. The most-commonly used DSS and simulation 
models for N recommendation of vegetable crops are the following: 

1) N-Expert: Developed by the Institute of Vegetable and Ornamental Crops, Großbeeren, 
and Germany. Calculates the N requirements for horticultural crops and provide N 
fertiliser recommendation based on KNS system. The calculations are based on simple 
plant growth models and soil models that require few input data 

2) N-index: This DSS developed by the Soil Survey Service of Belgium. This is expert system 
is an empirical model that uses knowledge from experimental fields to provide N 
fertiliser recommendations. This recommendation system is based on the Nmin approach 

3) WELL-N: This model was developed by the Horticulture Research International, 
Wellesbourne, UK, and calculates nitrogen fertiliser requirements for most horticultural 
crops in this country. Using meteorological data, in addition to soil and crop data, this 
model calculates, for different types of fertilisers, the amount of mineral N in the soil 
and the amount of nitrate that susceptible to leaching 

4) Azofert: This DSS has been produced by INRA, the National Institute for Agronomic 
Research (Laon-Reims-Mons Agronomy Unit) and LDAR, the French Departmental 
Analysis and Research Laboratory (Aisne Agronomic Station). It is a decision making 
software programme for nitrogen fertilisation of crops. It uses the complete soil mineral 
(inorganic) nitrogen balance sheet method. Based on measuring residual inorganic 
nitrogen, it calculates the optimum amount of fertiliser to be applied to a field plot 

Based on fixed rates in combination with plant analysis (leaf or sap): In fruit trees, N 
fertilisation schemes have to supply nutrients consumed throughout the year by the crop, 
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which are intended to be sufficient for correct plant development and fruit production. Its 
determination includes the needs of both new developing organs (reproductive and 
vegetative) and old permanent organs. Regarding these special conditions for fruit 
production, the N recommendation schemes for fruit trees are usually based on a program 
that considers N demand (which depends on species, crop age and growing conditions) and 
then use monitoring of nutritional status to make adjustments to ensure the correct N rate. 
This N program follows a fixed rates scheme based on information from experimental fields 
but is corrected depending on the N nutritional status performed by foliar analysis (leaf, sap 
etc.). Farmers usually take a foliar sample and send it to a laboratory for processing and 
analysis. Nutrient foliar analysis interpretation relies on specific values established for each 
species and crop type. Several methods or indices have been developed: the critical value, 
the sufficiency range approach and more complex methods as the Diagnosis and 
Recommendation Integrated System (DRIS) which integrate several nutrients. Farmers use 
these indexes to monitor the N nutritional status of the crop and to correcting detected 
deficiencies or nutritional imbalances. 

 Critical value: This index was defined as the nutrient status at which a 5-10% yield 
reduction occurs. Since the symptoms are generally evident when nutrient 
concentrations decrease below the critical value, this index is better suited to 
diagnose severe deficiencies than to identify moderate deficiencies. Critical values 
play an important role in establishing lower limits of sufficiency ranges 

 Sufficiency range approach: offers significant advantages over the use of critical 
values. First, un-symptomatic deficiencies can be identified since the beginning of 
the sufficiency range is clearly above the critical value. Sufficiency ranges also have 
upper limit, which provide some indication of nutrient excess 

 Diagnosis and recommendation integrated system (DRIS): This technique developed 
by Walworth and Sumner (1987), places emphasis on the relationship among 
essential nutrients rather than absolute nutrient concentrations in plant tissue. In 
short, DRIS ranks the essential nutrients in their order of limitedness. Theoretically, if 
the most limiting nutrient is applied then the second most limiting nutrient becomes 
the most limiting. DRIS evaluation compares ratios of essential nutrients in the 
sample being analysed to known ratios of these nutrients in high yielding crops. 
Nutrients are listed in a descending order of limiting growth and development even 
when the most limiting most limiting is not a significant problem. Reference ratios of 
high yielding crops are available for a number of economically important crops. 

 Operational conditions 11.3.5.3.

The availability of information and the accessibility of technology to farmers strongly 
influence the N recommendation scheme that is adopted. For example, farms with more 
information and higher technology are likely to use more complex N recommendation 
schemes, whereas farmers with a lower technological level are more likely to use simpler N 
recommendation schemes as fixed rates. The N recommendation schemes require several 
inputs: 

 The crop requirement. Although there is a great deal of information on the N 
requirements of the crops, they are not usually adapted to specific soil and climate 
conditions, and local crop management systems. Therefore, N recommendations schemes 
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are generally based on information from experiments conducted with crops under different 
conditions (soil, cultivars, climate, management etc.). Consequently, some uncertainties are 
introduced in the recommendation; to reduce them is important to carry out tests in local 
plots. This point is already well studied and there are many recommendations depending on 
crop type. However, the lack of information at the local level is one of the main sources of 
uncertainty and one of the main practical limitations to apply the N recommendation 
schemes. Additionally, N requirements are generally assessed for average crop production, 
and N recommendations should be adapted to expected yield variations 
 The availability of information on N sources to the soil-water-plant system is 
essential to select the N scheme approach. The main N sources are: N in irrigation water, N 
mineralised from soil organic matter and crop residues, symbiotic fixation and N 
contributions in the form of mineral and organic fertilisation. The more information is 
available, the better the recommendation will be. 

 Cost data 11.3.5.4.

Most N fertiliser recommendation schemes require a soil analysis for mineral N at or just 
before planting. The KNS system requires at least two determinations of soil mineral N. 
Generally, the laboratory performing the soil analysis will also interpret the results and 
provide the recommendation which is paid by the grower or cooperative. An example of the 
costs is in Flanders (Belgium) where the determination of soil mineral N is obligatory and 
where it is commonly used with the KNS system. In Belgium, the costs of soil sampling and 
Nmin analysis are 42 € for 0-30 cm soil depth, 55 € for 0-60 cm, and 69 € for 0 - 90 cm, but for 
just Nmin analysis the costs is 16 € + VAT.  

In the United Kingdom, some laboratories of soil and plant analysis, provide the service of 
Nmin analysis for £ 16 + VAT (18 € + VAT) per soil sample. Similar prices are given in Spain 
within a range 17-23 € + VAT) for Nmin analysis per sample depending on the number of 
samples. 

In the case of a farmer association or cooperative, the soil sampling and the analysis could 
be performed by themselves using a quick method of Nmin analysis. For this purpose, some 
basic equipment is required: 

 Soil sampling: One auger to take soil samples at a rooting depth. The cost of auger 
equipment could be 200-500 € 
 A simple laboratory (graduated tube, mixer, filter paper) together with quick test 
equipment to measure the concentration of nitrate in the extracted solution. The Horiba 
LaquaTwin nitrate meter can be used; it costs about 500 €. Another system is the Merck 
RQFlex Reflectoquant which costs about 800 €, additional laboratory material would be 
about 80 €, and test strips for each nitrate determination cost 1 € each. For the LaquaTwin 
nitrate meter and Merck RQFlex Reflectoquant, the total analysis time per sample about 
one minute. Some additional time is required to prepare the equipment and prepare 
dilutions if required for the Merck RQFlex Reflectoquant. There is more information in the 
technology description (TD) of Rapid on-farm analysis systems, also in this chapter. 

Where fixed rates of fertiliser are used, the information is freely provided in fact sheets or 
public guidelines. 
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Foliar analysis for macro and micronutrient concentrations costs around 40 € in Spain and 
many laboratories are capable of doing these analyses with a diagnosis for different fruit 
species (citrus, peach, kaki, olive, etc.). 

 Technological bottlenecks 11.3.5.5.

The technological bottlenecks depend on the system used. 

 If fixed rates are used as scheme, there are less technological bottlenecks. But if a 
system is based on model and/or laboratory measurements (soil Nmin, foliar or sap N) 
the bottlenecks can be important 

 A system based on soil analysis. This system requires an auger to sample soil and a 
space for mixing the soil sampled at different points to prepare a composite soil 
sample. The grower needs to have material for sending the sample to a laboratory. 
The time required to take samples and processing in the laboratory can be an 
important consideration for a grower 

 For systems based on simulation models, there are several limitations: 1) model 
should be adapted to local conditions (calibration-validation), 2) the interface should 
be user-friendly, and sometimes a training period is required, and 3) some input data 
may be required that may be difficult or time-consuming for growers to obtain 

 Benefit for the grower  11.3.5.6.

Advantages 

The recommendation scheme of N fertilisation is based on technical knowledge, instead of 
the traditional method of growers’ experience, who usually applies excessively large 
amounts. An additional important benefit for the grower is that the cost of fertiliser is 
reduced, with a lower environmental impact. 

Disadvantages 

The use of N schemes requires a certain technical knowledge on the part of the grower. 
Also, a certain amount of time is required to take the soil or foliar samples and for lab 
processing that usually are part of N fertiliser recommendation scheme. 

 Supporting systems needed 11.3.5.7.

Some of N recommendation schemes are based on simulation models and use Decision 
Support System (DSS) software make calculations e.g. N Expert, Azofert. This may be used 
by the technical advisors of the laboratories that perform the analyses, or by growers.  

 Development phase 11.3.5.8.

 Research: Research into different vegetable species is on-going to determine the N 
crop demand, and also to adapt different recommendation systems to different 
conditions 

 Experimental phase: New model calibration-validation for new conditions, crops etc. 
are also being conducted 

 Commercialised: Specialised companies are producing apps or computer programs 
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 Who provides the technology 11.3.5.9.

This technology can be provided by research institutes, agriculture associations, fertiliser or 
consulting companies, universities. For example, fixed N-rates are provided by research 
institutes, fertiliser companies, and agricultural associations. Simulation models or DSS 
usually are provided by universities, research institutes etc. For example: 

 N-Expert 4 software can be downloaded at http://www.igzev.de/n-expert/?lang=en  

 Vegsyst: http://www.ual.es/GruposInv/nitrogeno/VegSyst-DSS.shtml   

 PLANET: Planning Land Applications of Nutrients for Efficiency and the environment. 
http://www.planet4farmers.co.uk/Content.aspx?name=PLANET  

 PLANET is a computerised version of the RB209 Fertiliser Recommendations for 
Agricultural and Horticultural Crops used in the United Kingdom. 

 Azofert: http://www.npc.inra.fr/Le-centre-Les-recherches/Impacts-environnement 
aux/Azofert-une-aide-pour-raisonner-la-fertilisation-des-cultures  

 Patented or not 11.3.5.10.

Fixed rates are not patented. Simulation models and the DSS associated are usually 
registered. The reference tables used for the soil Nmin and KNS systems and similar are 
publicly distributed and are not patented. 

11.3.6.  Which technologies are in competition with this one? 

This technology does not compete directly with other technologies.  

It is intended to replace the approach traditionally used by growers based on their own 
experience and/or that of other farmers, or from advisors from co-operatives or private 
companies. 

11.3.7.  Is the technology transferable to other crops/climates/cropping systems? 

For optimal use of this technology in conditions other than where they were developed, 
they should be adapted to the new conditions of climate, soil, cropping systems etc. This will 
often require field studies to test the adapted recommendation scheme to new conditions 
where it is being used. 

11.3.8.  Description of the regulatory bottlenecks 

There are no regulatory bottlenecks. In fact, in accordance with the European directive of 
nitrates 91/676 growers are encouraged to use these schemes. 

11.3.9.  Brief description of the socio-economic bottlenecks 

Complex systems such as those based on models with high data requirements generally 
have limited numbers of farmers that are able to use them. In contrast, simpler schemes as 
the fixed rates which require less knowledge and/or data can be used more widely, although 
the N fertiliser recommendations may not be as accurate.  

Although farmers wish to avoid reductions in yield and quality and tend to use conservative 
traditional practices to determine N fertiliser rates, systems based on soil testing are 
increasingly being used in several European countries (Germany, Holland, UK, and Belgium). 
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In some European counties and regions (Flanders, Germany), the use of these schemes is 
mandatory. 

11.3.10.  Techniques resulting from this technology 

The main systems in use are: 

1) The KNS system 
2) The Nmin system 
3) The N-Expert decision support system which is based on the KNS system 
4) Fertiliser Recommendations for Agricultural and Horticultural Crops (RB209). The 

PLANET software can be used to develop the same recommendations as the RB209 
booklet on a personal computer 

In most of the codes of good management practices applied in the nitrogen vulnerable 
zones of European Union countries includes information about the use of the N schemes for 
nitrogen fertilisation. 

11.3.11.  References for more information 

[1] Chen, Q., Zhang, H., Li X., Christie, P., Horlacher, D., & Liebig, H.P. (2005). Use of a 
Modified N-Expert System for Vegetable Production in the Beijing Region. Journal of Plant 
Nutrition, 28, 475-487 
[2] DEFRA, (2010). Fertiliser manual (RB208) (8 edition). Department for Environment, 
Food and Rural Affairs. http://www.ahdb.org.uk/documents/rb209-fertiliser-manual-11 
0412.pdf  
[3] Fink, M., & Scharpf, H.C. (1993). N-Expert - A Decision Support System for Vegetable 
Fertilization in the Field. Acta Horticulturae, 339, 67-74 
[4] Feller, C., & Fink, M. (2002). Nmin target values for field vegetables. Acta 
Horticulturae, 571, 195-201 
[5] Gallardo, M., Thompson, R.B., Giménez, C., Padilla, F.M., & Stöckle, C. (2014). 
Prototype decision support system based on the VegSyst simulation model to calculate crop 
N and water requirements for tomato under plastic cover. Irrigation Science, 32, 237-253 
[6] Gallardo, M., Giménez, C., Martínez-Gaitán, C., Stöckle, C.O., Thompson, R.B., & 
Granados, M.R. (2011). Evaluation of the VegSyst model with muskmelon to simulate crop 
growth, nitrogen uptake and evapotranspiration. Agricultural Water Management, 101, 
107-117 
[7] Neeteson, J, (1995). Nitrogen management for intensively grown arable crops and 
field vegetables. In: Nitrogen fertilization in environment, PE Bacon (eds.) Marcel Dekker, 
Inc, New York pp 295-325 
[8] Rahn, C. R, Zhang, K., Lillywhite, R., Ramos, C., Doltra, J., de Paz, J. M., Riley, H., Fink, 
M., Nendel, C., Thorup-Kristensen, K., Pedersen, A., Piro, F., Venezia, A., Firth, C., Schmutz, 
U., Rayns, F., & Strohmeyer, K. (2010). EU-Rotate_N - a European decision support system - 
to predict environmental and economic consequences of the management of nitrogen 
fertiliser in crop rotations. European Journal of Horticultural Science, 75(1), 20-32 
[9] Thompson, R. B., Voogt, W., Incrocci, L., Fink, M., & de Neve, S. (2018). Strategies for 
optimal fertiliser management of vegetable crops in Europe. Acta Horticulturae (in press). 
Proceedings of The 5th International Symposium on Ecologically Sound Fertilization 
Strategies for Field Vegetable Production, in Beijing, China. 18-21 May 2015. (in press) 
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[10] University of California (DAVIS), California fertilizer guidelines, Fertilizer research and 
education program. https://apps1.cdfa.ca.gov/fertilizerresearch/docs/Guidelines.html  
[11] Ramos, C, & Pomares, F. (2010). Abonado de los cultivos hortícolas. In: Guia práctica 
de la fertilización racional de los cultivos en España. Ministerio de medio ambiente y medio 
rural y marino 
[12] Ramos, C., Sepúlveda, J., Berbegall, F., & Romero, P. (2017). Determinación rápida de 
nitrato en suelos agrícolas y en aguas. Nota técnica, Instituto Valenciano de Investigaciones 
Agrarias 
[13] http://www.ivia.gva.es/documents/161862582/162455759/Nota+t%C3%A9cnica_D
eterminaci%C3%B3n+r%C3%A1pida+de+nitrato+en+suelos+agr%C3%ADcolas+y+en+aguas.p
df/55388b7a-4ce5-4bc5-89c5-56ab429801af.  
[14] Vandendriessche, H. Bries, J., & Geypens, M. (1996). Experience with fertilizer expert 
systems for balanced fertilizer recommendations. Communication in Soil Science and Plant 
Analysis, 27(5-8), 1199-1209 
[15] Kenworthy, A. L. (1973). Leaf Analysis as an aid in fertilizing orchards. In: Soil Testing 
and Plant Analysis, eds. L. M. Walsh and J. D. Beaton. pp. 381-392. Soil Science Society of 
America, Madison, WI, USA 
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11.4. P recommendation schemes for horticultural crops 

(Authors: Els Berckmoes21, Georgina Key1) 

11.4.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.4.2.  Region 

All EU regions. 

11.4.3.  Crops in which it is used 

All vegetables, fruit and ornamental crops. 

11.4.4.  Cropping type 

Soil-bound. 

11.4.5.  Description of the technology 

 Purpose/aim of the technology  11.4.5.1.

Phosphorus (P) recommendations schemes are used to make recommendations for P-
fertilisation in soil grown crops in order to: 

 Ensure the P supply meets the P requirement of the crop 

 Minimise P enrichment of deeper soil and soil water 

 Working Principle of operation 11.4.5.2.

In order to formulate phosphorus recommendations, a procedure consisting of 3 steps, has 
to be followed: 

Step 1: Measurement of soil-P availability 

It is essential to determine the available phosphorus in the soil as crops withdraw 80-90 % 
of the phosphorus consumed directly from the soil.  

Following assessment of the available soil P, recommendations for additional P-fertilisation 
can then be provided to growers. Various approaches are used: 

Chemical extraction methods 

Available soil P is generally assessed by the use of chemical extraction methods. For these 
methods, a certain mass of a soil sample is thoroughly mixed with an extraction agent. 
Depending on the extraction agent, P-fractions will dissolve or desorb into the solution. In a 
next step, the dissolved P-fraction is measured and categorised as “available P”. Throughout 
Europe, more than 10 different P-extraction methods are being used. The types of 
extraction agents can be divided into 3 main categories: 

 Acid solutions (acetic, citric, hydrochloric, lactic, nitric, sulphuric): the extraction 
agent dissolves calcium phosphate and attacks to varying degrees P that is bound to 
aluminium and iron oxides resulting in the release of P that was adsorbed on the 
oxide surface 
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 Anion exchange (acetic, bicarbonate, citric, lactic or sulphuric): anions in the 
extraction agent are exchanged for desorbed phosphate 

 Cation Complexation: P-forms, such as aluminium- and calcium phosphate, can be 
complexed by a strong reactive anion (fluoride, citrate or lactate). This means that 
this anion takes the place of the phosphate and forms a bond with the aluminium- or 
calcium cation while the phosphate ion (hydrogen phosphate, dihydrogen 
phosphate) is released 

 The phosphate which is present in the aluminium- or calcium phosphate can also be 
released by a precipitation with sodium bicarbonate. The general mechanism of this 
process is that the HCO3, carbonate ions replace the phosphate ions. Calcium or 
aluminium carbonate is formed and precipitates, because these compounds are 
insoluble in water, while the phosphate is released 

Each extraction agent requires a specific pH, which is maintained by a buffer solution. At 
higher pH values, additional desorption of P can occur, at lower pH values precipitation can 
occur. 

Sink-method  

Sink methods are an alternative for chemical extraction methods. These methods more 
closely mimic rhizosphere conditions and often provide comparable or better correlations 
with crop response than chemical extractants. 

 Anion-exchange resins: It is the most common P-sink method for assessing available 
soil P. The procedure typically involves the use of a chloride saturated resin at a 1:1 
resin to soil ratio in 10-100 mL of water or a weak electrolyte for 16-24 h 

 Iron-oxide impregnated paper: Another P sink that has received attention is Fe-oxide 
impregnated filter paper (Fe-O strip) 

Step 2: Calibration of the soil-P fertility level 

The values of available soil P obtained from the extraction procedure should be calibrated; 
plant responses are correlated against available soil P. In general, institutions providing P-
recommendations are reluctant to provide information on this calibration step. 

Besides available soil P, many P-recommendation schemes also take into account various 
other soil-related parameters such as soil texture, organic matter content, pH, carbonate 
content or soil type. Additionally, P-recommendation schemes can be differentiated by crop 
type. Again there is a strong regional differentiation in this.  

Generally, calibration is presented in a classification of the soil-P fertility level, ranging from 
(very) low to (very) high (Table 11-2). Often, the medium classification is for adequate soil P 
status.  

Step 3: Estimation of the recommended P-dose. 

In Europe, there is a general strategy to maintain a target value for the soil-P fertility level 
which assures that crops are not P limited. In order to maintain this target value, a balance 
is made between P exported through crop removal and that is supplied through fertiliser 
addition (Figure 11-3). Generally, once the level of available soil P is obtained that ensures 
that P is not limiting, then the general procedure is to supply amounts of P that replace 
what is exported in crop uptake. How this estimation is made, differs between countries and 
regions. In some countries, an advice is provided for both the soil (amount to reach the 
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target value) and the crop (amount to compensate for the export of P through crop uptake). 
Ireland and The Netherlands, both types of advice are provided. Other countries combine 
both types of advice into one general form of advice. 

Table 11-2. Estimation of the recommended P-rate (Jordan-Meille et al., 2012) 

Soil-P fertility level Advise 

E: very high No P fertilisation 

D: High Dose < P-export by the crop 

C: target zone Dose = P-export by the crop 

B: Low Dose > P-export by the crop 

A: Very low Dose >> P-export by the crop 

 

 
Figure 11-3. Schematic overview of the different soil P fertility levels. C refers to the target level (Jordan-

Meille et al., 2012) 

 Operational conditions 11.4.5.3.

Most P-recommendation schemes can only be applied at a local scale as these schemes take 
into account various other soil-related parameters such as soil texture, organic matter 
content, pH, carbonate content or soil type. These factors should be known in order to be 
able to apply the schemes. 

 Cost data 11.4.5.4.

In general, P-recommendation is part of a complete soil analysis. In Belgium, nutrient 
recommendations, including the P-recommendation, costs around 60 €, VAT excluded. The 
recommendation is for the upper soil layer (0-28 cm). The samples should be taken before 
planting/sowing of each new crop. 
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 Technological bottlenecks 11.4.5.5.

Measurement of soil-P availability 

Chemical extraction methods: 

Chemical extraction methods operate completely differently compared to plant roots. This 
sometimes results in poor correlations between the measured soil-P availability and P-
uptake by the crop. Still, these chemical extraction methods are generally used, as they are 
fast and relatively cheap. 

When applying a chemical extraction, the soil pores are filled with the extraction agent. By 
applying this method, the role of the soil moisture content is not taken into account. In 
reality, however, the soil moisture content can influence soil-P-availability to the crop. 

Resins: 

Where resins are used, to prevent the diffusion of P from the soil to the resin from being the 
rate-limiting step, resins should be completely mixed with the soil, which can create 
difficulties when separating the resin from the soil for subsequent P analysis. 

Calibration of the soil-P fertility level 

In general, institutions providing P-recommendations are reluctant to provide information 
on the calibration procedure. As a result, P-recommendations can often be seen as a kind of 
“black box” with insufficient information being provided to growers, this can negatively 
influence the evaluation and interpretation of the results. 

The optimal soil-P fertility level differs strongly from region to region. Even when the same 
extraction method is used, the soil-P availability value can be assigned to different classes 
(e.g. Figure 11-4). 

Estimation of the recommended P-dose 

Again there are clear regional differences in how the recommended P rate is calculated. 
Recommendations are sometimes made for the soil (rate to ensure optimal P supply) as well 
for the crop (rate to compensate the P export due to the removal by the crop). In other 
countries, both doses are combined together. 

Additionally, there can be appreciable differences between the regions in the “insurance 
application” that is applied as a minimum amount. 

Preparation of the soil samples can influence the outcomes of the P-analysis 
 For example: 

 drying of soil samples will increase available soil P 

 sieving of the sample 

 storage of the soil sample 

 the depth of the soil sample 

The information on which the recommendation schemes are based may be dated (for 
example for ornamentals in the UK). 
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Figure 11-4. P-availability classes of different European countries, using the P-AL method to measure soil-P-
availability. (Blue = low availability, green = target zone, red = high availability) (Amery and Vandecasteele, 

2015) 

 Benefit for the grower  11.4.5.6.

Advantages 

 Growers receive information about available soil P 

 Reduces the amounts of crop available nutrients in the environment; these can also 
be transported to water bodies 

Disadvantages 

 Large variation in P-recommendation schemes 

 Large variation in available methods to measure available soil P  

 Large variation in the recommended amounts of available soil P to avoid P limitation 
of crop growth 

 Supporting systems needed 11.4.5.7.

Certified/qualified soil sampling services should be available, together with certified labs 
with the capacity to work with soils and to provide the correct interpretation of the 
analyses. 

 Development phase 11.4.5.8.

Commercialised. 

 Who provides the technology 11.4.5.9.

Bodemkundige Dienst België (Soil service of Belgium), (Belgium, Flanders). 

Requasud (Belgium, Wallonia). 

Teagasc (Ireland). 

 Patented or not 11.4.5.10.

This technique is not patented. 
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11.4.6.  Which technologies are in competition with this one? 

None. 

11.4.7.  Is the technology transferable to other crops/climates/cropping systems? 

The P-recommendation schemes can be transferred to all crops grown in soil. 

11.4.8.  Description of the regulatory bottlenecks 

There are no regulatory bottlenecks for the use of P recommendation schemes. 

11.4.9.  Brief description of the socio-economic bottlenecks 

Sink methods more closely mimic rhizosphere conditions and often provide comparable or 
better correlations with crop response than chemical extractants. Sink methods, however, 
are more time-consuming and therefore they are very expensive. This is the reason why 
mostly, chemical extractants are used. 

11.4.10.  Techniques resulting from this technology 

1) Flanders (Belgium): Bemex-expertsystem: 

Provided by Bodemkundige Dienst België (Soil Service of Belgium) 

In the Bemex-system, the measurement of soil-P availability is based on a chemical 
extraction using ammonium lactate in acetic acid at pH 3,75 (P-All). Samples have to be 

collected from 0-23 cm (arable land) and 0-6 cm (grassland). Additionally, growers have to 
complete a question list referring to the fertilisation history of the soil, the previous crop 
and the variety of the current crop. The result of the extraction is categorised in one of the 
seven P-soil fertility classes.  

Disadvantages of the method: 

 The soil type is not implemented in this classification 

 No representative estimation of the immediate P availability 

 The optimal P-threshold value lies above the threshold value in the other European 
countries which results in higher P-recommendations compared to other European 
countries 

 

Table 11-3. P-fertility classes based on P-Al as applied by the Soil Service of Belgium for arable land and 

grassland (Maes et al., 2012) 

P-soil fertility class  Arable land P-Al  Grassland 

Very low < 5 <8 

Low  5-8 8-13 

Fairly low  9-11 14-18 

Target zone 12-18 19-25 

Fairly high 19-30 26-40 

High  31-50 41-60 

Very high >50 >60 
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2) Wallonia (Belgium):  

P analysis method based on ammonium acetate + EDTA at pH 4,65. Advice is provided by 
laboratories when requested by the grower. 

3) The Netherlands: 

Provided by the Commission for fertilisation for arable crops and vegetable crops and the 
Commission for grassland and crops for livestock feed. These commissions consist of 
researchers, advisors and representatives of the industry. Their advices are freely available. 

P-recommendation scheme for vegetable crops: The Dutch P-recommendation scheme 
consists of both a soil and a crop oriented advice system. Most of the time, these two advice 
systems provide different results. The soil oriented advice aims to achieve and maintain a 
good P-status of the soil. The P-status of the soil is based on a water extraction (Pw-
number). The current P-recommendations are based on the outcomes of the numerous field 
and pot trials that were carried out in the fifties and sixties in numerous fields in order to 
determine the correlation between Pw-number and crop yields. In the case of crops with a 
higher P requirement, the target value is 25 to 30 mg P2O5 per litre, depending on the soil 
type. For crops with lower P requirement, this target values is 20 mg P2O5 per litre. The 
actual P advice depends on the P fertility level of the soil. If the level is higher than the 
target value, the commission advises adding more than the P exported plus the unavoidable 
losses which vary between 5 to 20 kg P2O5 per year per hectare. 

The crop oriented advice is based on:  

 Pw extraction: Crops are divided into 5 groups, depending on their P requirement. A 
table provides the advice depending on the crop category and the P value 

 Calcium chloride-extractable P and ammonium lactate–extractable P 
4) Austria:  

 P analysis is based on calcium lactate and calcium lactate + acetic acid 

 P-recommendation scheme is provided by the government, soil information is 
included 

5) Denmark:  

 P analysis is based on Olsen (sodium acetate pH 8,5) 

 P recommendation performed by research centres, based on soil analyses and 
expected uptake by the crops 

6) Ireland:  

 P analysis is based on Morgan’s extract (sodium acetate pH 4,8)  

 P recommendation performed by government (Teagasc) 

11.4.11.  References for more information 

[1] Jordan-Meille, L., Rubaek, G. H., Ehlert, P. A. I., Genot, V., Hofman, G., Goulding, K., 
Recknagel, J., Provolo, G., & Barraclough, P. (2012). An overview of fertilizer-P 
recommendations in Europe: soil testing, calibration and fertilizer recommendations. Soil 
Use and Management, 28(4), 419-435 
[2] Bai, Z. H., Li, H. G., Yang, X. Y., Zhou, B. K., Shi, X. J., Wang, B. R., Li, D. C., Shen, J. B., 
Chen, Q., Qin, W., Oenema, O., & Zhang, F. S. (2013). The critical soil P levels for crop yield, 
soil fertility and environmental safety in different soil types. Plant and Soil, 372(1-2), 27-37 
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(2005). Addressing Phosporus related problems in farm practice. Final report to the 
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11.5. Technology: Soil analysis 

(Authors: Claire Goillon2, Benjamin Gard*, Rodney Thompson23) 

11.5.1. Used for 

Minimising the impact to the environment by nutrient discharge. 

11.5.2.  Region 

All EU regions. 

11.5.3.  Crops in which it is used 

All fruit, vegetables and ornamentals are grown in soil. 

11.5.4.  Cropping type 

Soild-bound. 

11.5.5.  Description of the technology 

 Purpose/aim of the technology  11.5.5.1.

Soil analyses are used to determine the physical and chemical characteristics and the 
agronomic potential of the soil before growing the crop, and to determine initial fertiliser 
requirements.  

 Working Principle of operation 11.5.5.2.

For agricultural soil, the main factors assessed using soil analysis are N, P and K, pH, 
structure, particle size (texture), water-retention capacity, Cation Exchange Capacity, and 
the content of organic matter. These soil physical and chemical parameters can be 
complemented by biological parameters such as microbial biomass, enzymatic activity, 
carbon and nitrogen mineralisation, and earthworm species richness and abundance etc.; 
however, these analyses are much less common.  

The frequency of soil analysis depends on the crops and the type of soil. The recommended 
frequency of soil analysis is generally once every two to four years. To interpret the results 
of soil analyses, local reference values are required for each crop. Generally, laboratories 
specialising in soil analyses have local reference values and provide interpretation of the 
results of the soil analyses. 

 Operational conditions 11.5.5.3.

The main difficulty is sampling correctly to ensure that the sample is representative of the 
field or section of a field being examined. Soil spatial variability can be a major issue. 
Therefore, it is important to carefully select the sampling locations in the field and to gather 
sufficient replicates in order to obtain a good representation of the soil at the field scale. 
The following general advice on soil sampling procedures (Figure 11-5) may help to reduce 
the effect of spatial variability: choose the most representative area of the field, and avoid 
areas adjacent to the field or areas compacted by tractors and agricultural machinery. Also, 
avoid hollows and mounds. Historical knowledge about the area of land such as where 
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abnormal growth has occurred is very useful when choosing the sampling area. A large “W” 
or zigzag pattern should be followed when sampling soil. The representative area must not 
exceed 1 ha in open field, for protected crops the sampling area is the greenhouse or a set 
of plastic tunnels in the same field.  

 
Figure 11-5. Taking a soil sample with an Auger and collecting the sample 

(http://cri.crinet.com/news2536/PlanNowForSpringSoilSampling) 

Sampling protocol (Figure 11-5) is as follows for each representative area: take at least 25 
soil samples, to 25 cm depth with a soil auger or similar tool. Mix all the samples and make a 
composite subsample of 1 kg of soil to send to the laboratory. For fruit tree production, it is 
recommended that two composite samples are sent for analysis, one from 0-20 cm depth 
and a second from 20-40 cm depth. 

It is important to perform soil sampling at the right moment to have the best results; in 
general, soon before planting. To compare results from past soil analyses, it is 
recommended that samples be taken in the same period (same month). Avoid sampling soil 
after the application of compost or manure or following lime application to reduce the risk 
of misleading results.  

 
Figure 11-6. Analysis of soil samples in a laboratory (http://www.skrc.in/) 

Analyses of soil sample are conducted by accredited or certified laboratories (Figure 11-6). 
All analyses are conducted according to national or international standards in order to have 
reliable and replicable results between laboratories. These laboratories also provide 
interpretation of the results. 

 Cost data 11.5.5.4.

Analysis ranging to 50-300 €, depending on the parameters analysed. Price of analyses may 
vary appreciably depending on the country, the region, and the laboratory. 
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 Technological bottlenecks 11.5.5.5.

The only bottleneck consists in finding a laboratory in the grower’s area. Sometimes during 
peak periods when many local growers require analyses, there may be delays because the 
local analytical capacity may struggle to meet the demand. 

 Benefit for the grower  11.5.5.6.

Advantages 

 Provides information on soil fertility and soil characteristics prior to planting a crop 

 Assists in managing fertiliser applications 

 Assists in adjusting the nutrient supply to meet crop requirements 

 Reduced risk of nutrient deficiencies that can cause reduced crop production  

 Reduce risk of nutrient loss to the environment e.g. nitrate leaching 

 It is easy for the grower to take soil samples 

 Most laboratories conducting soil analysis provide interpretation of the results 

Disadvantages 

 Expensive when several fields need to be analysed in the same year 

 Uncertainty about the interpretation with crops that are not commonly grown in the 
region 

 Time needed to take soil samples, process them and send them to a laboratory 

 Supporting systems needed 11.5.5.7.

Interpretation of the results of the analyses must be done by someone with training in soil 
science who understands the values for each parameter that was analysed and who can 
correctly advise the grower of the most appropriate fertiliser program.  

 Development phase 11.5.5.8.

Commercialised. 

 Who provides the technology 11.5.5.9.

Laboratories performing soil analyses. 

 Patented or not 11.5.5.10.

The technology is not patented but laboratories must use certified or standardised methods 
of analysis (e.g. COFRAC, NF, AENOR, etc.). 

11.5.6.  Which technologies are in competition with this one? 

Soil solution analysis. 

11.5.7.  Is the technology transferable to other crops/climates/cropping systems? 

Soil analyses can be used on all crops grown in soil. 
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11.5.8.  Description of the regulatory bottlenecks 

Growers with field located in nitrate vulnerable zones are required to carry out regular soil 
analyses to manage N fertilisation. 

11.5.9.  Brief description of the socio-economic bottlenecks 

Soil analysis is often encouraged by advisors and agricultural certification schemes (organic, 
integrated management etc.). Additionally, some clients (supermarkets, distributors) oblige 
or at least encourage growers to regularly conduct soil analyses as part of the conditions of 
their contracts.  

11.5.10.  Techniques resulting from this technology 

Fertiliser recommendation schemes (see technology described in section 11.4 of this 
chapter on N fertiliser recommendation schemes for horticultural crops, and section 11.5 on 
P recommendation schemes, respectively.  See also the technology described in section 
11.13 on Decision Support Systems for soil-grown crops. 

11.5.11.  References for more information 

[1] Tits, M., Elsen, A., Vandendriessche, H., & Bries, J. (2013). Nitrate-N residues, soil 
mineral N balance and N fertilizer recommendation in vegetable fields in Flanders. In K. 
D’Haene, B. Vandecasteele, R. De Vis, S. Crappé, D. Callens, E. Mechant, … S. De Nev (Eds.), 
NUTRIHORT Nutrient management, innovative techniques and nutrient legislation in 
intensive horticulture for an improved water quality, p. 29, Ghent 
[2]  D’Haene, K., Vandecasteele, B., De Vis, R., Crappé, S., Callens, D., Mechant, E. 
Hoffma, G., & De Neve, S. (2013). NUTRIHORT Nutrient management, innovative techniques 
and nutrient legislation in intensive horticulture for an improved water quality, (p. 74). Book 
of abstracts, September 16-18, Ghent, p. 74 
[3] Salata, A., & Stepaniuk, R. (2013). Growth, Yield and Quality of Zucchini “Soraya” 
Variety Fruits Under Drip Irrigation. Acta Scientiarum Polonorum-Hortorum Cultus, 12(4), 
163–172 
[4] Thompson, R.B., Tremblay, N., Fink, M., Gallardo, M., & Padilla, F.M. (2017). Tools 
and strategies for sustainable nitrogen fertilisation of vegetable crops. In: Tei, F., Nicola, S., 
Benincasa, P., (Eds). Advances in Research on fertilization Management in Vegetable Crops. 
pp 11-63. Springer, Heidelberg, Germany 
[5] Zuang, H. (1982). La fertilisation des cultures légumières CTIFL, Paris: Centre 
Technique Interprofessionnel des Fruits et Légumes 
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11.6. Dutch 1:2 soil: water extraction method 

(Authors: Matthijs Blind24, Rodney Thompson23) 

11.6.1.  Used for 

 Preparation of irrigation water 

 More efficient use of water 

 Minimising the impact to the environment by nutrient discharge 

11.6.2.  Region 

All EU regions. 

11.6.3.  Crops in which it is used 

Numerous vegetable species. 

11.6.4.  Cropping type 

 Soil-bound 

 Protected 

 Open air 

11.6.5.  Description of the technology 

 Purpose/aim of the technology  11.6.5.1.

The 1:2 volume water extract method can be used to determine the available nutrients in 
the soil to optimise fertiliser use, by supplying just the amount of fertilisers that is needed 
for maximum production. 

 Working Principle of operation 11.6.5.2.

By use of the 1:2 volume water extract method (Figure 11-8); the available nutrients in the 
soil are measured. The electric conductivity (EC) of the soil is also determined. The extract is 
the filtrate of a suspension obtained by adding one volume of field-moist soil to two 
volumes of water; giving a suspension in which soil and water are mixed in a ratio of 1:2 on 
a volume basis. In the subsequent soil analysis report, the concentrations of available 
nutrients and reference values are listed. Before starting the growing season, soil samples 
are taken using an auger (Figure 11-7). These soil samples are taken following a W pattern 
within a field. At each sampling location, soil from different depths is taken, for example 0-
20 cm, 20-40 cm and 40-60 cm. In a greenhouse, the soil samples are taken about 20 cm 
below the soil surface. During the growing season, samples can be taken every 2-3 weeks. 
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Figure 11-7. Taking a soil sample with an auger 

 

 
Figure 11-8. Schematic representation of the soil and water volumes used in the 1:2 volume extract method 

 

The 1:2 volume water extract method is widely used in The Netherlands. It is commonly 
used in combination with global positioning systems (GPS). Many Dutch growers use GPS 
systems on their farms to produce yield or biomass maps. The available nutrients in the soil 
can also be stored in these biomass maps using GPS. In this way, it is possible to supply a 
variable nutrient amount to the crop. The amount of fertiliser applied for a given section of 
a field depends on the supply of available nutrients in the soil and the amount of biomass. 

 Operational conditions 11.6.5.3.

The extract is made by adding sufficient field-moist soil to two parts of water until the total 
volume increases by one part. The analytical data for electrical conductivity, chloride, 
nitrogen, phosphate, potassium and magnesium in this extract are very closely related to 
data obtained by the saturation extract. This method is commonly used by soil-testing 
laboratories in The Netherlands. For the precise preparation of the 1:2 volume soil-water 
extract, it is necessary to use soil samples at field capacity. Most soil-testing laboratories in 
The Netherlands have the capacity to process a large number of samples within a short time 
but, the suitability of the 1:2 volume water extract method for assessing available P is 
questionable. Often, another extractant is used for assessing soil available P.  
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 Cost data 11.6.5.4.

Generally, the costs of analysis for the major and secondary nutrients are 110-140 €/ha. 
Results of the analysis of soil samples can generally be provided within a week. Accurate 
automated equipment for a soil analysis can be expensive; therefore, the analyses are 
conducted by professional analytical laboratories. The 1:2 volume water extract method is 
relatively cheap. The cost for analysis can vary depending on the how much the grower 
participates in the sampling process and the number of nutrients for which analyses are 
conducted. If the grower collects the samples by himself, he needs an auger and bags for 
the soil. Furthermore, the grower needs time as well.  

 Technological bottlenecks 11.6.5.5.

A disadvantage of soil testing methods, such as this, is that the method only estimates the 
availability of nutrients to crops. There is no guarantee that the available nutrients in the 
root environment will be absorbed by plants. 

 Benefit for the grower  11.6.5.6.

Advantages 

 Optimisation of profit by saving on fertiliser costs 

 Lower environmental impact: less leaching of nutrients results in less pollution of 
ground and surface waters 

 Assists to determine the amount of nutrients which are needed by the crop during 
the growing season 

Disadvantages 

 Sometimes the available nutrients may not be absorbed by the plants 

 This occurs because of effects of low temperatures, diseases, excess or insufficient 
soil water 

 Electrical conductivity determinations are less reliable in soil with appreciable 
amounts of gypsum, which may be more of an issue in drier regions 

 Knowledge of the soil organic matter content required for good interpretation of the 
analytical data 

 Supporting systems needed 11.6.5.7.

If the grower collects the samples by himself, he needs an auger and bags for the soil. 

 Development phase 11.6.5.8.

Commercialised. 

 Who provides the technology 11.6.5.9.

A grower can collect soil samples by himself or he can hire a consultant to collect the soil 
samples. For collecting the soil samples, an auger and bags are needed. Once collected, the 
grower needs to take or send the soil samples to the laboratory. The 1:2 volume water 
extract method has to be carried out in a well-equipped laboratory. For example in The 
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Netherlands there are two laboratories, Eurofins Agro and Groen Agro Control that provide 
this service. Following analysis, the grower receives a report with the results. 

 Patented or not 11.6.5.10.

The 1:2 volume water extract method is not patented. Any certified laboratory that has the 
equipment for this method and properly qualified staff, can conduct analysis of samples 
obtained with this method. 

11.6.6.  Which technologies are in competition with this one? 

The 1:2 volume water extract method is a soil test that can also be used with substrate. In 
addition to soil and substrate analysis, tissue tests and sap analysis are alternative methods 
for assessing the adequacy of nutrient supply. Tissue tests are widely used in horticulture 
and when compared to soil testing procedures have their advantages and disadvantages 
(see 5.5 technological bottlenecks). 

11.6.7.  Is the technology transferable to other crops/climates/cropping systems? 

This water extract method can be used with different soils, water quality, climate and 
cultivation practices. However, the optimal phosphorus fertiliser supply has to be estimated 
by other methods or in combination with the 1:2 volume water extract method. 

11.6.8.  Description of the regulatory bottlenecks 

Regarding regulation, there are no bottlenecks for the grower. Regulation is applicable for 
the research companies, regarding ISO norms etc. 

11.6.9.  Brief description of the socio-economic bottlenecks 

When collecting the soil samples, the grower has to consider the time and the equipment 
which are needed (see section 5.9). When hiring a consultant, the additional costs have to 
take into account. Furthermore, it is necessary to transport the soil samples to the 
laboratory. In general, these costs are not bottlenecks, because finally they will be paid back 
because of a more efficient use of fertilisers and less environmental impact due to leaching. 

11.6.10.  Techniques resulting from this technology 

In The Netherlands there are two laboratories that analyse soil samples; Eurofins Agro and 
Groen Agro Control. Both laboratories use the 1:2 volume water extract method. In other 
countries there are other laboratories. It depends on the country. 

11.6.11.  References for more information 

[1] De Kreij, C. (2004). Grondanalyse voor een optimale bemesting zonder emissie. Deel 
I. Achtergronden. Praktijkonderzoek Plant & Omgeving B.V. Glastuinbouw, PPO 590 
[2] De Kreij, C., Kavvadias, V., Assimakopoulou, A., & Paraskevopoulos, A. (2007). 
Development of fertigation for trickle irrigated vegetables under Mediterranean conditions. 
International Journal of Vegetable Science, 13(2), 81-99 
[3] Kavvadias, V., De Kreij, C., Paschalidis, A., Assimakopoulou, A., Paraskevopoulos, D., 
Lagopoulos, A., & Genneadopoulou, A. (2005). Fertigation: II. Experiments in Greece with 
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greenhouse grown tomato and cucumber on two soil types. Proc. Management, Use and 
Protection of Soil Resources, (pp. 15-19). Sofia, Bulgaria 
[4] Mohamed, S. B., Evans, E. J., & Shiel, R. S. (1996). Mapping techniques and intensity 
of soil sampling for precision farming. Precision Agriculture, 3, 217-226 
[5] Sonneveld, C., & Van Den Ende, J. (1971). Soil analysis by means of a 1: 2 volume 
extract. Plant and Soil, 35(1), 505-516 
[6] Sonneveld, C., Van den Ende, J., & De Bes, S. S. (1990). Estimating the chemical 
compositions of soil solutions by obtaining saturation extracts or specific 1: 2 by volume 
extracts. Plant and Soil, 122(2), 169-175 
[7] Sonneveld, C., & Voogt, W. (2009). Nutrient management in substrate systems. In 
Plant Nutrition of Greenhouse Crops, pp. 277-312. Springer Netherlands 
[8] Eurofins Agro. http://www.eurofins.com/ 
[9] Groen Agro Control http://www.agrocontrol.nl/en/ 
[10] Penn State Agricultural Analytical Services Lab http://agsci.psu.edu/aasl/soil-testing 
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11.7. Soil solution analysis 

(Authors: Claire Goillon2, Benjamin Gard*, Rodney Thompson23, Juan José Magán9, Eleftheria 
Stavridou15) 

11.7.1.  Used for 

 More efficient use of water 

 Minimising the impact to the environment by nutrient discharge 

11.7.2.  Region 

All EU regions. 

11.7.3.  Crops in which it is used 

All vegetable and fruit crops grown in soil. 

11.7.4.  Cropping type 

 Soil-bound 

 Protected 

 Open air 

11.7.5.  Description of the technology 

 Purpose/aim of the technology  11.7.5.1.

Soil solution extraction can be used for salinity and nutrient management to optimise 
fertiliser application, reduce fertiliser costs and reduce the environmental impact associated 
with excessive nutrient supply.  

 Working Principle of operation 11.7.5.2.

Sampling soil solution is done by collecting water directly from the soil using active or 
passive soil solution samplers.  

Active soil solution samplers (e.g. Figure 11-9) consist of a plastic tube with a porous 
ceramic cup positioned in the soil and a stopper to seal the tube. A vacuum (negative air 
pressure) of approximately -60 kPa is maintained within the sampler, for a period of time, 
which draws water from soil pores through the ceramic cup into the sampler, from where it 
is subsequently collected using a syringe.  

Passive soil solution samplers collect samples of soil solution by redirecting the downward 
flow of solution during irrigation into a collection device. Passive soil solution samplers only 
collect a sample when a wetting front moves past the device.  

The sampled soil solution can be analysed with different analytical methods, the choice of 
which depends on the information required and how quickly the information is required. 
For example, salinity in the soil solution can be rapidly analysed on the farm, with an EC 
meter and the NO3 concentration can also be rapidly measured, on the farm, with rapid 
analysis systems (see TD on Rapid on-farm analysis of nutrients) such as ion selective 
electrodes such as the LaquaTwin NO3 meter or the combined use of test strips and an 
optical reader such as the Nitracheck system or the Merck RQFlex Reflecoquant. 
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Figure 11-9. Soil solution suction sampler 

Soil solution analysis is commonly used for N management and is best suited for drip 
irrigated and fertigated crops where nutrients are applied continuously to the root zone and 
where soils are maintained in moist conditions for much of the crop. Regular soil solution 
sampling and analysis during crop cycle enable monitoring of the evolution of the 
concentration of the NO3 concentration (i.e. the plant available N) in the soil solution in the 
root zone. With this information, the N supply can be subsequently adjusted to ensure 
optimal crop N nutrition. 

 Operational conditions 11.7.5.3.

Active soil solution samplers can only collect samples of soil solution in moist soils. For soil 
solution to enter the ceramic cup there must be a negative pressure gradient between the 
inside of the ceramic cup and the surrounding soil. There must be a stronger suction within 
the sampler than in the soil. In scientific terms, the suction within the sampler must be more 
negative the matric potential of the soil. 

As the maximum suction (vacuum) that can be applied to sampler is approximate -60 kPa, 
then the soil must be wetter than -60 kPa, i.e. it must have a soil matrix potential of 
between 0 and -60 kPa. Given that 1) suction within the sampler is sometimes slowly lost 
and 2) an appreciable suction gradient enhances the collection of soil solution; active 
samplers are most effective when the soil is wetter than -40 kPa, i.e. when the soil matric 
potential is between 0 and -40 kPa. These observations are relevant when small manual 
pumps are used; with these pumps, it is difficult to apply a suction of more than -60 kPa 
(that is more negative than -60 kPa).  

Active soil solution samplers are best suited for frequently irrigated crops, e.g. drip-irrigated 
vegetable crops where the soils are maintained moist for much of the crop. Soils in 
greenhouses, used for vegetable production, are suitable because the soil matric potential is 
usually close to field capacity (-10 to -30 kPa, depending on soil texture). These samplers can 
generally be used throughout a vegetable crop grown in soil in a greenhouse.  

Sample collection with active soil solution samplers requires good contact between the 
ceramic cup and the soil. The presence of large air spaces will prevent preservation of an 
adequate suction within the sampler. Therefore, it is essential to follow recommended 
installation protocols. 

An important issue with suction samplers is how to reduce the spatial variability associated 
with nutrient concentrations in the soil solution. It is important to select carefully the 
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sampling locations within an area of soil and to have sufficient replicate samples in order to 
get a good representation of the soil solution at the scale of the farm field. The following 
general advice on the sampling method may help to reduce spatial variability in soil solution 
extracts: choose the most representative areas of the field and avoid border areas on the 
edge of the field, position them close to healthy not sick plants, avoid areas compacted by 
the passage of agricultural machinery, and also avoid hollows and mounds. Knowledge of 
the history of the field such as where there has been abnormal growth is very useful when 
choosing where to place the samplers.  

Soil solution suction samplers are easy to install and the installation only disturbs a small 
area of the soil. The sampler is placed at a specific depth, corresponding to the main root 
zone of the crop, to extract a sample of the soil solution that is exploited by the root system. 
Full contact between the sampler and soil is required for effective sampling. Several 
samplers must be installed in the field or greenhouse to have representative information on 
the soil being monitored; three is the minimum number. For fertigated crops, the soil 
solution suction sampler is installed on the line of the crop, close the plant and the emitter 
(10 cm) at the depth of the root zone (15-30 cm). Once correctly installed, suction samplers 
can remain in the soil as long as is needed (for example for the duration of the growing cycle 
of a crop). 

In practical use, the spatial variability of nutrient concentrations can make it difficult to 
specify absolute concentration values to be used for managing nutrients. For this reason, 
tendencies are often used; an on-going accumulation of NO3 in the soil solution indicates 
excessive N fertilisation. A commonly-used sufficiency value is 5 mmol/L of NO3, i.e. when 
the soil solution NO3 concentration exceeds 5 mmol/L, N is not limiting crop growth.  

Suction samplers are mostly used for N management, based on the concentration of soil 
solution NO3. They can be used for other nutrients; however, with cations, exchange 
interactions with soil may need to be considered. They cannot be used with phosphorus 
because of fixation reactions with the soil particles. 

 Cost data 11.7.5.4.

For a soil solution suction sampler, sampling tubes are available for 30-75 € each and a 
manual vacuum pump costs approximately 90-120 €. 

 Technological bottlenecks 11.7.5.5.

A significant barrier to adoption has been the lack of information and training as well as the 
perceived high cost of soil solution extraction devices. Growers need to be able to 
understand and interpret soil solution result data. 

 Benefit for the grower  11.7.5.6.

Advantages 

 Easy and quick 

 Economic method 

 Provides a good indication of the immediate supply of nutrients in the root zone 

 Useful for the early detection of plant nutrition problems 

 Enables corrective action to be implemented before the crop is seriously affected 
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Disadvantages 

 Only the soluble fraction of available nutrients is measured 

 No information on the supply of exchangeable, mineralisable and otherwise 
available nutrients 

 Possibly results in an excessive nutrient supply 

 Little information available on the interpretation of measurements 

 Advice from technical advisors familiar with soil solution analysis techniques is 
required 

 Spatial variability can be an issue, so replication is recommended 

 Supporting systems needed 11.7.5.7.

Soil solution analysis is best used in conjunction with other monitoring tools (e.g. Leaf 
analysis, soil analysis, visual crop assessment). 

 Development phase 11.7.5.8.

Commercialised. 

 Who provides the technology 11.7.5.9.

Soil suction samplers are produced and sold by several companies specialised in irrigation 
material such as SDEC (http://agronomie.sdec-france.com/accueil-agronomie.html), Sentek 
(http://www.sentek.com.au/products/ancillary.asp), ACMAS technologies Pty Ltd 
(http://www.acmasindia.com/), Irrometer (http://www.irrometer.com/ssat.html) and their 
national and local distributors and retailers. 

The company Himarcan in Almeria, Spain (http://www.himarcan.com/en/) commercialises 
equipment for the automatic extraction of soil solution with a suction cup and subsequent 
automatic measurement of EC and pH in the extracted soil solution (Figure 11-10) 
(http://www.himarcan.com/redhimarcan/). The measurement frequency can be 
programmed by the user and the results are displayed using the supplied software. The 
solution may be recovered after automatic measurement for subsequent additional 
analysis. Himarcan also sells equipment for the manual extraction of soil solution.  

 

Figure 11-10. Equipment for automatic suction and EC and pH measurement of soil solution produced by 
Himarcan, Almeria, Spain 
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 Patented or not 11.7.5.10.

The suction cup samplers are not patented. The process to produce the ceramic cups may 
be patented. It is likely that the automatics sampling system of Himarcan is patented. 

11.7.6.  Which technologies are in competition with this one? 

Soil analysis. 

11.7.7.  Is the technology transferable to other crops/climates/cropping systems? 

All soil grown cropping systems could use this method. It is particularly suited to high 
frequency drip irrigated crops where the soil remains moist. There are some reports that in 
heavy clay soils, that it can be difficult to obtain samples of the soil solution. 

11.7.8.  Description of the regulatory bottlenecks 

There are no regulatory bottlenecks for soil solution analyses. 

11.7.9. Brief description of the socio-economic bottlenecks 

At this moment, no socio economic bottlenecks have been identified. 

11.7.10. Techniques resulting from this technology 

Zenith grille®, elaborated for 14 vegetable species, defines N plant needs. Quick Nitrachek® 
measures along crop cycle allow determining the concentration in nitrates in the soil 
solution. By comparing the Nitrachek® measure to the Zenith grille allows growers deciding 
if secondary fertilisation is needed or not. Grille Zenith, produced by Ctifl (France). 

Assessing crop N status and management of N fertilisation in fertigated vegetable crops. 

11.7.11. References for more information 

[1] De Pascale, S., Rouphael, Y., Pardossi, A., Gallardo, M., & Thompson, R.B. (2017). 
Recent advances in water and nutrient management of soil-grown crops in Mediterranean 
greenhouses. Acta Horticulturae, 1170, 31-44 
[2] Falivene, S. (2008). Soil Solution Monitoring in Australia. Irrigation Matters Series 
(NSW Department of Primary Industries and IF Technologies, Vol. 4). CRC for Irrigation 
Futures 
[3] Fernández Fernández, M. M., Baeza Cano, R., Cánovas Fernández, G., & Martıń 
Expósito, E. (2011). Protocolo de actuación para disminuir la contaminación por nitratos en 
cultivos de pimiento y tomate bajoabrigo. IFAPA, Andalucıá, Spain. 
http://www.juntadeandalucia.es/agriculturaypesca/ifapa/servifapa/contenidoAlf?id=da076
140-e700-4166-8d69-74bed98e86de  Accessed 23 August, 2017 
[4] Gallardo, M., Thompson, R. B., Lopez-Toral, J. R., Fernandez, M. D., & Granados, R. 
(2006). Effect of applied N concentration in a fertigated vegetable crop on soil solution 
nitrate and nitrate leaching loss. In F. Tei & M. Guiducci (Eds.), International Symposium 
Towards Ecologically Sound Fertilisation Strategies for Field Vegetable Production (pp. 221–
224). Perugia (Italy) 
[5] Granados, M. R., Thompson, R. B., Fernández, M. D., Martínez-Gaitán, C., & Gallardo, 
M. (2013). Prescriptive-corrective nitrogen and irrigation management of fertigated and 
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drip-irrigated vegetable crops using modelling and monitoring approaches. Agricultural 
Water Management, 119, 121–134 
[6] Granados, M. R., Thompson, R. B., Fernández Fernández, M. D., Gázquez Garrido, J. 
C., Gallardo, M., & Martıńez Gaitán, C. (2007). Reducción de la Lixivación de Nitratos y 
Manejo Mejorado de Nitrógeno con Sondas de Succión en Cultivos Hortıćolas (Almeria, 
Spain: Fundación Cajamar). Retrieved from 
http://www.publicacionescajamar.es/pdf/seriestematicas/centros-experimentales-las-
palmerillas/reduccion-de-la-lixivacion-de-nitratos.pdf on 23 August 2017 
[7] Peña-Fleitas, M. T., Gallardo, M., Thompson, R. B., Farneselli, M., & Padilla, F. M. 
(2015). Assessing crop N status of fertigated vegetable crops using plant and soil monitoring 
techniques. Annals of Applied Biology, 167, 387–405 
[8]  Penel, J., & Vannier, S. (2002). Etude comparative des analyses de terre “classiques” 
et des “extraits à l’eau” en maraîchage sous abri. Avignon 
[9] Pérennec, S., & Guezennec, G. (2011). Le NITRACHEK , un outil d’aide à la décision de 
terrain. Terragricoles de Bretagne, 18 
[10] Raynal, C., Le Quillec, S., & Grassely D. (2007). Fertilisation azotée des légumes sous 
abri. Eds Centre Technique Interprofessionnel des Fruits et Légumes, p101 
[11] Thompson, R. B., Tremblay, N., Fink, M., Gallardo, M., & Padilla, F. M. (2017). Tools 
and strategies for sustainable nitrogen fertilisation of vegetable crops. In: F. Tei, S. Nicola & 
P. Benincasa (Eds), Advances in research on fertilization management in vegetable crops (pp. 
11-63). Springer, Heidelberg, Germany 
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11.8. Nutrient analysis of root zone solution and drainage in soilless systems 

(Authors: Rodney Thompson23, Els Berckmoes21) 

11.8.1. Used for 

 More efficient use of water 

 Minimising the impact to the environment by nutrient discharge 

11.8.2.  Region 

All EU regions.  

11.8.3.  Crops in which it is used 

All vegetables and ornamental crops grown in soilless media. 

11.8.4.   Cropping type 

 Soilless 

 Protected 

 Open air 

11.8.5.  Description of the technology 

 Purpose/aim of the technology  11.8.5.1.

Nutrient analysis of substrate drainage water is widely used by growers to monitor and 
adjust the composition of the nutrient solution in order to optimise recirculation. 

 Working Principle of operation 11.8.5.2.

Nutrient analysis can be carried out to inform about the concentration of a single nutrient or 
to give a general overview of all nutrients (e.g. Figure 11-11). Complete analyses inform 
about the EC, pH and the presence of macro- and micro-elements. Specific analyses can be 
conducted to analyse only a single nutrient if required. 

 
Figure 11-11. An example of a complete nutrient analysis of the substrate (rock wool) drainage water of a 

Belgian tomato crop (transplant beginning of November – artificial light) 

Based on the result of the analysis, growers or advisors may adjust the recipe of the applied 
nutrient solution or decide to discharge a part or all of the drainage water.  
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Figure 11-12. Example of small benchtop spectrophotometer that could be used for on-site analysis. This is 

the Hach DR3900 Benchtop Spectrophotometer (https://be.hach.com/spectrofotometers/) 

 Operational conditions 11.8.5.3.

Samples of the root zone solution are obtained from the root zone area of the substrate. 
The samples are extracted from the substrate slab by use of a syringe. Samples are collected 
from different slabs homogeneously spread over the growing area until at least 1 litre of 
root solution is collected. In cases where crops are grown without any substrate, the 
samples are taken from the drainage pits where the excess nutrient water is stored. After 
sampling, the solution is stored in a fridge until the time of analysis.  

The analyses can be carried out by a laboratory or at the farm. In the latter case, continuous 
monitoring is possible or manual measurement. 

 Cost data 11.8.5.4.

Analysis carried out by credited laboratories: 

 Complete analyses (advise excluded): 39 €  (BDB, Belgium), 34 €  (Eurofins Agro, The 
Netherlands) 

 Costs to send/bring the samples to the lab (approx.  15 €  for a package of 7 kg when 
sent by post) 

Analysis carried out on the farms: 

 Continuous monitoring of elements: 
o Analyser kit for N and P:  

 sc200 Controller (Hach Lange) : 1520 € 
 N-ISE Nitrate probe (Hach Lange): 4430 € 
 PHOSPAX P-probe (1-50 mg/L) : 12810 € 

 Manual measurements of single elements: 
o Analyser:  

 DR3900 photo spectrometer (Hach Lange; Figure 11-12): 4105 € 
 DR1900 portable photo spectrometer (Hach Lange): 2260 € 
 Tests for the analyser (Hach-Lange cuvette tests): 80 €/25 tests = 3 

€/test 

 Other analytical systems are described in the TD on Rapid on-farm analysis of 
nutrients, in this chapter 
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 Technological bottlenecks 11.8.5.5.

In the case of continuous monitoring, there is a need for frequent calibration of the sensors. 

In case of some hand-held sensors, dilution is required before carrying out the 
measurement. In these cases, the analytical range of some held tools may be much lower 
compared to the concentration of the sample, e.g. the Merck RQFlex Reflectoquant system 
where the range for NO3 measurements is between 22-155 mg/L whereas the NO3

 

concentration of drainage water from a tomato crop is around 1200 mg/L. There are various 
ion selective electrode systems (e.g. Horiba LaquaTwin nitrate sensor, Clean Grow Nutrient 
Analyzer) available that have analytical ranges suitable for most solutions obtained from 
horticulture (nutrient solutions, substrate drainage). 

 Benefit for the grower  11.8.5.6.

Advantages 

 Easy to conduct 

 Accurate 

 Provides useful information on nutrient availability in the root area of the substrate 
slabs 

Disadvantages 

 Where laboratory analysis used, there may be an appreciable time delay before 
receiving the results. In this time, the nutrient status of medium may have changed 
appreciably 

 In the case of continuous monitoring: 
o Expensive (investment + yearly maintenance costs) 
o Need for frequent calibrations 
o Sensors are not avail. for some specific elements 

 In the case of on-site manual analyses of single elements: solutions sometimes have 
to be diluted before the measurement can occur (time-consuming, increased risk for 
of error) 

 Supporting systems needed 11.8.5.7.

Syringes and bottles to collect the drainage water samples. Fridge to store the samples. 

 Development phase 11.8.5.8.

Commercialised. 

 Who provides the technology 11.8.5.9.

Analytical laboratories with or without certification, examples in Belgium are Blgg, Groen 
Agro control, Bodemkundige Dienst België. 

On-site analysis for specific elements, e.g. Hach Lange (http://be.hach.com/quick.search-
quick.search.jsa?keywords=lck+kuvettentest), Hanna instruments 
(http://www.hannainstruments.be/be-nl/analys e-meet-instrumenten-
apparatuur/afvalwateranalyse-meters/item/hi-83224-02-foto-meter-afvalwater-analyse-
barcode-lezer-geheugen.html?category_id=346).  
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On-site analysis of multiple nutrients: 

 Clean Grow Nutrient Analyzer (http://www.cleangrow.com/product/nutrient-
analyzer) for simultaneous analysis of NH4, NO3, Ca, Cl, K, Na, Mg 

 NT Sensors Multi ION sensor (http://www.ntsensors.com/en/ 
products/multiion.html), for NH4, NO3, Ca, Cl, K, Na, Mg 

Also, see the technology described in this chapter on Rapid on-farm analysis of nutrients. 

 Patented or not 11.8.5.10.

Analysis laboratories with certification; it is very advisable that the laboratories use certified 
methods of analysis. Many of the systems used for on-farm analysis for nutrients are 
patented.  

11.8.6.  Which technologies are in competition with this one? 

None. 

11.8.7.  Is the technology transferable to other crops/climates/cropping systems? 

The systems can be transferred to all types of crops where nutrient extractions are applied. 

11.8.8.  Description of the regulatory bottlenecks 

The European Water Framework and Nitrates Directives are forcing farmers, with soilless 
growing systems, to reconsider their methods of management. For example, in Belgium and 
The Netherlands, it is forbidden to discharge nutrient water into surface waters. Spreading 
of this waste water on grassland or removing nutrients from the waste water is expensive 
and time-consuming. Therefore, growers in Belgium and The Netherlands are increasingly 
interested in knowing the nutrient composition of drainage water in order to optimise the 
use of this water. 

Implementation of the nutrient and water legislation on both the national and regional level 
differs considerably. 

11.8.9.  Brief description of the socio-economic bottlenecks 

Some growers are interested in the on-line monitoring of for example Ca and K. Although 
these sensors are available, the costs are very high. Additionally, these sensors require 
frequent calibration. This is preventing growers from using these sensors for the moment.  

Hand-held analytical systems for specific nutrients are appreciably cheaper and require less 
maintenance. Growers are increasingly familiar with these kinds of tools, especially for N 
and K. They may be very useful tools for technical advisors with some scientific training. 

11.8.10. Techniques resulting from this technology 

Advisory services offered by laboratories: 

 Bodemkundige dienst België/ Soil Service of Belgium (www.bdb.be)  

 Eurofins Agro (http://eurofins-agro.com) 

Devices to measure nutrient elements on site: 
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 Hach Lange: cuvette test for specific elements: 

 Calcium: range of 5-50 mg/L (costs 80 € for 25 tests) 

 Horiba LaquaTwin selective ion electrode sensors for specific ions, namely NO3, K, 
Ca, Na (http://www.horiba.com/laquatwin/en/lineup/index.html) 

 Clean Grow Nutrient Analyzer (http://www.cleangrow.com/product/nutrient-
analyzer) for simultaneous analysis of NH4, NO3, Ca, Cl, K, Na, Mg 

 NT Sensors Multi ION sensor 
(http://www.ntsensors.com/en/products/multiion.html), for NH4, NO3, Ca, Cl, K, Na, 
Mg 

 Also, see technology description (TD) on Rapid on-farm analysis of nutrients 

11.8.11.  References for more information 

[1] Personal communication Els Berckmoes & Isabel Vandevelde (January 2017) 
[2] Lee, A., Enthoven, N., & Kaarsemaker, R. (2016), Best Practice Guidelines for 
Greenhouse Water Management 
http://www.grodan.com/files/Grodan/News/2016/Collaborative%20approach%20results%2
0in%20Best%20Practice%20Guidelines%20for%20Greenhouse%20Water%20Management/
15PRA043-Watermananagement_Guide_DEF3.pdf    
[3] Personal information Katrien Verbeeck from Hach Lange (8th of February 2017) 
[4] Maggini, R., Carmassi, G., Incrocci, L., & Pardossi, A. (2010). Evaluation of quick test 
kits for the determination of nitrate, ammonium and phosphate in soil and in hydroponic 
nutrient solutions. Agrochimica Vol. LIV (N. 4), 1–10 
[5] Parks, S. E., Irving, D. E., & Milhamc, P. J. (2012). A critical evaluation of on-farm 
rapid tests for measuring nitrate in leafy vegetables. Scientia Horticulturae, 134, 1–6 
[6] Thompson, R. B., Gallardo, M., Joya, M., Segovia, C., Martínez-Gaitán, C., & 
Granados, M. R. (2009). Evaluation of rapid analysis systems for on-farm nitrate analysis in 
vegetable cropping. Spanish Journal of Agricltural Research, 7(1), 200–211 
[7] Thompson, R. B., Padilla, F. M., Peña-Fleitas, M. T., Gallardo M., & Fernández 
Fernández, M. M. (2014). Uso de sistemas de análisis rápidos para mejorar el manejo del 
nitrógeno en cultivos hortícolas. Horticultura, 315, 26-32 
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11.9. EC measurement in soil by conventional methods 

(Authors: José Miguel de Paz14, Rodney Thompson23) 

11.9.1.  Used for 

 Minimising the impact of salinity on crop production 

 More efficient use of water 

11.9.2.  Region 

All EU regions; particularly, in drier regions. 

11.9.3.  Crops in which it is used 

All vegetable, fruit and ornamental crops. 

11.9.4.  Cropping type 

 Soil-bound 

 Open air 

 Protected 

11.9.5.  Description of the technology 

 Purpose/aim of the technology  11.9.5.1.

The EC at 25 °C (EC25) of soil solution provides an assessment of soil salinity. The main aim 
of this technology is to evaluate the soil salinity in order to be able to recommend irrigation 
management that minimises the negative effects of salinity on crop production. 

 Working Principle of operation 11.9.5.2.

EC is measured by applying a potential difference between two electrodes in a sample of 
soil solution. Dissolved salts increase the ability of soil to conduct an electrical current in the 
soil solution. Therefore, the higher the EC, the higher is the soil salinity. However, because 
the EC of aqueous solutions increases with temperature, this is also measured with a built-in 
temperature sensor in the same instrument. All EC measurements are standardised to 25°C 
which is presented as EC25. Conventional methods measure the EC25 of soil solution 
obtained under controlled conditions; various different procedures are used to obtain the 
soil solution which is extracted in the laboratory or by suction cups in the field. 

EC measured in soil samples 

The reference method to evaluate soil salinity is the measurement of the EC25 in the 
saturated paste soil extract. For this, a soil sample is saturated with water by mixing soil 
with laboratory grade de-ionised water until the soil saturation point is reached. Next, the 
solution within the paste is extracted using a vacuum pump. Finally, the EC25 is measured in 
this solution with an EC-meter. Since the saturation extract is inadequate for large numbers 
of samples, it is usually replaced by other soil extracts, such as the 1:5, 1:2 or 1:1 (ratios of 
soil to water) from which it is easier to extract the soil solution. For example, the EC1:5 is 
determined by mixing 1 part of soil with 5 parts of de-ionised water. After mixing the sample 
and allowing the sediment to settle, either filtering or centrifuging is used to obtain a clear 
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solution and the EC25 of the solution is then measured with an EC-meter. However, these 
measurements are not directly related to soil salinity and plant response because the ratio 
(1:5, 1:2, etc.) is more dilute than is normally found under field conditions, and 
interferences from cation exchange, mineral dissolution (carbonates, gypsum, etc.) and 
anion exclusion occur which can influence the reading. To be meaningful, the EC1:5 is related 
to the EC25 measured in the saturation extract (ECse) because the ECse is the standard 
method for which reference values are available. In this case, several different empirical 
equations are available, which can be used to transform the EC1:5 (or another dilution ratio) 
to ECse. 

An example of this conversion for soils with no gypsum is: 

 For Mediterranean loamy clay soils, the conversion proposed by Visconti et al (2010): 

ECse = 5,7 EC1:5 – 0,2 

 Another conversion of EC1:5 to ECse was proposed by Shaw, (1994) for Australian soils 
depending on the clay content: Table 11-4 

 

Table 11-4. ECse/EC1:5 convert factors depending on the clay content 

Clay (%) 5 6 8 13 25 33 38 43 50 60 70 

Ratio ECse / EC1:5 12,4 12,1 11,7 10,7 8,9 8,0 7,4 6,9 6,2 5,3 4,5 

 

EC measured in soil solution 

Some in situ methods for in-field use are alternatives to the laboratory methods for 
obtaining a solution for EC measurement. Porous suction cup samplers installed directly in 
field enable the soil solution to be obtained from different soil depths and at different times 
during the growing season. This is a simple method that involves minimal disturbance of the 
soil profile. The soil solution is extracted at a soil matric potential close to field capacity 
water content; these samplers are effective when the soil matric potential is in the range of 
-10 to -50 kPa suction.  The EC of the extracted soil solution is then measured with a hand-
held EC-meter. In coarser soils with larger soil pores, relatively less water is available 
compared with finer soils; at lower (more negative, i.e. drier) soil matric potential values, 
the volumes of soil solution obtained from coarser soils may be small. Since the soil solution 
extracted by suction cups reflects field conditions, the electrical conductivity of the soil 
solution or soil water (ECsw) is a likely to be a more realistic measure of soil salinity than the 
EC of the saturation extract (ECse), given that suitable reference values are available to assist 
in the interpretation of the ECsw data. 

As with the EC1:5 to ECse conversion, the EC measured in the field-extracted soil solutions, 
using suction cups, can be converted to the ECse by using equations.  Biswasi et al (2007) 
proposed the following equation: 

ECsw (dS/m) = 2,1 * ECse (dS/m); where ECse < 10 dS/m 

where ECsw is the EC25 measured in the soil solution extracted with a soil solution sampler. 

Units. 
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Electrical conductivity is measured in siemens (S) per length units; S/m is the SI unit. 
However, several units are commonly used for EC measurement, which can be converted 
from one to another: 

0,1 S/m = 1 dS/m = 1 mS/cm = 1000 S/cm 

Other units used for soil salinity evaluation is the concentration of the total dissolved solids 
(TDS, mg/l), whose ratio for conversion to ECse (dS/m) is 1/640. 

ECse (dS/m) = TDS (mg/L) / 640 

Interpretation of results 

The ECse can be interpreted in terms of crop tolerance to soil salinity. The equation to 
calculate the yield loss due to the salinity of many crops is the well-known threshold-slope 
function given by: 

Yr (relative yield, %) = 100 - b (ECse - a); (Maas & Hoffman, 1977), 

where “a” and “b” are, respectively, the ECse threshold and slope values and are specific for 
each crop. Crops can be broadly grouped for their tolerance to salinity in relation to their 
threshold or “a” value which indicates the salinity at which salnity-induced yield reduction 
occurs, and the slope or “b” value which indicates the degree of reduction as salinity 
increases. This can be seen in Figure 11-13 which demonstrates the relative yield reduction 
with increasing salinity (ECse referred to here as ECe) for crops classed as being Sensitive, 
Moderately Sensitive, Moderately  tolerant, and Tolerant to salnity. 

 
Figure 11-13. Broad classification of crop tolerance to salinity using the Maas & Hoffman (1977) approach 

 

In Table 11-5, the salinity sensitivity/tolerance parameters (threshold and slope values using 
the Maas & Hoffman (1977) approach) and the sensitivty/tolerance class are provided for 
some common vegetable species. 
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Table 11-5. Soil salinity sensitivity/tolerance parameters and classification of selected vegetable crops using 
the Maas and Hoffman (1977) approach. 

Species Threshold ECse value 
(dS/m)  

Slope (% change per 
dS/m) 

Sensitivity/tolerance 
class 

Bean, common 1.0 19.0 Sensitive 

Broccoli 2.8 9.2 Moderately sensitive 

Muskmelon 1.0 8.4 Moderately sensitive 

Pepper 
(capsicum) 

1.5 14.0 Moderately sensitive 

Strawberry  1.0 33.0 Sensitive 

Tomato 2.5 9.9 Moderately sensitive 

Zucchini 4.9 10.5 Moderately tolerant 

More detailed information for specific crops can be obtained in Maas and Hoffman (1977). 

 Operational conditions 11.9.5.3.

The determination of EC in the paste of a saturated extract is a time-consuming and labour-
intensive procedure. This limits its practical use for regular and frequent monitoring.  It is 
more suited to the characterisation of a soil at the start of a crop. It is the established, 
standard method for determining soil EC, so it is valuable for general soil characterisation.  

For regular and rapid monitoring of soil EC during a crop, the determination of the EC in 
samples of soil solution (ECsw) obtained with soil solution suction samplers is more suitable, 
because once the samplers are installed, it is relatively little work to periodically obtain the 
samples of the soil solution. A number of samplers should be installed in each field or 
greenhouse to ensure that the average obtained value is as representative as possible.  

The installation of the suction samplers is critical and must ensure contact between the 
ceramic suction cup and the soil.  The soils must be moist, as the maximum suction that can 
be applied with manual suction pumps is approximate -60 kPa. In lighter textured soils, 
higher (i.e. less negative) suctions can be applied. 

 Cost data 11.9.5.4.

Cost of commercial soil samplers can be consulted in Table 11-6 (80-175 €), although a 
cheaper option is to make them by yourself. The cost of a manual vacuum pump is 
approximately 90-120 €. 

 Technological bottlenecks 11.9.5.5.

There are several technological bottlenecks in the use of this technology for salinity 
monitoring: 

 EC measured in soil sample: The conventional procedure of soil sampling, analysis in 
the laboratory and results interpretation to determine the ECse is tedious, time-
consuming and requires an expert soil laboratory. Management decisions sometimes 
require information faster than this procedure can provide 
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 EC measured in soil solution (ECsw): Some problems may occur when using the 
suction cup method. The process of extracting the soil solution using a vacuum may 
alter the composition of the salts compared to those in the root zone soils solution 
because of different interactions with soil colloids. Extracting soil water from soil at 
different soil matric potentials may also influence the concentration and 
composition of the salts in the soil solution. This increases the uncertainty when 
comparing the measured ECsw value to the ECse reference value 

 Benefit for the grower  11.9.5.6.

Advantages 

 ECsw: Provides real-time information on soil salinity 

 ECsw: Good tool for soil or irrigation management 

Disadvantages 

 ECse: Long time between soil sampling to obtain results and interpretation 

 ECse: Processing of samples is time-consuming 

 ECsw: Limited number of soil samples or suction cups can be installed 

 ECsw: Not representative of the spatial variability of soil salinity 

 ECsw: The spatial variability should be considered to determine the number and 
distribution of soil samples or suction cups to be installed in the field 

 Supporting systems needed 11.9.5.7.

For ECse, soil equipment to take soil samples at several soil depths is required and a 
laboratory, a nearby laboratory that deals with soil analysis is needed. 

For the suction cups, a pump, a handheld EC-meter are required to perform measurements 
in the field. 

 Development phase 11.9.5.8.

 Research: The technique to measure ECse has been researched for a long time and it 
is well developed. More research is required to relate the ECsw to ECse 

 Experimental phase: There has been considerable applied experimental work to 
further develop and adapt these methods 

 Field tests: These techniques have been widely tested in different conditions of soil, 
climate and irrigation systems 

  

http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf
http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf


Transfer of INNOvative techniques for 

  sustainable WAter use in FERtigated crops 

 

This document includes a cover page with the FERTINNOWA disclaimer. Full terms and conditions for using this 
document can be found at http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-

terms-and-conditions.pdf                  11-57 

 Who provides the technology 11.9.5.9.

Suction cups can be bought from several companies; they also can be made from purchased 
component parts.  

Table 11-6. Commercial soil solution samplers (prices are approximate) 

Name Company Price (€) Weblink 

Ceramic 

suction 

lysimeter 

SDEC France 80 http://environnement.sdec-

france.com/index.php?lg=en&numpage=14&spec=&nu

mfamille=10&numgamme=1&numrub=30&numcateg=

43&numsscateg=95  

Pressure/ 

vacuum soil 

water sampler 

Soil moisture 

Equipment 

175 http://www.soilmoisture.com/Soil-Water-Samplers/  

Pore water 

samplers 

DECAGON 170 http://www.decagon.com/en/hydrology/pore-water-

sampling/pore-water-samplers/  

SoluSAMPLER Sentek 150 http://www.sentek.com.au/products/ancillary.asp  

 Patented or not 11.9.5.10.

This technology is not patented. 

11.9.6. Which technologies are in competition with this one? 

This technology is in competition with the EC measured by sensors installed in the field. The 
conventional methods for ECse determination are used as reference methods for sensor 
readings. Sensors provide faster and updated information on soil solution salinity and 
conventional methods provide a more accurate but tedious and time-consuming 
measurement. With EC measurement by sensors, there are issues of calibration and the 
conversion from bulk soil EC, as measured by the sensors, to ECse or ECsw. 

11.9.7.  Is the technology transferable to other crops/climates/cropping systems? 

Yes, this technology is fully transferable to other soils or cropping systems. 

11.9.8.  Description of the regulatory bottlenecks 

There are no relevant regulatory bottlenecks. 

11.9.9.  Brief description of the socio-economic bottlenecks 

For ECse, there are bottlenecks in the time required for soil sampling, sample shipment to 
the laboratory, sample preparation, measurement, and in the interpretation of results.  

For the use of suction cups to obtain ECsw, an important issue is the selection of the location 
in the field where the sample cups are installed and he number of soil samples taken. 
Another issue is the possible interference of sampling cups with normal field operations. 

It is advisable that advisors/consultants assist with the interpretation of results.  

The cost of the laboratory analyses or number of suction cups installed depends on the 
number of samples being analysed. 
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In case of quick determinations of soil solution to be carried out on the field, this requires 
some training of this procedure for farm personnel. 

11.9.10.  Techniques resulting from this technology 

Irrigation management may be influenced the determination of EC in the soil or the soil 
solution, requiring that additional irrigation may need to be applied to control salt 
accumulation in the soil. The information provided by this technology could be used in an 
irrigation recommendation system to provide management guidelines for farmers. 

11.9.11.  References for more information 

[1] Department of Environment and Resource Management (2011). Salinity 
management handbook: second edition. The State of Queensland (Australia). National 
Library of Australia Cataloguing-in-Publication data. Read from 
https://publications.qld.gov.au/storage/f/ 2013-12-19T04%3A10%3A23.754Z/salinity-
management-handbook.pdf 
[2] Shaw, R. J. (1994). Estimation of the electrical conductivity of saturation extracts 
from the electrical conductivity of 1:5 soil:water suspensions and various soil properties , 
Project Report QO94025, Department of Primary Industries, Queensland 
[3] Shaw, R. J. (1988). Soil salinity and sodicity. In: Understanding Soils and Soils Data, 
(ed. I. F. Fergus). Australian Society of Soil Science Incorporated. Queensland Branch, 
Brisbane 
[4] SoilMate NutriFact ECS-06. Soil Electrical Conductivity. Retrieved from 
http://downloads.backpaddock. 
com.au/SoilMate_Info_Library/SoilMate_NutriFacts/SOIL_ELECTRICAL_CONDUCTIVITY_ECS
06.pdf  
[5] He, Y., DeSutter, T., Hopkins, D., Jia, X., & Wysocki D. A. (2013). Predicting ECe of the 
saturated paste extract from value of EC1:5. Canadian Journal of Soil Science, 93, 585-594  
[6] Maas, E. V., & Hoffman, G. J. (1977). Crop salt tolerance - current assessment. 
Journal of Irrigation and Drainage Division, 103 (IR2), 115-134 
[7] Biswas, T. K., Dalton, M., Buss, P., & Schrale, G. (2007). Evaluation of salinity-
capacitance probe and suction cup device for real time soil salinity monitoring in South 
Australian irrigated horticulture. Transactions of 2nd International Symposium on Soil Water 
Measurement Using Capacitance and Impedance and Time Domain Transmission. 28 Oct-2 
Nov 2007. Beltsville, Maryland, USA. PALTIN International Inc. Maryland, USA 
[8] Visconti, F., de Paz, J. M., & Rubio, J. L. (2010). What information does the electrical 
conductivity of soil water extracts of 1 to 5 ratio (w/v) provide for soil salinity assessment of 
agricultural irrigated lands? Geoderma, 154, 387-397 
[9] Tanji, K. K., & Kielen, N. C. (2002). Agricultural drainage water management in arid 
and semi-arid areas. FAO Irrigation and drainage paper #61. Food and Agriculture 
Organization of the United Nations, Rome, 2002 
[10] Richard, L. A. (1954). Diagnosis and improvement of saline and alkaline soils. 
Handbook: 60, U.S. Dept. of Agriculture. Retrieved from https://www.ars.usda.gov/pacific-
west-area/ riverside-ca/us-salinity-laboratory/docs/handbook-no-60/  
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11.10. EC measurement in soil using sensors 

(Authors: José Miguel de Paz14, Rodney Thompson23) 

11.10.1.  Used for 

 Minimising the impact of salinity in crop production 

 Minimising the impact to the environment by nutrient discharge 

 More efficient use of water 

11.10.2.  Region 

All EU regions. 

11.10.3.  Crops in which it is used 

All vegetable, fruit and ornamental crops. 

11.10.4.  Cropping type 

 Soil-bound 

 Open air 

 Protected 

11.10.5.  Description of the technology 

 Purpose/aim of the technology  11.10.5.1.

Electrical Conductivity sensor technology is used to quantify the salinity of the soil solution 
in order to manage irrigation to limit soil salinity to levels that can be tolerated by crops.  

 Working Principle of operation 11.10.5.2.

Dissolved salts in the soil solution have effects on plant growth, depending on their 
concentration. It is however time consuming and to monitor the salt concentration using 
traditional laboratory analyses, and there is a time delay in results being available. 

EC measurements in soil can be performed with different types of sensors which can be 
classified according to their operating principles: 1) Electrical Resistivity, 2) Electromagnetic 
Induction, and 3) Reflectometry, of which there are three forms: TDR (Time domain 
reflectometry), Amplitude domain reflectometry, or FDR (Frequency domain reflectometry). 

1) Electrical Resistivity: These measurements are based on the inverse relationship 
between the electrical conductivity and the resistivity of a material. By measuring 
the electrical resistivity of a volume of soil or water of known dimensions, the EC can 
then be obtained 

2) Electromagnetic Induction: A transmitter coil located at one end of the instrument 
applies a magnetic field to the soil (Figure 11-14). This generates a secondary 
electromagnetic field in the soil which is detected by a receiver coil located in the 
instrument. This signal of this secondary field is linearly related to the apparent ECa 
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Figure 11-14. Electromagnetic sensor (http://agrosal.ivia.es/evaluar.html)  

3) Reflectometry is based on the effects that the soil has on primary alternating electric 
currents which are transmitted into the soil via embedded electrodes. The main 
purpose of reflectometry is measurement of the soil water content, but since 
conduction is one of the main mechanisms through which the electromagnetic 
signals transmitted into the soil lose energy, it can also be used for measuring EC: 

 TDR: see Chapter 10, technology description of TDR for soil water measurement 
(Figure 11-15) 

 
Figure 11-15. TDR sensor (http://agrosal.ivia.es/evaluar.html) 

 ADR: the measurement is based on the amplitude features of the standing 
electromagnetic oscillation in the Transmission line. The signal generator’s frequency 
ranges at 10-100 MHz (<< than in TDR) and instrument prices decrease 

 FDR: FDR (Figure 11-16) is not based on the analysis of reflected electromagnetic 
pulses but on the resonance features of resistor, inductor, and a capacitor circuits in 
which a capacitor is formed by two electrodes and of soil in between the electrodes 
or surrounding the electrodes. FDR sensors are are also known as capacitance 
sensors 
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Figure 11-16. FDR sensor (http://agrosal.ivia.es/evaluar.html) 

 Operational conditions 11.10.5.3.

Not applicable. 

 Cost data 11.10.5.4.

The approximate prices of the more commonly-used soil EC sensors are detailed in Table 
11-7. 

Table 11-7. Main characteristics and the approximate prices of the more usual salinity sensors 

 
*ECp. Electrical conductivity in soil pore water. 

 Technological bottlenecks 11.10.5.5.

Most of these sensors measure soil dielectric permittivity, which is strongly related to soil 
water content, but which is also affected by soil salt content. Therefore, the salinity readings 
are affected by soil water content, and a mathematical model is required to estimate the 
soil salinity represented by the electrical conductivity in the soil pore water. 

 

Sensor Manufacturer Type 
Soil 

Volume 
explored 

Soil water 
content 

Temperat. 
Estimate 

ECp* 
Cost (€) Web site 

EM38 Geonics Ltd. EMI ≈ 1 m3 NO NO NO > 10000 
www.geonics.com
/ 

Dualem 1S 
Dualem Inc. EMI ≈ 1 m3 NO NO NO > 10000 

www.dualem.com
/ 

EC-probe for 
soil salinity 
measuremen
t 

Eijkelkamp Resistivity ≈ 2 dm3 NO YES NO ≈ 5000 https://en.eijkelk
amp.com/ 

5TE 
Decagon Devices 

Water-Capacitive, 
Salinity-Resistivity 

≈ 100 cm3 YES YES NO 
390 

www.decagon.co
m 

GS3 
Decagon Devices 

Water-Capacitive, 
Salinity-Resistivity 

≈ 100 cm3 YES YES NO 
< 500 

www.decagon.c
om 

WET Delta-T Devices FDR ≈ 100 cm3 YES YES YES > 1000 www.delta-t.co.uk 

CS650 

Campbell 
Scientific 

TDR 0.1 - 2 dm3 YES YES NO 
< 500 

www.campbellsci.
com 

CS655 

Campbell 
Scientific 

TDR 0.1 - 2 dm3 YES YES NO 
< 500 

www.campbellsci.
com 

TriScan SENTEK FDR 0.1 - 2 dm3 YES YES NO 609 
www.sentek.com.
au 

Hydraprobe II Stevens FDR 40 cm3 YES YES NO 516 
www.fondriest.co
m 
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An important issue is the selection of the location in the field where the sensor is installed. 
It should be a representative location with respect to the rest of the field, it should be 
possible to protect the equipment against vandalism and the sensor and accessories should 
not interfere with normal farming operations. 

 Benefit for the grower  11.10.5.6.

Advantages 

 Real-time information on soil salinity 

 Useful for soil or irrigation management 

Disadvantages 

 Measurements often lack accuracy due to the effect of environmental factors 

 Site-specific calibrations are needed for very accurate results 

 Field soil sampling and laboratory analyses required 

 Supporting systems needed 11.10.5.7.

Usually these sensors are connected to a logger where the data are stored. These devices 
are also generally used to send the information by global system for mobile 
communications, general packet radio services etc. to a central server where they are 
processed and made available to end-users (farmers, irrigator advisors etc.). Therefore, this 
technology requires a logger and a server where the information obtained in the field by the 
sensors is stored and managed. 

 Development phase 11.10.5.8.

 Research: Research is being developed to find the best algorithms to relate the 
sensor readings with the electrical conductivity of the soil solution 

 Experimental phase: Calibration of the sensors in different soil types 

 Field tests: The sensors are being tested in different conditions of soil, climate and 
irrigation systems 

 Who provides the technology 11.10.5.9.

Several companies sell salinity sensors that can be used for commercial farming applications 
such as, Decagon Devices, Delta-T, Dualem, Geonics, Campbell Scientific, Sentek Sensor 
Technologies, and Stevens Water Monitoring Systems. References and web sites of these 
companies are included in the Table 11-7. 

 Patented or not 11.10.5.10.

All the commercial sensors are patented. 

11.10.6.  Which technologies are in competition with this one? 

This technology is in competition with the traditional methods used to measure soil salinity, 
which requires either soil sampling or the preparation of a saturated extract in a soil 
laboratory or the use of ceramic cup suction samplers to obtain a sample of the soil solution 
that can be analysed either in the field or in the laboratory.  In both of these cases, a 
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laboratory bench or a portable hand EC meter is used to measure EC in the solution 
obtained either from the saturated extract or from the suction sampler.  

The most established traditional method of the saturated extract requires soil sampling and 
laboratory manipulation of the sample and laboratory measurement of the electrical 
conductivity, and therefore is a time-consuming compared to sensor measurement. The 
other traditional method involving the use of suction samplers is quicker but is also labour 
intensive in that is requires application of vacuum, the collection of the sample and manual 
measurement.  Additionally, the two traditional methods are “snap shot” measurements of 
one point in time, whereas sensors provide continuous measurement.  

The traditional methods are discussed in the TD on EC measurement in soil using 
conventional methods, also in this Chapter. 

11.10.7.  Is the technology transferable to other crops/climates/cropping systems? 

This technology is fully transferable to other soils or cropping systems. In these cases, a 
calibration comparing sensor readings with the reference methodology is recommended for 
accurate measurement. 

11.10.8.  Description of the regulatory bottlenecks 

There are no relevant regulatory bottlenecks. 

11.10.9.  Brief description of the socio-economic bottlenecks 

The socio-economic bottlenecks relate to time and costs. Time is required for installing the 
sensors and logger and also for the maintenance of the equipment. 

The sensor readings should be directly interpreted or used as input for software to provide 
alerts or to a decision support system. This software should be user friendly so that farmers 
can easily interpret the sensor readings and determine the appropriate management 
responses. 

The cost of the laboratory analyses for calibration depends on the number of samples being 
analysed. 

11.10.10.  Techniques resulting from this technology 

Irrigation management based on sensor readings.  

The information provided by this technology could be easily included in a decision support 
system to provide management recommendations for farmers. 

11.10.11.  References for more information 

[1] Abdu, H., Robinson, D. A., & Jones, S. B. (2007). Comparing bulk soil electrical 
conductivity determination using the DUALEM-1S and EM38-DD electromagnetic induction 
instruments. Soil Science Society of America Journal, 71, 189-196 
[2] Buss, P., Dalton, M., Green, S., Guy, R., Roberts, C., Gatto, R., & Levy, G. (2004). Use 
of TriSCAN for measurement of water and salinity in the soil profile. Engineering Salinity 
Solutions: 1st National Salinity Engineering Conference, Barton, ACT, pp. 206-211 
[3] Corwin, D. L., & Lesch, S. M. (2005). Apparent soil electrical conductivity 
measurements in agriculture. Computers and Electronics in Agriculture, 46, 11- 43 

http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf
http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf


Transfer of INNOvative techniques for 

  sustainable WAter use in FERtigated crops 

 

This document includes a cover page with the FERTINNOWA disclaimer. Full terms and conditions for using this 
document can be found at http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-

terms-and-conditions.pdf                  11-64 

[4] Hamed, Y., Persson, M., & Berndtsson, R. (2003). Soil solution electrical conductivity 
measurements using different dielectric techniques. Soil Science Society of America Journal, 
67, 1071-1078 
[5] Nadler, A. (2005). Methodologies and the practical aspects of the bulk soil EC(σa) - 
soil solution EC(σw) relations. Advances in Agronomy, 88, 273-312 
[6] Noborio, K. (2001). Measurement of soil water content and electrical conductivity by 
time domain reflectometry: A review. Computers and Electronics in Agriculture, 31, 213-237.  
[7] Rhoades, J. D., Chanduvi, F., & Lesch, S. (1999). Soil salinity assessment. Methods 
and Interpretation of electrical conductivity measurements. FAO Irrigation and Drainage 
Paper 57, Food and Agriculture Organization of the United Nations, Rome 
[8] Robinson, D. A., Jones, S. B., Wraith, J. M., Or, D., & Friedman, S. P. (2003). A review 
of advances in dielectric and electrical conductivity measurement in soils using time domain 
reflectometry. Vadose Zone Journal, 2(4), 444-475 
[9] Serrano, J., Shahidian, S., & da Silva, J. M. (2014). Spatial and temporal patterns of 
apparent electrical conductivity: DUALEM vs. veris sensors for monitoring soil properties. 
Sensors, 14, 10024-10041 
[10] Urdanoz, V., & Aragüés, R. (2012). Comparison of geonics EM38 and DUALEM 1S 
electromagnetic induction sensors for the measurement of salinity and other soil properties. 
Soil Use and Management, 28, 108-112 
[11] Visconti, F., Martínez, D., Molina, M. J., Ingelmo, F., & de Paz, J. M. (2014). A 
combined equation to estimate the soil pore-water electrical conductivity: calibration with 
the WET and 5TE sensors. Soil Research, 52, 419-430 
[12] Visconti F. & de Paz, J. M. (2016). Electrical Conductivity Measurements in 
Agriculture: In “The Assessment of Soil Salinity”. Retrieved from 
http://www.intechopen.com/books/new-trends-and-developments-in-metrology/electrical-
conductivity-measurements-in-agriculture-the-assessment-of-soil-salinity  
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11.11. EC measurement of substrate drainage 

(Authors: Claire Goillon2, Benjamin Gard*, Rodney Thompson23) 

11.11.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.11.2. Region 

All EU regions. 

11.11.3. Crops in which it is used 

 Vegetables crops 

 Ornamentals 

11.11.4. Cropping type 

 Soilless 

 Open air 

 Protected 

11.11.5. Description of the technology 

 Purpose/aim of the technology  11.11.5.1.

This technology aims to provide information on the salinity of drainage water through 
measurement of electrical conductivity (EC). It helps to measure how the plants consume 
fertiliser and to monitor the risk of ion accumulation in the substrate, as well as check that 
what the grower thinks is happening with his feed plan, is actually happening. 

 Working Principle of operation 11.11.5.2.

Electrical conductivity is measured by applying an alternative current to two electrodes 
immerged in the solution and by measuring the resulting tension. Electrical conductivity is 
measured in Siemens per cm (S/cm) or deci Siemens per metre (dS/m) and represents the 
global concentration salts in in the solution. It thus gives a useful measurement of total salt 
content of the root zone solution in a soilless substrate. The more salts, the higher is the 
electrical conductivity. Electrical conductivity measurement is done using an EC meter. 

 
Figure 11-17. EC meter for use in water (http://www.hydroponics.com.au) 
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Figure 11-18. Handheld conductivity meter (http://www.eutechinst.com) 

High EC readings can warn of potential problems in the crop, for example, an increase in 
total volume of salts (high EC) which can restrict water uptake via roots. Where drainage EC 
is high, it is worth examining the plant’s root system to check for any root death. High 
chloride and sodium levels can cause root death, whereas high carbonate and bicarbonate 
levels can cause crop leaf yellowing, but not root death. 

The conductivity of the drainage solution reflects irrigation and fertigation management 
practices, so it can vary over the season. The EC of the drainage is always higher than the 
applied nutrient solution, typically by 10-25%, although this increase can be higher when 
poorer quality water is used for irrigation. Higher EC values are often measured during hot 
weather, when water absorption by the crop increases proportionately more than nutrient 
absorption. Under these conditions, if nutrient concentrations are maintained in the applied 
solution, ions in the drainage solution will become more concentrated for the same leaching 
fraction. This will lead to an increase in salt levels in the substrate, resulting in prolonged 
higher EC readings in the drainage. To avoid this, a more dilute nutrient solution should be 
supplied. It is also necessary to maintain good drainage. If drainage is inadequate, it can 
result in increased EC. 

 Operational conditions 11.11.5.3.

Regular measurement of EC in drainage from substrate provides an early warning of 
accumulating salts in the root zone. However, background conductivity (of the water 
source) varies from site to site and depends on the water source used. Uncontaminated 
rainwater has an EC of close to 0 S/cm, whereas a typical EC for mains water in the UK is 0,5 
S/cm. High background EC can be reduced by blending with water sources with lower 
background EC e.g. rainwater. A full water analysis is needed in addition to using EC meters, 
as it is possible to have good EC measurements but harmful levels of sodium or chlorine. 

An EC meter can be a portable device which allows measurement at several points in the 
greenhouse by the operator (e.g. Figures 11-17 and 11-18). An EC sensor such as a FDR 
meter can be permanently positioned in the substrate with automatic high frequency 
measurement. Results can be sent automatically to a data logger by remote data 
transmission. However, it is important to note that EC measured by a FDR sensor is not the 
real EC in the root zone solution in the substrate but bulk EC that measures EC in a volume 
of substrate and solution, these EC values are lower and vary appreciably with water 
content. Temperature of the solution can influence measurement made with an EC meter 
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(Table 11-8). Most of the recent devices are able to correct the for temperature of the 
solution. But this parameter must be taken into account. 

In a soilless crop, EC measurement can be done directly in the slab, the measure allows the 
environment of the roots to be evaluated. Measurement can also be performed in the drain 
water to evaluate nutrient consumption and the risk of nutrient accumulation. 

Table 11-8. Correction factor of EC (mS) for EC meters calibrated on the French norm of 20°C 

Temperature (°C) Correction factor Temperature (°C) Correction factor 

14 1,152 20 1,000 

15 1,123 21 0,979 

16 1,096 22 0,958 

17 1,070 23 0,938 

18 1,046 24 0,919 

19 1,023 25 0,902 

The EC meter should be calibrated regularly using standard solutions; generally, the 
instructions that come with the meter recommend the frequency of calibration. The EC of 
the substrate drainage should be measured in a consistent manner, preferably by the same 
person. This person should know the acceptable EC ranges for the crop, bearing in mind the 
background EC of local water sources. 

Yield response to moderate salinity follows the Maas and Hoffman model, according to 
which yield decreases linearly above a certain EC threshold value, which depends on crop 
species and weather conditions. An average threshold value for greenhouse-grown tomato 
in Mediterranean conditions is 3,3 dS/m. 

Measurements should be plotted on a spreadsheet to make graphs and give insight into any 
trends that are occurring. The trends can be as important as individual readings. The 
nutrient concentrations and the EC of the applied nutrient solution can be adjusted by small 
amounts in response to these trends. 

 Cost data 11.11.5.4.

Handheld portable EC meter: The costs are generally in a range of 200-500 € for a reliable 
sensor from an established brand. Cheaper models (e.g. 20 €) are available; however, it is 
recommended to purchase an established brand.  More expensive models are available; 
however, these are intended for chemistry laboratories.  All portable EC meters require 
regular recalibration e.g. once a year. For this calibration, a buffer solution is needed. These 
portable meters are suitable for making multiple individual measurements in different 
places at different times. 

A fully-equipped EC meter station, consisting of sensors, data logger and reader, which 
would equip a greenhouse costs 1700-2000 €. Yearly maintenance is needed: the sensor 
should be replaced every 5 years; the yearly cost of a GSM data connection is approximately 
150 €. These sensors are suitable for frequent, on-going measurement in one position, such 
as in a substrate slab.  
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 Technological bottlenecks 11.11.5.5.

EC only gives an idea about total dissolved ion content in the solution and it should be used 
in conjunction with regular full water analyses for optimal fertigation management. 

 Benefit for the grower  11.11.5.6.

Advantages 

 Easy and quick measurement 

 Very useful for salinity management in fertigation 

 Fine control of fertigation and of the quality of water being recirculated 

 Reduces risk of salinity problems 

Disadvantages 

 No measurement of the quantity of each ion 

 No pH assessment 

 Installation and interpretation support is often needed 

 Calibration and maintenance are essential 

 Supporting systems needed 11.11.5.7.

Technical assistance and an easy-to-use friendly software for the EC meter station. 

 Development phase 11.11.5.8.

Commercialised. 

 Who provides the technology 11.11.5.9.

Portable EC meters and EC meter stations can be purchased from many suppliers of 
agricultural equipment for intensive horticulture.  They can be purchased from supplies of 
scientific equipment.  They can even be purchased from local affiliates of Amazon.com who 
generally offer a large range. Numerous companies specialised in sensors for agricultural 
and chemistry applications produce these portable EC meters, e.g. Hanna Instruments, Delta 
Ohm, Thermofisher Scientific, and Spectrum Technologies. EC meter stations are produced 
by GRODAN, HORTAU, and IRROLIS amongst others. 

 Patented or not 11.11.5.10.

Some EC meters are patented. 

11.11.6. Which technologies are in competition with this one? 

Devices measuring total dissolved ion concentration in the solution (the measurement is 
directly given in a concentration unit (ppm, g/L)). 

11.11.7.  Is the technology transferable to other crops/climates/cropping systems? 

Yes. 

11.11.8.  Description of the regulatory bottlenecks 

There are no regulatory bottlenecks. 
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11.11.9.  Brief description of the socio-economic bottlenecks 

The cost of the sensors will be an issue for some growers. 

11.11.10. Techniques resulting from this technology 

Management of the fertigation and water drainage in closed tomato soilless system. 

11.11.11. References for more information 

[1] AHDB (2016). Understanding and measuring conductivity in soilless substrate grown 
soft fruit crops. Available from https://horticulture.ahdb.org.uk/publication/understanding-
and-measuring-conductivity-soilless-substrate-grown-soft-fruit-crops.  Accessed on 
24/01/17 
[2] Van Iersel, M. W., Chappell, M., & Lea-Cox, J. D. (2013). Sensors for Improved 
Efficiency of Irrigation in Greenhouse and Nursery Production. HortTechnology, 23(6), 735-
746 
[3] Maas, E. V., & Hoffman, G. J. (1977). Crop salt tolerance - Current assessment. 
Journal of the Irrigation and Drainage Division, 103, 115-134 
[4] Magán, J. J., Gallardo, M., Thompson, R. B., & Lorenzo, P. (2008). Effects of salinity 
on fruit yield and quality of tomato grown in soil-less culture in greenhouses in 
Mediterranean climatic conditions. Agricultural Water Management, 95(9), 1041-1055 
[5] Massa, D., Incrocci, L., Maggini, R., Carmassi, G., Campiotti, C. A., & Pardossi, A. 
(2010). Strategies to decrease water drainage and nitrate emission from soilless cultures of 
greenhouse tomato. Agricultural Water Management, 97(7), 971-980 
[6] Signore, A., Serio, F., & Santamaria, P. (2016). A Targeted Management of the 
Nutrient Solution in a Soilless Tomato Crop According to Plant Needs. Frontiers in Plant 
Science, 7(March), 1-15 
[7] Sonneveld, C., Baas, R., Nijssen, H. M. C., & de Hoog, J. (1999). Salt tolerance of 
flower crops grown in soilless culture. Journal of Plant Nutrition, 22(6), 1033-1048 
[8] Sonneveld, C., van den Bos, A. L., & Voogt, W. (2005). Modeling Osmotic Salinity 
Effects on Yield Characteristics of Substrate-Grown Greenhouse Crops. Journal of Plant 
Nutrition, 27(11), 1931-1951 
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11.12. Plant tissue analysis 

(Authors: Eleftheria Stavridou15, Ana Quiñones14) 

11.12.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.12.2.  Region 

All EU regions. 

11.12.3.  Crops in which it is used 

All crops. 

11.12.4.  Cropping type 

All cropping types. 

11.12.5.  Description of the technology 

 Purpose/aim of the technology  11.12.5.1.

Plant analysis is the chemical evaluation of essential element contents in plant tissue. It is 
used to: 

 Predict nutrient problems likely to affect crop production between sampling and 
harvest 

 Monitor crop nutrient status for optimal crop production 

 Evaluate fertiliser efficiency  

 Determinate availability of elements for which reliable soil tests are not avail. 

 Determinate key ratios between nutrients, which often affect post-harvest life 

There are also other, less common applications, such as crop-quality measurements, 
regional nutrient status evaluations, assessment of crops for animal and human nutrition, 
and environmental protection. 

 Working Principle of operation 11.12.5.2.

It is usually suggested that samples from both good and problem areas be submitted for 
comparison when the diagnosis is the goal. Because experience and knowledge are vital in 
sampling plants correctly, agricultural advisors or consultants often do the job. 

The interpretation of the results of plant tissue analysis results is based on the scientific 
principle that healthy plants contain predictable concentrations of essential elements. A 
number of researchers have offered schematics showing the relationship between 
maximum yield and concentrations of essential elements. Test values are compared with 
established values for deficient, optimum and excess nutrient levels for a specific plant 
species. In this way, the nutritional health of the plant can be assessed and the supply and 
availability of nutrients to crops during the growing season can be evaluated and modified 
to maximise yield and yield (Figure 11-19). This system uses a previously established set of 
standards for nutrients in a specific plant part, sampled at a particular growing stage; the 
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results are then compared to established reference values to interpret the results. The 
principle of this system lies in the relationship between nutrient content and crop yield. 

 
Figure 11-19. Schematic of yield or growth in response increasing nutrient concentration and interpretation 

 Operational conditions 11.12.5.3.

Plant composition varies with age, the part of the plant sampled, the condition of the plant, 
the variety, the weather and other factors. Therefore, it is necessary to follow established 
sampling instructions; most commonly young fully expanded leaves are sampled. Most 
laboratories offering tissue analysis provide instruction sheets for sampling various crops, 
plus information sheets and directions for preparing and submitting samples. 

 Cost data 11.12.5.4.

It takes approximately 30-45 minutes to take representative petiole/leaf samples; there is 
no financial cost apart from that of time. 

Shipping costs vary but often if a large number of samples analysed at once, shipping costs 
are paid by the analytical lab (and later included in the total cost). 

An analysis cost depends of the number of nutrients that the sample is analysed for. Broad 
spectrum analysis (N, P, K, Mg, Ca, S, Mn, Cu, Fe, Zn, Mo, B) costs 35-40 € and the basic 
analysis (N, P, K, Mg) costs 25-30 €. Prices may vary between analytical labs in different 
countries. 

 Technological bottlenecks 11.12.5.5.

Interpretation difficulties: Plant nutrient content is determined by a number of factors in 
addition to crop nutrition. Genetics, plant part sampled, climate, soil properties, and soil 
amendments all influence the contents of nutrients within plants. Interpretations of plant 
analysis must take these factors and their relationships into consideration to avoid 
misleading interpretation. 

 Plant sample: Nutrient levels in plants differ depending on the plant part sampled, 
stage of maturity, and position. Correct sampling is a critical factor for correct 
interpretation 

 Climate: For example, an increase in temperature affects plant composition by 
stimulating nutrient movement and utilisation within the plant 
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 Soil properties: Soil pH affects the availability of plant nutrients. Low soil pH 
increases availability of aluminium, boron, copper, iron, manganese, and zinc, but 
decreases availability of molybdenum 

 Location: Compacted soil layers can result in reduced nutrient uptake even though 
the nutrient supply in the soil would be considered adequate under normal 
conditions as they can restrict root growth 

Progressive deficiencies. Another limitation of plant analysis is that it the content of a 
particular nutrient may be influenced by another that is strongly limiting plant growth. For 
example, nitrogen stress can limit the uptake of phosphorus and some of the micronutrients 
to the extent that they also appear to be “low”. 

Sample contamination. Contamination of a plant sample with soil particles or pesticide 
residue can lead to erroneously high results for iron, aluminium, manganese, zinc, or 
copper. Washing the sample to remove contamination can introduce other contaminants if 
detergent or tap water are used. Appreciable potassium can be lost by washing.  

Sample deterioration. Decomposition of a plant sample before it reaches the laboratory will 
result in a loss of carbon and the concomitant concentration of most other elements, 
thereby giving erroneously high readings. 

 Benefit for the grower  11.12.5.6.

Advantages 

 Information of the current nutrient status of a crop 

 No devices needed for taking samples 

 Easy to take samples 

Disadvantages 

 Laboratory tests take approximately a week to complete 

 Destructive (problem with ornamentals)  

 The results can be difficult to interpret 

 Time-consuming to collect a representative sample 

 The need for locally-derived or verified sufficiency values which often are not 
available 

 Supporting systems needed 11.12.5.7.

It is strongly recommended that a soil test accompanies each plant analysis. The soil test 
often helps to explain why a particular nutrient is low or high in a plant. 

 Development phase 11.12.5.8.

 Research: The availability of sufficiency ranges and other interpretive data indicates 
gaps in the research data base and additional work that is required 

 Commercialised: There are specialised laboratories that offer plant analysis; see next 
section 
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 Who provides the technology 11.12.5.9.

There are several companies providing analytical services in UK such as Yara analytical 
services (http://www.yara.co.uk/crop-nutrition/agriculture-contacts/analytical-services) and 
NRM (http://www.nrm.uk.com) laboratories. AGQ Labs &Technological Services 
(http://www.agq.com.es/en) provides analytical services worldwide (Europe, Asia and USA). 
Many agronomic consulting companies offer nutrient management services including soil 
and plant sampling, nutrient analysis, result interpretation and the determination of 
fertilisation requirement. 

Most European countries have multiple labs that are accredited for this kind of tests. 

 Patented or not 11.12.5.10.

This technique is not patented. 

11.12.6.  Which technologies are in competition with this one? 

Alternative approaches to plant tissue analysis are various monitoring procedures to assess 
crop nutrient status. These are sap analysis (see relevant TD) and the use of various 
proximal optical sensors such as canopy reflectance and chlorophyll meters sensors (see 
relevant TDs). Proximal optical sensors are used to assess crop N status. 

11.12.7.  Is the technology transferable to other crops/climates/cropping systems? 

Plant tissue analysis can be used in various crops, in different climates, and with crops 
grown in different cropping systems such as crops in soil or substrate, and crops in open 
field or in greenhouses. However, for each application, it is necessary to obtain or verify the 
reference values used to interpret the nutrient contents determined. 

11.12.8.  Description of the regulatory bottlenecks 

There are no relevant regulatory bottlenecks. 

11.12.9.  Brief description of the socio-economic bottlenecks 

The time required to take the samples. If samples are to be sent to a laboratory, time is 
required to correctly prepare the samples and to organise transport to the laboratory.   

The costs associated with using a laboratory to conduct the analysis are those of 
transporting the samples, and the actual costs of the laboratory analysis and data 
interpretation.  

The costs of the laboratory analysis can vary depending on the number of determinations 
being made and samples being analysed.  

The establishment of correct reference tables for all crops under their development 
conditions. 

11.12.10.  Techniques resulting from this technology 

This is an established technique. 
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11.12.11. References for more information 
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States Southern Cooperative Series Bulletin, Vol. 394 (2000) by C. R. Campbell   

[3] Smith, P. F. (1962). Mineral analysis of plant tissues. Annual Review of Plant 
Physiology, 13(1), 81-108 
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Reuther, pp. 183–211. Berkeley, CA: University of California, Division of Agricultural 
Science 
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crops. In: Westerman, R.L. (Ed.). Soil Testing and Plant Analysis, 3rd ed, Soil Science 
Society of America, USA, pp. 549-562 
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11.13. Sap analysis 

(Author: Rodney Thompson23) 

11.13.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.13.2.  Region 

All EU regions. 

11.13.3.  Crops in which it is used 

All vegetable, fruit and ornamental crop. 

11.13.4.  Cropping type 

All cropping types. 

11.13.5.  Description of the technology 

 Purpose/aim of the technology  11.13.5.1.

Sap analysis is used to assess the nutrient status of a crop. It is mostly used for assessing the 
N status of a crop, and has been used for assessing K status. There are some private 
companies offering sap analysis to assess crop nutrient status of more nutrients. 

 Working Principle of operation 11.13.5.2.

Most sap analysis is conducted with sap extracted from recently-collected fresh petioles, 
normally from the most recently fully expanded leaf (Figures 11-20 to 11-24). It is 
considered that the available nutrient content (e.g. NO3, K) of sap being transported in 
connective tissue to this recently fully-formed leaf reflects the nutrient status of the crop. 
All scientific studies have been done with petiole sap. Some commercial companies (e.g. 
Hortus Technical Services in Australia) work with petiole sap. One commercial company in 
The Netherlands, Nova Crop Control (http://www.novacropcontrol.nl/en) works with sap 
obtained from leaves; leaves are easier to obtain and sap extraction is easier.  

It is generally recommended with petiole sap analysis that 20-30 petioles from 
representative plants, from throughout a production unit, e.g. field or greenhouse, be 
collected at the same time to adequately represent the crop being sampled. These petioles 
are bulked. Similar sampling procedures (Figure 11-21, Figure 11-22, Figure 11-23) are used 
for leaf analysis. 
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Figure 11-20. Identification of petioles of important vegetable species (Hochmuth 2012) 

 

 
Figure 11-21. Cutting compound tomato leaf for later removal of petioles 

 

 
Figure 11-22. Cutting petioles into small pieces prior to sap extraction 
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Figure 11-23. Squeezing sap from cut petioles using garlic press 

Analysis of the nutrient concentration of sap can be conducted in two ways: 1) samples of 
petioles or leaves are sent to a laboratory where the sap is extracted and analysis conducted 
to determine the nutrient concentration, or 2) sap is extracted on the farm and small 
portable rapid analysis systems are used to analyse the nutrient concentration in-situ 
immediately after extraction. Suitable rapid analysis systems are described in the TD “Rapid, 
on-farm analysis of nutrients”, also in this Chapter. 

Once nutrient analysis has been conducted, the nutrient concentration is compared with 
reference values to determine if the determined nutrient content is deficient, sufficient or 
excessive. Subsequently, the nutrient supply is adjusted to ensure that it is optimal. 

In addition to analysis of individual nutrients, there are commercial services that also 
determine the EC, pH and sugar content of sap, and use these data as part of their nutrient 
management service. An example is the Dutch firm Nova Crop Control. Whereas normally 
only the most recently fully expanded leaves are used, Nova Control additionally samples a 
lower leaf; composite samples of upper and of lower leaves are analysed separately. Nova 
Crop Control suggests that lower older leaves are useful for early detection of deficiencies of 
nutrients that are mobile within plants such as N, P, K and Mg. Whereas, there is 
considerable publicly available on the use of sap analysis for NO3, K; the procedures used by 
private companies for these and other nutrients are proprietary information and cannot be 
independently verified.  

 Operational conditions 11.13.5.3.

Generally, the limitations will be the time required for sampling and for sap extraction 
where that is done on-farm. The availability of appropriate reference values will limit the 
suitability of this method for given crops and cropping systems. This is further discussed in 
the subsequent sub-section of “Technological bottlenecks”. 

Considerable care must be taken to quickly refrigerate the petiole or leaf samples after 
removal from the plant. Extraction of sap from petiole samples should be conducted soon 
after removal from the plant. Fresh, whole (un-chopped) petioles can be stored for up to 8 
hours on ice or in a refrigerator. Once sap is extracted, it should be analysed as quickly as 
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possible. Published guidelines are not available for handing leaf samples; presumably they 
are similar. Also, companies dealing with analysis of sap from leaves will have their own 
guidelines. 

 Cost data 11.13.5.4.

For taking samples: Approximately 30-45 min to take the petiole/leaf samples; there is no 
financial cost apart from that of the time. 

For sap extraction: If done on farm, the time required is 5-10 min. It is necessary to purchase 
a cutting board, a large sharp knife, to cut petioles into small pieces, and a press to squeeze 
the petiole pieces to extract the sap. Commonly, domestic garlic presses are used. Total 
economic cost is approximately 10 €. 

For analysis: If done on farm, 5 min. For on-farm analysis, it is necessary to purchase a small 
portable rapid analysis system. These are described in the TD “Rapid, on-farm analysis of 
nutrients” where costs are provided. For a lab analysis that will provide information on N, P, 
K and a wide range of trace elements, it will be approximately 60 € (based on UK prices). It 
can be cheaper if less information is required. 

 Technological bottlenecks 11.13.5.5.

There are various technical bottlenecks that influence the possible adoption of sap analysis. 
If a grower wishes to use a laboratory that is specialised in conducting and interpreting sap 
analyses, there are very few such laboratories in the EU. For growers wishing to conduct on-
farm analysis, appropriate sufficiency values are required in order to interpret the results. 
Ideally, these should be determined or verified locally. Commonly, such relevant local 
information is not avail. Otherwise, published values determined elsewhere can be used, 
but they should be used with care as indicative values. Where reference values are available 
in scientific and Extension literature, commonly the values are for NO3 and sometimes for K. 
There are very few published reference values that are generally available, for other 
nutrients. Another technical bottleneck affecting on-farm analysis is the availability of 
suitable rapid analysis systems. There are a limited number of commercially-available 
suitable analytical systems. More information of these analytical systems is provided in the 
TD “Rapid, on-farm analysis of nutrients”. 

 Benefit for the grower  11.13.5.6.

Advantages 

 Provides information of the current nutrient status of a crop 

 Information can be available rapidly, enabling rapid corrective action is required 

Disadvantages 

 Time-consuming to collect the required number of petioles/leaves for a 
representative sample 

 The need for locally-derived or verified sufficiency values which often are not avail. 

 The need to rapidly process the petiole/leaf samples 

 The need to rapidly analyse the extracted sap 

http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf
http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf


Transfer of INNOvative techniques for 

  sustainable WAter use in FERtigated crops 

 

This document includes a cover page with the FERTINNOWA disclaimer. Full terms and conditions for using this 
document can be found at http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-

terms-and-conditions.pdf                  11-79 

 Laboratories do not always operate on a “first sample in, first sample processed” 
policy 

 Costs: you have to pay per sample 

 When using an analytical laboratory, there is a time delay to obtain the results 

 Supporting systems needed 11.13.5.7.

If samples are to be analysed by a laboratory, there is a requirement for a specialised 
laboratory that conducts sap analysis and provides interpretation of results. Where 
petioles/leaf samples are sent to a laboratory, they must be sent refrigerated in sealed air-
tight bags by a rapid messenger (e.g. overnight) service. The specialised laboratory must 
have procedures to minimise the times between receipt of samples and sap extraction and 
between extraction and analysis. 

If samples are to be analysed on the farm by the grower or a technical advisor, a suitable 
rapid analysis system is required. These are described in the TD “Rapid, on-farm analysis of 
nutrients”. For on-farm sap extraction, a press is required to extract sap from petiole tissue; 
conventional kitchen garlic presses are commonly used. 

 Development phase 11.13.5.8.

 Research: Some research is on-going to assess sensitivity and to develop sufficiency 
values for new crops, varieties and locations. New approaches are also being used 
for these evaluations 

 Experimental phase: As with research, more applied experimental work is on-going. 

 Field tests: Field testing is often being conducted to adapt sap testing to particular 
crops and regions 

 Commercialised: There are specialised laboratories that offer services of sap 
analysis; see next section. For on-farm analysis, small rapid analysis devices are 
commercially available 

 Who provides the technology 11.13.5.9.

For laboratory analysis, the Dutch company Nova Crop Control 
(http://www.novacropcontrol.nl/en) is specialised in sap analysis and provides a 
comprehensive service. They analyse sap from leaves.  

For on-farm analysis, several companies manufacture commercially-available small rapid 
analysis systems. More information of these analytical systems is provided in the TD “Rapid, 
on-farm analysis of nutrients. 

 Patented or not 11.13.5.10.

The guideline used for interpretation by Nova Crop Control, in the Netherlands, is 
proprietary information and is not publicly available.  For sap analysis, the procedures are 
widely available.  Guidelines for interpretation of sap analysis are widely available when 
developed by public institutions. However, when developed by private companies, they are 
not publicly available.  
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11.13.6.  Which technologies are in competition with this one? 

Alternative approaches to sap analysis are various monitoring procedures to assess crop 
nutrient status. These are foliar analysis (see relevant TD in this Chapter), and the use of 
various proximal optical sensors such as canopy reflectance and chlorophyll meters (see 
relevant TDs in this Chapter). Foliar analysis can be used for various nutrients. Proximal 
optical sensors can be used to assess crop N status. 

11.13.7.  Is the technology transferable to other crops/climates/cropping systems? 

Sap analysis can be used in various crops; although most work has been done with 
vegetable crops. It can be used in different climates and with crops grown in different 
cropping systems such as crops in soil or substrate and crops in open field or in 
greenhouses. However, for each application, it is necessary to obtain or verify the reference 
values used to interpret the nutrient concentrations determined. 

11.13.8.  Description of the regulatory bottlenecks 

There are no relevant regulatory bottlenecks. 

11.13.9.  Brief description of the socio-economic bottlenecks 

The socio-economic bottlenecks relate to time and costs. Time is required to take the 
samples. If samples are to be sent to a laboratory, time is required to correctly prepare the 
samples and to organise transport to the laboratory. If extraction and analysis are to be 
conducted on the farm, sometime is required to cut the samples into smaller pieces, extract 
sap using a press and then further time is required to prepare and calibrate the analytical 
equipment, conduct the analysis and to clean all equipment used. 

The costs associated with using a laboratory to conduct the analysis are those of 
transporting the samples, and the actual costs of the laboratory analysis and data 
interpretation. Rapid transport (e.g. overnight) to the laboratory is required which will be 
more expensive than standard delivery. 

The costs of the laboratory analysis can vary depending on the number of determinations 
being made and samples being analysed. 

11.13.10. Techniques resulting from this technology 

 Leaf or petiole samples sent to a laboratory where analysed and interpretation 
provided. The Dutch firm Nova Crop Control (http://www.novacropcontrol.nl/en) 
provides analysis and interpretation of up to 21 parameters that includes the 
nutrients Ca, Mg, K, Na, N (NO3, NH, total N), P, Cl, S, Si, Mn, Fe, Zn, Cu, B, Mo, Al, Co, 
Se and Ni plus Sugars (Brix), pH and electrical conductivity. This service is offered for 
leaf sap for numerous species including many vegetable and ornamental species, 
cereals and fruit trees. Nova Crop Control states that sap samples are analysed 
within 24 hours of receipt of the leaf samples, and that they work with clients in 15 
different countries (see 09-12-2012 Acres USA: Plant sap analysis (handouts), 
http://www.novacropcontrol.nl/en/downloads) 

 In England, the company OMEX UK offers a service of conducting sap analysis 
(http://www.omex.co.uk/agriculture/services/sap-analysis/) 
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 Petiole sap extracted and analysed on-farm. Several portable rapid analysis systems 
are commercially available for on-farm sap analysis. The most commonly-used are 
the LaquaTwin sensors produced by Horiba 
(http://www.horiba.com/laquatwin/en/). Sensors are available for NO3, K, Ca, and 
Na. More information on rapid analysis systems suitable for on-farm use is available 
in the TD on rapid on-farm analysis of nutrients 

11.13.11.  References for more information 

[1] Hochmuth, G. J. (2012). Plant Petiole Sap-Testing For Vegetable Crops. University of 
Florida Extension Service. http://edis.ifas.ufl.edu/pdffiles/CV/CV00400.pdf   
[2] Nova Crop Control web page (http://www.novacropcontrol.nl/en) 
[3] Hortus Technical Services (Australian sap testing company) web page 
(http://public.hortus.net.au/Services/Analytical/PlantSapandDryTissue.aspx)   
[4] Olsen, J. K., & Lyons, D. J. (1994). Petiole sap nitrate is better than total nitrogen in 
dried leaf for indicating nitrogen status and yield responsiveness of capsicum in subtropical 
Australia. Australian Journal Experimental Agriculture, 34(6), 835-843 
[5] Farneselli, M., Simonne, E. H., Studstill, D.W., & Tei, F. (2006). Washing and/or 
cutting petioles reduces nitrate nitrogen and potassium sap concentrations in vegetables. 
Journal of Plant Nutrition, 29(11) 1975-1982 
[6] Farneselli, E., Tei, F., & Simonne, E. (2014). Reliability of petiole sap test for N 
nutritional status assessing in processing tomato. Journal of Plant Nutrition, 37(2), 270-278  
[7] Goffart, J., Olivier, M., & Frankinet, M. (2008). Potato crop nitrogen status 
assessment to improve N fertilization management and efficiency: Past-Present-Future. 
Potato Research, 51(3-4), 355-383 
[8] Peña-Fleitas, M. T., Gallardo, M., Padilla, F. M., Farneselli, M., & Thompson, R. B. 
(2015). Assessing crop N status of vegetable crops using simple plant and soil monitoring 
techniques. Annals of Applied Biology, 167(3), 387-405 
[9] Thompson, R. B., Tremblay, N., Fink, M., Gallardo, M., & Padilla, F.M. (2017). Tools 
and strategies for sustainable nitrogen fertilisation of vegetable crops In: F. Tei, S. Nicola 
and P. Benincasa (Editors), Advances in research on fertilization management in vegetable 
crops Springer, Heidelberg, Germany, pp. 11-63 
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11.14. Chlorophyll meters 

(Authors: Francisco Padilla23, Georgina Key1) 

11.14.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.14.2. Region 

All EU regions.  

11.14.3.  Crops in which it is used 

All horticultural crops. 

11.14.4.  Cropping type 

All cropping types. 

11.14.5.  Description of the technology 

 Purpose/aim of the technology  11.14.5.1.

Chlorophyll meters are used to assess the N status of a crop from measurements of leaf 
chlorophyll. Nitrogen status refers to whether the crop has a deficient, sufficient or 
excessive supply of N to achieve maximum growth or yield.  

 Working Principle of operation 11.14.5.2.

Chlorophyll meters provide an indirect assessment of leaf chlorophyll content from 
measurements of light transmitted through the leaf. The available scientific information 
concerns mostly N as leaf chlorophyll content is strongly and directly related to leaf and 
crop N content.  

Chlorophyll meters (Figure 11-24) provide non-destructive, frequent and indirect 
assessment of crop N status by measuring leaf chlorophyll content. The meters clip onto a 
leaf and chlorophyll content is estimated by leaf transmittance of visible and near-infrared 
light (NIR). The different degree of transmittance of these two light types is used to 
calculate a numerical value or index that is proportional to the concentration of chlorophyll 
in the leaf. 
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Figure 11-24. Different chlorophyll meters 

The rationale for using chlorophyll meters for N management is that crop N content, which 
influences the amount of chlorophyll in the leaf, differentially influences the absorption and 
transmittance of red and NIR light. Chlorophyll absorbs red light (Figure 11-25) and 
transmits NIR; N-deficient crops transmit relatively redder and less NIR than N-sufficient 
crops. 

 
Figure 11-25. Absorbance of Chlorophyll a and b at different wave lengths (Muon Ray, 2016) 

Commonly, interpretation of chlorophyll meter measurements for crop N management is 
conducted by comparing representative measurements from the main part of a crop with 
measurements taken in reference plots that have no nitrogen limitations. Where chlorophyll 
measurements are less than 90-95% of those in the reference plots, adjustments in N 
fertilisation are made. This approach is known as the Sufficiency Index. Alternatively, 
chlorophyll meter measurements can be compared with absolute sufficiency values (also 
known as reference or threshold values), that have been reported in scientific or Extension 
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literature, to evaluate whether a crop has deficient, sufficient or excessive nitrogen with 
respect to that required to achieve maximum growth or yield. 

 Operational conditions 11.14.5.3.

For N management of crops, chlorophyll meters have several attractive practical 
characteristics. Measurements can be made easily, quickly and periodically throughout a 
crop, and the results are rapidly available. There are no time delays and logistical issues as 
with methods involving laboratory analysis. Any required adjustments to the N supply can 
be made very soon after measurement, given the availability of relevant reference plots or 
sufficiency values. 

An important consideration when using chlorophyll meters is the area of the crop that is 
measured. The area of leaf surface measured in a single measurement by chlorophyll 
meters is small (e.g. 6-64 mm2) and therefore sufficient replication (measurements on other 
plants) is required to ensure that the measurements being made are representative of the 
field or greenhouse being assessed. Measurements should be made on the most recently 
fully expanded leaf (e.g. usually a leaf with ¾ of the final size) which must be well-lit, 
between the stalk and the tip of the leaf and midway between the margin and the mid-rib of 
the leaf. Between 15 and 30 representative and randomly selected plants should be used 
(e.g. 15-30 plants, with one leaf per plant). In general, the number of leaves and plants 
sampled should be higher in larger fields and where there is large variability between plants. 
The average value of all measurements is calculated. Care should be taken to avoid making 
measurements on damaged or moist leaves. Measurements are performed on the upper 
side of the leaf and take one second. It is recommended to follow a consistent protocol 
when measuring with chlorophyll meters and for instance, measure at the same time of the 
day each day. Where side-dressing N fertiliser applications are made, chlorophyll meter 
measurement may be made prior to side-dressing to adjust the rate of fertiliser application.  
Where N is applied throughout a crop by fertigation, measurements can be made on a 
regular basis (e.g. every 7-14 days) to ensure continual optical N status. 

 Cost data 11.14.5.4.

Chlorophyll meters do not need to be installed in the crop prior to measurement. Time of 
measurement depends on the number of leaves/plants measured and the size of the 
field/greenhouse being assessed. Each measurement takes about one second; however, the 
time required to select the most appropriate plants and leaves also has to be also 
considered. In large fields and when there is large variability between plants, the time 
required to obtain a representative measurement may become an issue. 

Most chlorophyll meters (e.g. SPAD, Yara N-Tester) cost approximately 3000 €, but some 
affordable meters (e.g. AtLEAF+) that cost <300 € have recently become available. 

 Technological bottlenecks 11.14.5.5.

There are various technical bottlenecks that influence the possible adoption of chlorophyll 
meters. Different commercial chlorophyll meters can be used to assess crop N status, but 
comparing measurements taken from different meters may be difficult if the relationships 
between measurements of the different meters are unknown. Appropriate sufficiency 
values are required to interpret the results when reference plots are not available or are not 
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used. Ideally, the sufficiency values should be either determined or verified locally. 
Commonly, such relevant local information is not available.  Otherwise, published values 
determined elsewhere can be used, but they should be used with care as indicative values. 

 Benefit for the grower  11.14.5.6.

Advantages 

 Instant results 

 Easy to use 

 Hand-held equipment 

 No need for buying a lot of devices 

 Information of the current N status of a crop at the time of measurement 

 Automatic data storage 

 Possibility to download data to computer 

Disadvantages 

 Measuring is time-consuming when the field is large 

 Expensive devices 

 The need for locally-derived or verified sufficiency values which often are not avail. 

 For certain species without flat leaves or leaflets, measurement can be difficult e.g. 
carrot, onion and conifers 

 Supporting systems needed 11.14.5.7.

Most chlorophyll meters store and calculate average values of measurements; however, the 
internal memory of some meters is very limited. If many measurements are to be taken, a 
field book is recommended to write down the measured values; a standard calculator can 
be used to calculate average values.  

Some chlorophyll meters can be connected to a computer through an USB cable for data 
download. If the grower is interested in downloading and then analysing data, a computer 
(either desktop or laptop) is required. The atLEAF+ sensor can store up to 5000 
measurements and comes with Windows software to aid data management. 

 Development phase 11.14.5.8.

 Research: Abundant research has been and is continuing to be conducted to assess 
sensitivity and to develop sufficiency values for new crops, varieties, and locations. 
New approaches are also being used for these evaluations 

 Experimental phase: As with research, additional applied experimental work is on-
going 

 Field tests: Field testing is often being conducted to validate and adapt chlorophyll 
meter measurements to particular crops and regions 

 Commercialised: There are a number of commercially available chlorophyll meters. 
The first sensor was launched in the 1980s; some new sensors have been developed 
recently 
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 Who provides the technology 11.14.5.9.

Several manufacturing companies sell chlorophyll meters for use by growers as hand-held 
sensors; some of the major companies are indicated in section 10. 

 Patented or not 11.14.5.10.

Each chlorophyll meter is proprietary of each manufacturing company. The technology itself 
is not patented. 

11.14.6.  Which technologies are in competition with this one 

Alternative approaches to chlorophyll meters are various monitoring procedures to assess 
crop N status. These are foliar analysis and sap analysis (see relevant TDs in this Chapter) 
and other proximal optical sensors such as canopy reflectance and fluorescence sensors (see 
relevant TDs in this Chapter). Foliar analysis can be used for various nutrients. Proximal 
optical sensors, including chlorophyll meters, are used to assess crop N status. 

11.14.7.  Is the technology transferable to other crops/climates/cropping systems? 

Chlorophyll meters can be used in various crops; although most work has been done with 
cereals. Currently appreciable work is being conducted with vegetable crops and 
ornamental crops. This technology can be used in different climates and with crops grown in 
different cropping systems such as crops in soil or in substrate, and crops in open fields or in 
greenhouses. However, for each application, it is necessary to obtain or verify the 
sufficiency values used to relate the measurements to crop N status. 

11.14.8.  Description of the regulatory bottlenecks 

There are no relevant directives or regulatory bottlenecks for using chlorophyll meters. 

11.14.9.  Brief description of the socio-economic bottlenecks 

The socio-economic bottlenecks relate to time and particularly to cost of the sensor. Some 
time is required to measure with chlorophyll meters in larger fields and farms. The main 
bottleneck is the cost of sensors. Chlorophyll meters can be costly for growers (e.g. 3000 €) 
but some more affordable reflectance sensors (300 €) are becoming available. 

11.14.10.  Techniques resulting from this technology 

Some of the chlorophyll meters available in the market are: 

 SPAD-502Plus (http://www.konicaminolta.eu/en/measuring-
instruments/products/colour-measurement/chlorophyll-meter/spad-
502plus/introduction.html ; Konica Minolta, Inc., Tokyo, Japan) 

 N-Tester (http://www.yara.co.uk/crop-nutrition/Tools-and-Services/n-tester/ ; Yara 
International ASA, Oslo, Norway) 

 MC-100 Chlorophyll Concentration Meter 
(http://www.apogeeinstruments.co.uk/mc-100-chlorophyll-concentration-meter/; 
Apogee Instruments, Inc., Logan UT, USA) 

 atLeaf+ (http://www.atleaf.com/Items.aspx ; FT Green LLC, Wilmington, DE, USA) 
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 CCM-200plus (http://www.optisci.com/ccm-200.html ; Opti-Sciences, Inc., Hudson, 
NH, USA) 

 CL-01 Chlorophyll Content System (http://www.hansatech-
instruments.com/products/cl-01/ ; Hansatech Instruments Ltd., Norfolk, UK) 

11.14.11.  References for more information 

[1] SPAD-502Plus 
http://www.konicaminolta.com/instruments/download/catalog/color/pdf/spad502plus_cat
alog_eng.pdf   
[2] Yara N-Tester http://www.yara.co.uk/crop-nutrition/knowledge/literature/n-tester-
brochure/   
[3] MC-100 http://www.apogeeinstruments.co.uk/content/MC-100-spec-sheet.pdf  
[4] atLeaf http://www.atleaf.com/Download/atLEAFplus.pdf  
[5] Fox, R. H., & Walthall, C.L. (2008). Crop monitoring technologies to assess nitrogen 
status. In: J.S. Schepers and W.R. Raun (Editors), Nitrogen in Agricultural Systems, Agronomy 
Monograph, No. 49. American Society of Agronomy, Crop Science Society of America, Soil 
Science Society of America, Madison, WI, USA, pp. 647-674 
[6] Gianquinto, G., Orsini, F., Sambo, P., & D'Urzo, M. P. (2011). The use of diagnostic 
optical tools to assess nitrogen status and to guide fertilization of vegetables. 
HortTechnology, 21(3), 287-292 
[7] Monje, O. A., & Bugbee, B. (1992). Inherent limitations of nondestructive chlorophyll 
meters: a comparison of two types of meters. HortScience, 27(1), 69-71 
[8] Olivier, M., Goffart, J. P., & Ledent, J. F. (2006). Threshold value for chlorophyll meter 
as decision tool for nitrogen management of potato. Agronomy Journal, 98(3): 496-506. 
[9] Padilla, F. M., Peña-Fleitas, M. T., Gallardo, M., & Thompson, R.B. (2015). Threshold 
values of canopy reflectance indices and chlorophyll meter readings for optimal nitrogen 
nutrition of tomato. Annals of Applied Biology, 166(2), 271-285 
[10] Padilla, F. M., Peña-Fleitas, M. T., Gallardo, M., & Thompson, R. B. (2014). Evaluation 
of optical sensor measurements of canopy reflectance and of leaf flavonols and chlorophyll 
contents to assess crop nitrogen status of muskmelon. European Journal of Agronomy, 58, 
39-52 
[11] Samborski, S. M., Tremblay, N., & Fallon, E. (2009). Strategies to make use of plant 
sensors-based diagnostic information for nitrogen recommendations. Agronomy Journal, 
101(4), 800-816 
[12] Schepers, J. S., Blackmer, T. M., Wilhelm, W. W., & Resende, M. (1996). 
Transmittance and reflectance measurements of corn leaves from plants with different 
nitrogen and water supply. Journal of Plant Physiology, 148(5), 523-529 
[13] Thompson, R. B., Tremblay, N., Fink, M., Gallardo, M., & Padilla, F. M. (2017). Tools 
and strategies for sustainable nitrogen fertilisation of vegetable crops In: F. Tei, S. Nicola 
and P. Benincasa (Editors), Advances in research on fertilization management in vegetable 
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11.15. Canopy reflectance for N management 

(Author: Francisco Padilla23) 

11.15.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.15.2.  Region 

All EU regions.  

11.15.3.  Crops in which it is used 

All vegetable, fruit and ornamental crops. 

11.15.4.  Cropping type 

All cropping types. 

11.15.5. Description of the technology 

 Purpose/aim of the technology  11.15.5.1.

Canopy reflectance provides an indirect assessment of crop N status at the time of sampling 
from measurements of light reflected from the crop. Canopy reflectance can be measured 
with hand-held, proximal canopy reflectance sensors or with multispectral reflectance 
sensors fitted on unmanned aerial vehicles (commonly known as drones), small planes, or 
satellites to determine crop N status.  

 Working Principle of operation 11.15.5.2.

Canopy reflectance sensors (Figures 11-26 to 11-30) provide non-destructive, frequent and 
indirect assessment of crop N status by using canopy reflectance sensors. This technique is a 
form of remote sensing in which the sensors are positioned either relatively close to the 
crop (e.g. 40-100 cm) or above the crop (e.g. > 30-100 m) when using drones or small 
planes. These reflectance sensors do not directly measure N content in crop tissue but 
provide measurements or indices of optical properties of crops, such as canopy reflectance, 
that are sensitive to crop N status. These sensors provide information on crop N status by 
measuring specific wavelengths of light reflected from the canopy.  

 
Figure 11-26. A crop circle reflectance sensor 

http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf
http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf


Transfer of INNOvative techniques for 

  sustainable WAter use in FERtigated crops 

 

This document includes a cover page with the FERTINNOWA disclaimer. Full terms and conditions for using this 
document can be found at http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-

terms-and-conditions.pdf                  11-89 

 
Figure 11-27. The Yara N sensor 

 

 
Figure 11-28. A Greenseeker reflectance sensor and a Greenseeker hand held sensor 

 

 
Figure 11-29. Measurements with reflectance sensors 

The rationale for using canopy reflectance sensors for N management is that crop N content 
differentially influences the absorption and reflection of individual wavelengths of light, 
within the range of visible (390-750 nm) and NIR (750-1300 nm). Plant tissues absorb visible 
light and reflect NIR; N-deficient crops generally reflect more visible and reflect less NIR 
than N-sufficient crops. The wavelengths selected for N assessment, using canopy 
reflectance, are chosen because of their sensitivity to the changes in chlorophyll content, 
foliage density and biomass that accompany N deficiency; commonly, reflectance in four 
bands centred on green (495-570 nm), red (620-710 nm), red edge (light at the extreme red 
end of the visible spectrum, between red and infra-red light, at 710-750 nm) and NIR are 
used. In practice, reflectance data of 2-3 wavelengths are combined in mathematical 
equations to calculate vegetation indices, of which normalised difference vegetation index is 
one of the most commonly-used. 

Commonly, the measured vegetation index in the crop is interpreted for N management by 
comparing with measurements taken in reference plots without nitrogen limitations, and 
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adjustments in fertilisation is done whenever crop measurements are lower than 90-95% of 
those in the reference plots. Alternatively, the vegetation indices measured in the crop can 
be compared with available sufficiency values for those indices that have been reported in 
the literature to assess whether the crop has a deficient, sufficient or excessive nitrogen 
content to achieve maximum growth or yield. 

Canopy reflectance sensors that are positioned relatively close to the crop (proximal 
sensors) are classified as being active or passive sensors depending on the source of light 
used. Passive sensor use the sun as a light source, and active sensors have their own light 
source thereby avoiding dependence on the variable conditions of natural radiation.  Most 
modern proximal canopy reflectance sensors are active sensors. 

 Operational conditions 11.15.5.3.

For N management of crops, canopy reflectance has several attractive practical 
characteristics. If using proximal optical sensors, measurements can be made easily, quickly 
and periodically throughout a crop, and the results are very rapidly available. There are no 
time delays and logistical issues as with methods involving laboratory analysis. Any required 
adjustments to the N supply can be made very soon after measurement, given the 
availability of relevant reference plots or sufficiency values. 

Reflectance measurements are often conducted on the go on a regular basis (e.g., every 7-
14 days) at walking/tractor speed if using proximal optical sensors, or at higher speed if 
using drones or small planes, by taking several passes along the crop. Proximal sensors are 
positioned either horizontal to the upper part of the crop canopy or above the canopy. 
Regardless of whether the sensors are measuring from a small tractor, drone or small plane, 
or are hand-carried, consistency in the sensor angle positioning in all measurements is 
important as is the height/distance of the sensor to the canopy/foliage being measured. 

A major advantage of reflectance sensors is that the combination of continuous 
measurement with a relatively large field of view provides rapid measurement of large areas 
of crop canopy. The area of the crop measured depends on the field of view of the sensor 
and the number of passes made. In general, several square meters of crop foliage are 
measured with canopy reflectance sensors. 

Reflectance sensors can be divided into passive and active sensors; active sensors have their 
own light source and therefore are not influenced by variations in ambient light conditions.  
Most proximal canopy reflectance sensors have their own light source, which enables 
reliable measurements under any light conditions. However, for proximal optical sensors, 
not fitted with a light source, such multispectral sensors mounted on drones or small planes, 
equivalent light conditions (generally clear skies) are required for canopy reflectance 
measurements to be comparable over time or to be comparable with reference values. 

Limits: 

 Most applications require specific calibrations for growing conditions or varieties 

 Small field sizes can restrict the use of these techniques for remote sensing 
applications (plane, satellite), but not for hand-held applications 

 The presence of other negative influences on crop performance e.g. other nutrient 
deficiencies, water stress, pests and diseases 
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 For satellite applications: Factors like clouds, pixel errors, etc. that affect the 
quantitative values derived from the image.  Also, the timing of the assessment by 
satellite may not be sufficient for decision-making 

 Cost data 11.15.5.4.

Reflectance sensors do not need to be installed within the crop prior to measurements. The 
time to make measurements depends on the sensor being used and the number of passes 
made in the crop; drones and small planes measure a given crop area more rapidly than 
proximal optical sensors that are manually supported or tractor-mounted. For a proximal 
optical sensor with a field of view of 34 cm height x 6 cm width, and continuous 
measurements along four passes consisting of 4 m long each pass at walking speed (approx. 
at 1,5 km/h), the time spent in measuring 16 m of linear foliage is approximately 40 
seconds. 

Proximal reflectance sensors can be costly (>3000-6000 €) but more affordable reflectance 
sensors (<1000 €) are becoming available. On large fields, proximal optical sensors can be 
mounted on farm tractors. Costs of drone and small plane rental need to be included for 
remote sensing use of reflectance sensors. Some commercial companies provide the 
measurement of crop canopy reflectance from drones and small planes, and provide 
subsequent data interpretation. 

 Technological bottlenecks 11.15.5.5.

There are various technical bottlenecks that influence the possible adoption of canopy 
reflectance. The first one has to do with the necessity of homogenous sunny conditions if 
passive reflectance sensors are being used (i.e. sensors without their own light source). In 
Nordic, North-west, Central-east Europe this would be challenge particularly when trying to 
assess crop N status throughout a long crop cycle. Secondly, because different commercial 
sensors can assess crop N status, direct comparison of indices and measurements from 
different sensors may be difficult if the relationships between sensor measurements are 
unknown. Finally, for growers wishing to conduct reflectance measurements, appropriate 
sufficiency values are required in order to interpret the results. Ideally, these should be 
determined or verified locally. Commonly, such relevant local information is not avail.  
Otherwise, published values determined elsewhere can be used, but they should be used 
with care as indicative values. 

 Benefit for the grower  11.15.5.6.

Advantages 

 Information of crop N status at the time of measurement 

 Faster than individual plants chlorophyll measurements 

Disadvantages 

 Time-consuming measurements 

 The need to sample several areas of the crop when there is large variability within 
and/or between fields for example in large farms 

 The need for locally-derived or verified sufficiency values which often are not avail. 
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 Similar light/timing requirements during measurements to compare data 

 Supporting systems needed 11.15.5.7.

If the grower is going to use hand-held or tractor-mounted proximal optical sensors, there is 
a requirement, apart from the optical sensor itself and the tractor, for a computer (either 
desktop or laptop) to download and help with analysis of the reflectance data. 

In the case of reflectance measurements taken by drones, planes or satellite, growers 
usually do not own the sensors nor the aerial vehicles but pay companies to provide a 
complete service.  

When the objective is automatic variable rate fertiliser application, there is a requirement 
for variable rate fertiliser application equipment and a suitable interface. For variable rate 
fertiliser applications, a mathematical model or equation is required to estimate the 
fertiliser application rate as a function of the reflectance reading. 

 Development phase 11.15.5.8.

 Research: Abundant research is on-going to assess sensitivity and to develop 
sufficiency values for new crops, varieties, and locations. New approaches are also 
being used for these evaluations 

 Experimental phase: As with research, more applied experimental work is on-going. 

 Field tests: Field testing is often being conducted to validate and adapt reflectance 
measurements to particular crops and regions 

 Commercialised: There are a number of commercially available proximal canopy 
reflectance sensors. There are specialised companies that offer services of crop 
canopy reflectance measurements using drones or small planes; these vehicles are 
fitted with multispectral or hyperspectral cameras specially designed for drones and 
small planes (e.g. AgroCam; Norward Expert LLC, Debrecen, Hungary; 
http://www.agrocam.eu/) 

 Who provides the technology 11.15.5.9.

Several companies manufacture proximal optical sensors for use by growers in hand-held or 
tractor-mounted modes; some of the major companies are indicated in sub section 11.16.10 
of this technology description. Other companies offer canopy reflectance measurements 
conducted from drones or small planes; examples are also provided in sub section 11.16.10. 
There are companies that act as agents selling proximal canopy reflectance sensors.  An 
example is Soil Essentials in the United Kingdom (http://www.soilessentials.com/). 

 Patented or not 11.15.5.10.

Each reflectance sensor is proprietary of each manufacturing company. The technology itself 
is not patented. 

11.15.6.  Which technologies are in competition with this one? 

Alternative approaches to canopy reflectance measurements are various monitoring 
procedures to assess crop N status. These are foliar and sap analyses (see relevant TDs in 
this chapter), and the use of other proximal optical sensors such as chlorophyll meters and 
fluorescence sensors (see relevant TDs in this chapter). Foliar analysis can be used for 
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various nutrients. The various proximal optical sensors (reflectance, chlorophyll meters and 
fluorescence sensors) are used to assess crop N status. 

11.15.7.  Is the technology transferable to other crops/climates/cropping systems? 

Canopy reflectance can be used in various crops; although most work has been done with 
cereals; currently appreciable work is being conducted with vegetable crops. This 
technology can be used in different climates and with crops grown in different cropping 
systems such as crops in soil or in substrate, and crops in open fields or in greenhouses. 
However, for each application, it is necessary to obtain or verify the sufficiency values used 
to relate the measurements to crop N status. 

11.15.8.  Description of the regulatory bottlenecks 

There are no relevant European directives or regulatory bottlenecks. 

11.15.9.  Brief description of the socio-economic bottlenecks 

The socio-economic bottlenecks relate to time and particularly to the cost of the sensors. 
Time is required to measure with canopy reflectance sensors and to process data. The main 
bottleneck is the cost of sensors. Proximal reflectance sensors can be costly (> 3000-6000 €) 
but some more affordable reflectance sensors (< 1000 €) are becoming available recently. 
On larger fields, proximal optical sensors can be mounted on farm tractors. Some 
commercial companies provide the measurement of crop canopy reflectance from drones 
or small planes. Costs of these services are not available. 

11.15.10.  Techniques resulting from this technology 

Some of the proximal reflectance sensors available in the market are:  

 Yara N-Sensor ALS (http://www.yara.co.uk/crop-nutrition/Tools-and-Services/n-
sensor/; Yara International ASA, Oslo, Norway) 

 RapidScan CS-45 (http://hollandscientific.com/product/rapidscan-cs-45/; Holland 
Scientific, Lincoln, Nebraska, USA) 

 Crop Circle ACS-430 (http://hollandscientific.com/product/crop-circle-acs-430-
active-crop-canopy-sensor/; both of which by Holland Scientific, Lincoln, Nebraska, 
USA) 

 GreenSeeker (http://www.trimble.com/agriculture/greenseeker.aspx; Trimble Inc., 
Sunnyvale, California, USA) 

Some of the companies providing canopy reflectance measurements from aerial craft are: 

 Crop-Scan (http://www.crop-scan.es; Bioibérica S.A., Barcelona, Spain) 

 SenseFly (https://www.sensefly.com/applications/agriculture.html; senseFly SA, 
Cheseaux-Lausanne, Switzerland) 

 QuestUAV (http://www.questuav.com/; QuestUAV Ltd., Amble, Northumberland, 
UK) 

 Falcon UAV (http://www.falconuav.com.au/; Falcon UAV Australia, Victoria, 
Australia) 

 Agribotix (http://agribotix.com/; Agribotix, Boulder, Colorado, USA) 
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Some of the companies that provide fertilisation recommendation based on canopy 
reflectance measurements from combined platforms (satellite, plane, drone): 

 Farmstar (http://www.farmstar-conseil.fr/web/fr/7-la-technologie.php) 

 Smartrural (http://smartrural.net/nuestros-drones/)  

 Hemav (http://hemav.com/servicio/agricultura-de-precision/) 

11.15.11.  References for more information 

[1] Precision Agriculture. Retrieved from  
https://en.wikipedia.org/wiki/Precision_agriculture  
[2] Vegetation Analysis. Retrieved from 
http://www.harrisgeospatial.com/Learn/WhitepapersDetail/TabId/8 
02/ArtMID/2627/ArticleID/13742/Vegetation-Analysis-Using-Vegetation-Indices-in-
ENVI.aspx   
[3] Normalized Difference Vegetation Index. Retrieved from 
https://en.wikipedia.org/wiki/Normalized_Difference_Vegetation_Index       
[4] Bannari, A., Morin, D., Bonn, F., & Huete, A. R. (1995). A review of vegetation indices. 
Remote Sensing Reviews, 13(1-2), 95-120 
[5] Fox, R. H., & Walthall, C. L. (2008). Crop monitoring technologies to assess nitrogen 
status. In: J.S. Schepers and W.R. Raun (Editors), Nitrogen in Agricultural Systems, Agronomy 
Monograph, No. 49. American Society of Agronomy, Crop Science Society of America, Soil 
Science Society of America, Madison, WI, USA, pp. 647-674 
[6] Hatfield, J. L., Gitelson, A. A., Schepers, J. S., & Walthall, C. L. (2008). Application of 
spectral remote sensing for agronomic decisions. Agronomy Journal, 100(3 SUPPL.), S117-
S131 
[7] Padilla, F. M., Peña-Fleitas, M. T., Gallardo, M., & Thompson, R. B. (2014). Evaluation 
of optical sensor measurements of canopy reflectance and of leaf flavonols and chlorophyll 
contents to assess crop nitrogen status of muskmelon. European Journal of Agronomy, 58, 
39-52 
[8] Padilla, F. M., Peña-Fleitas, M. T., Gallardo, M., & Thompson, R. B. (2015). Threshold 
values of canopy reflectance indices and chlorophyll meter readings for optimal nitrogen 
nutrition of tomato. Annals of Applied Biology, 166(2), 271-285  
[9] Padilla, F. M., Peña-Fleitas, M. T., Gallardo, M., & Thompson, R. B. (2017). 
Determination of sufficiency values of canopy reflectance vegetation indices for maximum 
growth and yield of cucumber. European Journal of Agronomy, 84, 1-15 
[10] Samborski, S. M., Tremblay, N., & Fallon, E. (2009). Strategies to make use of plant 
sensors-based diagnostic information for nitrogen recommendations. Agronomy Journal, 
101(4), 800-816 
[11] Thompson, R. B., Tremblay, N., Fink, M., Gallardo, M., & Padilla, F. M. (2017). Tools 
and strategies for sustainable nitrogen fertilisation of vegetable crops In: F. Tei, S. Nicola 
and P. Benincasa (Editors), Advances in research on fertilization management in vegetable 
crops. Springer, Heidelberg, Germany, pp. 11-63 
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11.16. Fluorescence sensors 

(Author: Francisco Padilla23) 

11.16.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.16.2.  Region 

All EU regions. 

11.16.3.  Crops in which it is used 

All vegetables, fruit and ornamental crops. 

11.16.4.  Cropping type 

All cropping types. 

11.16.5. Description of the technology 

 Purpose/aim of the technology  11.16.5.1.

Fluorescence sensors provide an assessment of crop N status from indirect measurements 
of leaf chlorophyll and flavonol contents, estimated from measurements of leaf chlorophyll 
fluorescence. Chlorophyll and flavonols are two N-sensitive indicator compounds. 

 Working Principle of operation 11.16.5.2.

Fluorescence sensors (e.g. Figures 11-30 and 11-31) provide non-destructive, frequent and 
indirect assessment of crop N status. These sensors do not directly measure N content in 
the crop but assess content of indicator compounds that are sensitive to crop N status. Two 
N-sensitive indicator compounds are chlorophyll and flavonols. Leaf chlorophyll content is 
strongly influenced by leaf N since the majority of N in a leaf is contained in the 
photosynthetic apparatus. Flavonols, a class of polyphenols that accumulate in the leaf 
epidermis, are carbon-based secondary metabolites whose content increases under lower N 
availability. Chlorophyll content is positively related, and flavonols content inversely related, 
to leaf N and therefore to crop N status. 

 
Figure 11-30. Dualex sensor (http://www.force-a.com/en/capteurs-optiques-optical-sensors/dualex-

scientific-chlorophyll-meter/) 
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Figure 11-31. Multiplex sensor 

(https://w3.ual.es/GruposInv/nitrogeno/use%20of%20proximal%20sensors.shtml) 

Fluorescence sensors measure flavonols content by using the chlorophyll fluorescence 
screening method. The measurement principle is that leaf chlorophyll emits fluorescence in 
the red to far-red region of the light spectrum after being illuminated with ultraviolet (UV) 
and red light. Flavonols that accumulate in the leaf epidermis absorb appreciable amounts 
of UV light while transmitting most of the red light; the transmitted red light is subsequently 
absorbed by the chlorophyll in leaf chloroplasts. Flavonols reduce far red chlorophyll 
fluorescence under UV illumination without altering far red chlorophyll fluorescence under 
red illumination and so the flavonols content is estimated by comparing far red chlorophyll 
fluorescence under both wavelengths. Fluorescence sensors measure leaf chlorophyll 
content from chlorophyll fluorescence emission ratio of far red chlorophyll fluorescence and 
red chlorophyll fluorescence under illumination with visible light. Both chlorophyll and 
flavonols are considered in the Nitrogen Balance Index (NBI), which is the ratio of the 
chlorophyll to flavonols contents. The NBI has been considered to be a more reliable 
indicator of crop N status than either chlorophyll or flavonols when considered individually. 

The chlorophyll and flavonols contents and the NBI index measured in the crop are 
interpreted for N management by comparison with measurements taken in reference plots 
that have no N limitation. Adjustments in fertilisation are made whenever crop 
measurements are less than 90-95% of those in the reference plots. Alternatively, the 
chlorophyll and flavonols contents and the NBI index measured in the crop can be compared 
with available sufficiency values (also known as reference or threshold values), that have 
been reported in scientific or Extension literature, to evaluate whether a crop has deficient, 
sufficient or excessive nitrogen with respect to that required to achieve maximum growth or 
yield. 

 Operational conditions 11.16.5.3.

For N management of crops, fluorescence sensors have several attractive practical 
characteristics. Measurements can be made easily, quickly and periodically throughout a 
crop, and the results are rapidly available. There are no time delays and logistical issues as 
with methods involving laboratory analysis. Any required adjustments to the N supply can 
be made very soon after measurement, given the availability of relevant reference plots or 
sufficiency values. 

An important consideration when using fluorescence sensors is the area of the crop that is 
measured. The area of leaf surface is measured in a single measurement is small (e.g. 20 
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mm2-50 cm2) and therefore sufficient measurements on other plants) is required to ensure 
that the measurements being made are representative of the field or greenhouse being 
assessed. Measurements should be made on the most recently fully expanded leaf (e.g. 
usually a leaf with ¾ of the final size) which must be well-lit, between the stalk and the tip of 
the leaf, and midway between the margin and the mid-rib of the leaf. Between 15 and 30, 
randomly selected, plants should be used (e.g. 15-30 plants, with one representative leaf 
per plant). In general, the number of leaves and plants sampled should be higher in larger 
fields and where there is large variability between plants. The average value of all 
measurements is calculated. Care should be taken to avoid making measurements on 
damaged or moist leaves. Measurements are performed on the upper side of the leaf and 
take one second. It is recommended to follow a consistent protocol when measuring with 
fluorescence sensors and for instance, measure at the same time of the day each day. Some 
fluorescence sensors are capable of taking continuous measurement while walking or 
mounted on a tractor. In this case care should be taken to ensure that the crop foliage is 
continuous and that no open spaces that give erroneous measurements are included.  

It is well established that leaf flavonols content increases with solar radiation, therefore the 
use of absolute flavonols measurements for crop N monitoring is challenging whenever 
large fluctuations in irradiance occur throughout the crop cycle. The use of chlorophyll 
content and the NBI index is believed to overcome this limitation, as well as the use of 
reference plots within the crop. 

 Cost data 11.16.5.4.

Fluorescence sensors do not need to be installed in the crop prior to measurements. Time of 
measurement depends on the number of leaves/plants measured and the size of the 
field/greenhouse being assessed. Each measurement takes about one second; however, the 
time required to select the most appropriate plants and leaves also has to be also 
considered. In large fields and when there is large variability between plants, the time 
required to obtain a representative measurement may become an issue. 

Fluorescence sensors can be particularly costly (>3000-25000 €). 

 Technological bottlenecks 11.16.5.5.

Fluorescence sensors are relatively new if compared to other optical proximal sensors. 
Some of the fluorescence sensors available can be considered as complex scientific 
instruments rather than sensors that could be adopted by farmers for routine farm use. 
There are simpler and more affordable versions of some fluorescence sensors and it is 
expected that the cost will decrease as the technology develops in the future. Finally, for 
growers wishing to use fluorescence sensors, appropriate sufficiency values are required in 
order to interpret the results. Ideally, these should be determined or verified locally. 
Commonly, such relevant local information is not avail. Otherwise, published values 
determined elsewhere can be used, but they should be used with care as indicative values. 

 Benefit for the grower  11.16.5.6.

Advantages 

 Real time measurements 
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 Data is immediately available 

 Provides information on crop stress 

Disadvantages 

 Very expensive 

 Time-consuming to measure a representative sample 

 The need for locally-derived or verified sufficiency values which often are not 
available. 

 Supporting systems needed 11.16.5.7.

Although fluorescence sensors allow local storage of measurements, writing down 
measurements on a field book is recommended; a standard calculator can be used to 
average measurements. 

Data from fluorescence sensors can be downloaded to a computer; optionally, if the grower 
is interested in data download, a computer (either desktop or laptop) is necessary. 

 Development phase 11.16.5.8.

 Research: Some research is on-going to assess sensitivity and to develop sufficiency 
values for new crops, varieties, and locations. New approaches are also being 
developed for these evaluations 

 Experimental phase: Some experimental work is on-going 

 Field tests: Some field testing is being conducted to validate and adapt fluorescence 
measurements to particular crops and regions 

 Commercialised: There are two commercially available fluorescence sensors 

 Who provides the technology 11.16.5.9.

One manufacturing company sells two fluorescence sensors for use by growers as hand-held 
or mounted on tractors; this is indicated in section 10. 

 Patented or not 11.16.5.10.

Each sensor is proprietary of each manufacturing company. 

11.16.6.  Which technologies are in competition with this one? 

Alternative approaches to fluorescence sensors are various monitoring procedures to assess 
crop nitrogen status. These are foliar analysis and sap analysis (see relevant TDs), and other 
proximal optical sensors such as canopy reflectance and canopy reflectance sensors (see 
relevant TDs). Foliar analysis can be used for various nutrients. Proximal optical sensors, 
including fluorescence sensors, are used to assess crop N status. 

11.16.7.  Is the technology transferable to other crops/climates/cropping systems? 

To date, this technology has been employed for monitoring crop N status in maize, rice, turf 
grass and cucumber; there are no published reports for other crops. However, fluorescence 
sensors can be used in various crops. It can be used in different climates and with crops 
grown in different cropping systems such as crops in soil or substrate and crops in open field 
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or in greenhouses. However, for each application, it is necessary to obtain or verify the 
sufficiency values used to interpret the nitrogen status of the crop. 

11.16.8.  Description of the regulatory bottlenecks 

There are no relevant directives or regulatory bottlenecks for the use of fluorescence 
sensors. 

11.16.9.  Brief description of the socio-economic bottlenecks 

The socio-economic bottlenecks relate to time and particularly to cost of the sensor. Some 
time is required to measure with fluorescence sensors in large field/greenhouses/farms. The 
main bottleneck is the cost of sensors. Fluorescence sensors are costly (> 3000-25000 €) and 
currently there are no more affordable models. 

11.16.10.  Techniques resulting from this technology 

Some of the fluorescence sensors available in the market are: 

 DUALEX Scientific (http://www.force-a.com/en/capteurs-scientifiques/dualex-
scientific/; Force-A, Orsay, France; Figure 11-30) 

 MULTIPLEX Research (http://www.force-a.com/en/capteurs-scientifiques/multiplex-
research/; Force-A, Orsay, France; Figure 11-31) 

11.16.11.   References for more information 

[1] DUALEX Scientific. Retrieved from http://www.force-a.com/wp-
content/uploads/Plaquette-DUALEX-SCIENTIFIC%E2%84%A2.pdf  
[2] MULTIPLEX Scientific. Retrieved from  http://www.force-a.com/wp-
content/uploads/PLAQUETTE-MULTIPLEX-RESEARCH%E2%84%A2.pdf  
[3] Agati, G., Foschi, L., Grossi, N., & Volterrani, M. (2015). In field non-invasive sensing 
of the nitrogen status in hybrid bermudagrass (Cynodon dactylon × C. transvaalensis Burtt 
Davy) by a fluorescence-based method. European Journal of Agronomy, 63, 89-96 
[4] Cartelat, A., Cerovic, Z. G., Goulas, Y., Meyer, S., Lelarge, C., Prioul, J. L., Barbottin, A., 
Jeuffroy, M. H., Gate, P., Agati, G., & Moya, I. (2005). Optically assessed contents of leaf 
polyphenolics and chlorophyll as indicators of nitrogen deficiency in wheat (Triticum 
aestivum L.). Field Crops Research, 91, 35-49 
[5] Padilla, F. M., Peña-Fleitas, M. T., Gallardo, M., & Thompson, R. B. (2014). Evaluation 
of optical sensor measurements of canopy reflectance and of leaf flavonols and chlorophyll 
contents to assess crop nitrogen status of muskmelon. European Journal of Agronomy, 58, 
39-52 
[6] Padilla, F. M., Peña-Fleitas, M. T., Gallardo, M., & Thompson, R. B. (2016). Proximal 
optical sensing of cucumber crop N status using chlorophyll fluorescence indices. European 
Journal of Agronomy, 73, 83-97 
[7] Thompson, R. B., Tremblay, N., Fink, M., Gallardo, M., & Padilla, F. M. (2017). Tools 
and strategies for sustainable nitrogen fertilisation of vegetable crops In: F. Tei, S. Nicola 
and P. Benincasa (Editors), Advances in research on fertilization management in vegetable 
crops Springer, Heidelberg, Germany, pp. 11-63 
[8] Tremblay, N., Wang, Z., & Cerovic, Z. G. (2012). Sensing crop nitrogen status with 
fluorescence indicators. A review. Agronomy for Sustainable Development, 32, 451-464 
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11.17. Rapid on-farm analysis of nutrients 

(Authors: Juan José Magán9, Rodney Thompson23) 

11.17.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.17.2.  Region 

All EU regions.  

11.17.3.  Crops in which it is used 

All vegetable, fruit and ornamental crops. 

11.17.4.  Cropping type 

All cropping types.  

11.17.5.  Description of the technology 

 Purpose/aim of the technology  11.17.5.1.

This technology allows on-site and quick determination of one or several ions concentration 
in a solution, which can be a nutrient solution, drainage, soil solution or plant sap, what 
makes possible to immediately do the measurement in the farm, not being necessary to 
send the sample to the laboratory. 

 Working Principle of operation 11.17.5.2.

There are two different quick on-site analysis techniques, namely: 1) portable selective ion-
meters and 2) portable equipment based on colourimetry, both being based on different 
working principles. 

Portable selective ion-meters 

These devices (also called ion selective electrodes, ISE) respond selectively to an ion present 
in the solution (e.g. Figures 11-31 and 11-33). They frequently measure only one ion, but 
some equipment may measure several nutrients at the same time. These ion-meters usually 
have a thin membrane separating the sample to be measured and the inside of the ion-
meter, where there is a solution with a known concentration of the ion to be determined. In 
this way a potential difference through the membrane is established, which is related to the 
difference in the concentration outside and inside the membrane, enabling determination 
of the concentration of the ion of interest in the sample. 

A modified approach is to apply an electric field that is equivalent to the reference 
concentration; this approach is less influenced by different surface phenomena than can 
affect the potential difference. This enables more exact results when measuring solutions 
with other ions present. This technology is applied, for example, in the LaquaTwin individual 
selective ion-meters (http://www.horiba.com/laquatwin/en/index.html) which can be used 
with nutrient solutions applied by fertigation, soil solution extracted by suction cups, and 
even plant sap samples (Figure 11-32). 
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Figure 11-32. Individual selective ion-meters LaquaTwin 

There are also multichannel ion-meters, which are portable devices based on the 
measurement with a multi-ion probe that simultaneously measures as many as seven 
different ions (ammonium, calcium, chloride, nitrate, potassium, sodium and magnesium) 
e.g. Figure 11-33. It is made from nanocarbon compounds, which allows the production very 
small ion-meters that are mounted together in the same probe. Examples are the 
CleanGrowNutrient Analyzer sensor (http://www.cleangrow.com/product/nutrient-
analyzer) and the NT Sensor Multi Ion Probe 
(http://www.ntsensors.com/en/products/multiion.html). 

 
Figure 11-33. Picture of the probe of a multichannel ion-meter 

(http://www.ntsensors.com/en/products/multiion.html) 

Devices based on colourimetry 

These devices use strips impregnated in a specific reagent which then reacts with the 
compound being measured (e.g. Figure 11-34). The intensity of the colour that develops in 
the test strips is related to concentration of the compound. There are different meters 
available that quantitatively measure the intensity of the colour of the test strip such as the 
Merck RQ Reflectoquant (http://www.merckmillipore.com/GB/en/products/analytics-
sample-prep/test-kits-and-photometric-methods/instrumental-test-systems-for-
quantitative-analyses/reflectoquant-system/ILOb.qB.OjIAAAE_Jhh3.Lxj,nav Figure 11-34). 
Another less technical and rigorous format is the use of simple colour strips that are visually 
compared against a reference colour scale. 
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Figure 11-34. Colourimetry-based rapid analysis device and test strips 

 Operational conditions 11.17.5.3.

There are individual selective ion-meters for the determination of different ions (nitrate, 
potassium, calcium, sodium, etc.). They are calibrated quickly by using one or two 
calibration standard solutions; the second option provides more accurate measurement. 
The range of measurement is often large (1-100 mmol/L in the case of the Horiba LaquaTwin 
nitrate sensor) and is well adapted to the nutrient solutions handled in horticulture, so that 
the measurement can be carried out by directly using the undiluted sample. Comparing the 
readings offered by LaquaTwin ion-meters with the laboratory method, determination 
coefficients close to 0,9 were obtained, with the calcium sensor showing the higher 
deviation respect to the 1:1 line. Measurements can be made by directly immersing the 
sensor in the sample or by adding a few drops of solution to cover the surface of the ion-
meter, as shown in Figure 11-35. 

 
Figure 11-35. Methods of measurement with the LaquaTwin ion selective system 

Regarding the multichannel probes, a pre-calibration conditioning solution and three 
calibration standard solutions are commonly used. Reasonably good results have been 
obtained with this sensor for measurement in clear nutrient solutions (M.A. Domene, 
Cajamar Foundation, Almeria, Spain, personal communication); the best results were 
obtained with the potassium sensor and the worst with the ammonium sensor (Figure 11-
36).  The accuracy of the calcium and chloride sensors tended to improve with increasing 
nutrient concentration (M.A. Domene, Cajamar Foundation, Almeria, Spain, personal 
communication). However, it has been observed that the measurements can be influenced 
by the presence of organic material. Meters with multichannel probes are relatively new, 
and further independent scientific evaluation is required. 
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Figure 11-36. Comparison of measurements obtained by the multi-channel ion-meter respect to different 
reference concentrations prepared in laboratory. The bars correspond to ± standard deviation (Fundación 

Cajamar) 

A drawback with some measuring devices is having a limited range of measurement; for 
example, the Merck RQ Flex Reflectoquant system has a range of 1-3,6 mmol/L for the 
measurement of nitrate. A limited range requires that dilution be conducted which must be 
done very carefully to avoid errors.  The devices where the measurement range is an issue 
for use with fertigated horticulture, such as the Merck RQ Flex Reflectoquant generally were 
designed for use with natural waters, where nutrient concentrations are more dilute than in 
horticultural applications. The RQ Flex Reflectoquant is a versatile instrument that can be 
used to measure the concentrations of potassium, calcium, magnesium, ammonium, 
nitrates, phosphates and iron. A number of the determinations require the addition of 
reagents and waiting periods of several before measuring. Sometimes, colloids that 
colouring the sample can affect the measurement. 

A mains electrical supply is usually not necessary for the use of rapid analysis equipment; 
most work with batteries.  
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 Cost data 11.17.5.4.

The price of a LaquaTwin selective ion-meter is around 500 €, whereas for the multi-channel 
ion-meter is around 1500-2000 € and for the equipment based on colourimetry RQ Flex 
Reflectoquant is around 900 €. 

 Yearly maintenance or inputs needed 11.17.5.5.

For ion selective electrode systems, both single and multi-channel systems, the 
manufacturers recommend that the ion selective electrodes be replaced after 
approximately 1000 determination.  In practice, in some cases, it has been necessary to 
change the electrodes after 500 measurements. For some systems, the cost of each 
replacement electrode is approximately 180-200 €. The total cost per determination with a 
LaquaTwin system is estimated be approximately 0,65 €. 

 Technological bottlenecks 11.17.5.6.

Colourimetry-based equipment, such as the Merck RQ Flex Reflectoquant, requires dilution 
of horticultural samples for reliable measurement. This is a disadvantage when measuring 
on the farm where the working conditions are not the most suitable for sample processing. 
By contrast, selective ion-meters do not require dilution when measuring horticultural 
samples, although it may be advisable for sap samples (especially for K determinations). 

 Benefit for the grower  11.17.5.7.

Advantages 

 Portable devices  

 Allow on farm measurement 

 Quick results, thereby enabling rapid responses in nutrient management 

 Generally, the operation is simple, particularly for analysis of a single nutrient 

 Their use avoids sending samples to an analytical laboratory, which entails preparing 
parcels, shipping costs, and very importantly a time delay 

Disadvantages 

 Accuracy of equipment is lower than obtained in the laboratory 

 Some selective ion-meters are significantly influenced by different surface 
phenomena, for example interference caused by the presence of colloids in the 
solution 

 Sample dilution is necessary when using colourimetry-based equipment 

 Supporting systems needed 11.17.5.8.

 Standard solutions for device calibration 

 Laboratory material for the measurement of volumes 

 Distilled or de-ionised water, for diluting samples before measurement where 
required 

 Development phase 11.17.5.9.

 Commercialised 
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 Who provides the technology 11.17.5.10.

Different companies manufacture this technology: 

 Horiba manufactures the LaquaTwin range (http://www.horiba.com/laquatwin/en/ 
index.html), which are the most well-known selective ion-meters 

 HANNA instruments (ISEs for nitrates, potassium, calcium, chloride, sodium, etc.; 
http://hannainst.com/hi4113-nitrate-combination-ion-selective-electrode.html) 

 HACH (AN-ISE, combined sensor for ammonium and nitrates; 
http://www.hach.com/an-ise-sc-combination-sensor-for-ammonium-and-
nitrate/product-details?id=9296230750 

 METTLER TOLEDO (perfectiONTM, ISEs for nitrates, potassium, calcium, sodium and 
chlorides  (https://www.mt.com/us/en/home/perm-lp/product-
organizations/ana/perfectION.html)  

 NT Sensors manufactures the ion-meter Multi-ION 
(http://www.ntsensors.com/en/products/productslab.html) 

 CleanGrow produce the multi-channel Nutrient Analyzer 
(http://www.cleangrow.com/product/nutrient-analyzer) 

 Merck sells RQ Flex Reflectoquant device for colourmetric analysis 
(http://www.merckmillipore.com/ES/es /products/analytics-sample-prep/test-kits-
and-photometric-methods/instrumental-test-systems-for-quantitative-
analyses/reflectoquant-system/reflectometer-
accessories/iUeb.qB.m1UAAAE_EPR3.Lxi,nav) 

 Eijkelkamp sells the Nitracheck reflectometer for colourmetric analysis of nitrate 
(https://en.eijkelkamp.com/products/field-measurement-equipment/nitrachek-
reflectometer.html) 

 Patented or not 11.17.5.11.

The different devices are patented. 

11.17.6.  Which technologies are in competition with this one? 

Chemical laboratory analysis. 

11.17.7.  Is the technology transferable to other crops/climates/cropping systems? 

Yes. 

11.17.8.  Description of the regulatory bottlenecks 

There no regulatory bottlenecks. 

11.17.9.  Brief description of the socio-economic bottlenecks 

The cost of these devices may be high for their direct use by growers, taking into account 
that they are probably not going to intensively use them. It seems a technology more 
adequate for use by technical advisors who would make measurements on different farms. 
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11.17.10.  Techniques resulting from this technology 

Daily measurement of ion concentration in the recirculating solution has been used with 
good results for minimising water and nutrient discharge in semi-closed systems under 
experimental conditions. 

11.17.11.  References for more information 

[1] Cabrera, F. J., Bonachela, S., Fernández-Fernández, M. D., Granados, M. R., & López-
Hernández, J. C. (2016). Lysimetry methods for monitoring soil solution electrical 
conductivity and nutrient concentration in greenhouse tomato crops. Agricultural Water 
Management, 128, 171–179 
[2] Crespo, G. A., Macho, S., & Rius, F. X. (2008). Ion-selective electrodes using carbon 
nanotubes as ion-to-electron transducers. Analytical Chemistry, 80(4), 1316-1322 
[3] Hartz, T. K., Smith, R. F., Lestrange, M., & Schulbach, K. F. (1993). On-farm 
monitoring of soil and crop nitrogen status by nitrate-selective ion-meter. Communication in 
Soil Science and Plant Analysis, 24, 2607–2615 
[4] Hartz, T. K., Smith, R. F., Schulbach, K. F., & Lestrange, M. (1994). On-farm nitrogen 
tests improve fertilizers efficiency, protect groundwater. California Agriculture, July-August, 
29–32 
[5] Maggini, R., Carmassi, G., Incrocci, L., & Pardossi, A. (2010). Evaluation of quick test 
kits for the determination of nitrate, ammonium and phosphate in soil and in hydroponic 
nutrient solutions. Agrochimica Vol. LIV (N. 4), 1–10 
[6] Massa, D., Incrocci, L., Maggini, R., Carmassi, G., Campiotti, C. A., & Pardossi, A. 
(2010). Strategies to decrease water drainage and nitrate emission from soilless cultures of 
greenhouse tomato. Agricultural Water Management, 97, 971–980 
[7] Ott-Borrelli, K. A., Koenig, R. T., & Miles, C. A. (2009). A comparison of rapid 
potentiometric and colorimetric methods for measuring tissue nitrate concentrations in 
leafy green vegetables. HortTechnology, 19(2), 439–444 
[8] Parks, S. E., Irving, D. E., & Milhamc, P. J. (2012). A critical evaluation of on-farm 
rapid tests for measuring nitrate in leafy vegetables. Scientia Horticulturae, 134, 1–6 
[9] Thompson, R. B., Gallardo, M., Joya, M., Segovia, C., Martínez-Gaitán, C., & 
Granados, M. R. (2009). Evaluation of rapid analysis systems for on-farm nitrate analysis in 
vegetable cropping. Spanish Journal of Agricultural Research, 7(1), 200–211  
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11.18. Decision Support Systems (DSSs) for supporting nutrient management 

(Authors: Rodney Thompson23, Marisa Gallardo23, José Miguel de Paz14 

11.18.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.18.2.  Region 

All EU regions.  

11.18.3.  Crops in which it is used 

All crops. 

11.18.4.  Cropping type 

All cropping types. 

11.18.5.  Description of the technology 

  Purpose/aim of the technology  11.18.5.1.

DSSs for crop nutrient management are user-friendly software programs that provide 
recommendations for the amounts and timing of nutrient applications. They are intended 
for practical use by growers, consultants or technical advisors. These DSSs provide site and 
crop specific nutrient recommendations. 

The nutrient recommendations provided by DSSs consider the crop demand and the supply 
of nutrients from other sources (e.g. soil reserves). The objective is to match nutrient supply 
and demand to avoid excess nutrient application.  

 Working Principle of operation 11.18.5.2.

After processing the relevant data of the crop in question, the DSS provides an output which 
will be either the amount of nutrient to apply as fertiliser or a more complete plan with the 
amounts and timing of multiple fertiliser application (Figure 11-37 and Figure 11-38). Some 
DSS provide recommendations for mineral fertilisers, others for both mineral and organic 
fertilisers and others for only organic fertilisers. Traditionally, DSSs for nutrient management 
were operated on personal computers or laptops. Now, they are increasingly being 
operated on tablets and smart phones. There is a current tendency for web-based DSSs that 
can be consulted from any device with an internet connection and access to the web page 
where the program is located. 
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Figure 11-37. Example of SMART! FERTILIZER SOFTWARE: screenshot of the “Farm's Dashboard” 

(http://www.smart-fertilizer.com/) 

 
Figure 11-38. Example of SMART! FERTILIZER SOFTWARE: screenshot of the “Nutrient target values” 

(http://www.smart-fertilizer.com/) 

Generally, DSSs for crop nutrient management have four components:  

 An interface to enter data describing the crop and the cropping situation 

 A simulation model that calculates crop nutrient demand in response to the dates of 
the crop and the expected or actual climatic conditions (see TD on Models for 
nutrient uptake) 

 Mathematical routines that then consider the supply of available nutrients from the 
soil (which can include available nutrients in the soil profile, those made available 
from organic materials, crop residues etc.) and then calculate the additional amounts 
of nutrients that need to be supplied to meet the crop nutrient requirements 

 The output with the recommendations that can take various forms depending on the 
individual DSS. The output may be the total amount of nutrient required, the 
individual amounts of nutrient and timing of multiple applications, the amounts of 
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specific forms of fertiliser, or mineral organic fertilisers. Often, the output can be 
stored on the device used to operate the DSS, can be saved and transferred as 
commonly-used file type or can be printed 

Commonly, information can be stored in an internal database within a DSS and retrieved for 
subsequent use e.g. soil descriptions, soil analyses, descriptions of organic amendments. 
Crop plans can generally be saved and then modified for subsequent use. 

The use of computer technology to calculate crop nutrient requirements enables numerous 
and frequent calculations to be made, various inputs to be considered, the use of stored 
data records for field and of data bases and record keeping. Frequent calculation of fertiliser 
requirements is essential for fertigated crops with frequent nutrient application. The use of 
computer technology enables a large degree of calculation to be done that would otherwise 
be very difficult. 

A common key feature of many DSS used to calculate nutrient requirements is the use of a 
simulation model to calculate crop growth (dry matter production) for the dates and 
growing conditions of the crop. The time scale can vary; commonly for practical DSSs for 
horticultural crops, it is daily. From crop growth, nutrient uptake is often calculated, 
particularly for N. Commonly, nutrient dilution curves that relate the crop nutrient content 
to crop accumulated dry matter production are used. The crop nutrient uptake for a given 
day is obtained by multiplying the nutrient content by the accumulated dry matter 
production for that day. This is described more in the TD on Models for nutrient uptake. An 
alternative to the use of a simulation model of growth is to input expected yield and the DSS 
then estimates the amount and timing of nutrient uptake from an internal data base. 

Most available DSSs for nutrient management are used for N, so the rest of this discussion 
will relate to N. DSSs for N consider N from other sources such as soil mineral in the root 
zone and N mineralised from soil organic matter, crop residues and manure. There are 
differences between different DSSs in which other sources of N are considered and how this 
is done. The VegSyst-DSS (web page; see references below) calculates a daily N balance in 
which the sum of N provided by various soil sources is subtracted from the crop N uptake. 
The difference is used to calculate the mineral N fertiliser requirement. The N-Expert DSS 
(web page), used in Germany, for all vegetable crops, is based on the KNS method, in which 
the total N supply (from fertiliser and soil) must meet the sum of total crop N uptake and 
the buffer amount of soil mineral N considered necessary to ensure optimal growth and 
production. A common feature of DSSs for nutrient management is to incorporate soil 
analysis. An alternative approach for nutrients, such as P and K, is for the DSS to interpret 
soil analysis results in relation to the expected growth or production. 

 Operational conditions 11.18.5.3.

DSSs for crop nutrient management can be used with any crop or cropping; however, there 
is a requirement for calibration, or at least verification, for each crop and cropping situation.  
All such DSSs have data requirements in order to be able to operate. To make them user-
friendly to growers and technical advisors, the amount of input data required to use the DSS 
with a given crop should be small and the data should be readily available to growers and 
technical advisor. The DSSs are either operated directly on personal computing devices 
(computer, laptop, tablet, smart phone) or on an internet site using a personal computing 
device to access Internet. Where the DSS is operated directly on the personal computing 
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device, that device must have adequate technical capacity and a suitable operating system. 
Commonly, these DSSs are generally developed for specific crops and conditions. For use in 
other conditions, they should be adapted to the new conditions. 

 Cost data 11.18.5.4.

Most of the DSS for nutrient management are produced by public institutions to assist with 
nutrient management and these DSS generally freely available. The private company 
SMART! Fertilizer Management (http://www.smart-fertilizer.com/) provides a DSS for 
management of all nutrients for a wide range of crops from 539 €/year for a single farm of 
up to 50 ha. For larger farms, the cost increases. 

 Technological bottlenecks 11.18.5.5.

Assuming that the software is suitable and works well, possible technological bottlenecks 
are the availability of data and technical support for the user. Additionally, the device on 
which it is being used must have adequate technical capacity and a suitable operating 
system. An important consideration is that the software has been calibrated or verified for 
the crop and cropping situations being considered. Where this has not been done, the DSS 
can be used with some caution under for a crop which has been calibrated under similar 
conditions. Much care should be taken when using a DSS for a crop in conditions that are 
appreciably different to those for which it was calibrated. 

 Benefit for the grower  11.18.5.6.

Advantages 

 Reduced fertiliser use 

 Reduced environmental impacts resulting from excessive fertiliser applications 

 User-friendly interface 

 Quick overview of a lot of data 

Disadvantages 

 The common difficulties of learning new software 

 The time associated with its use 

 The time required to obtain data 

 Supporting systems needed 11.18.5.7.

Technical assistance during the first periods of use is needed. A server where host the DSS is 
also required. 

 Development phase 11.18.5.8.

 Research: Research has and is being conducted to develop decision support systems 
for nutrient management (generally N) 

 Experimental phase: As with research, applied experimental work to develop and 
test new DSS and to test developed DSSs is on-going 

 Field tests: Field testing is often conducted to adapt the technique to particular crops 
and cropping systems 

http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf
http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf
http://www.smart-fertilizer.com/


Transfer of INNOvative techniques for 

  sustainable WAter use in FERtigated crops 

 

This document includes a cover page with the FERTINNOWA disclaimer. Full terms and conditions for using this 
document can be found at http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-

terms-and-conditions.pdf                  11-112 

 Commercialised: There are some commercially-available DSS produced by private 
companies. The company SMART! Fertilizer Management provides a paid service 
with a comprehensive DSS for nutrient management 

 Who provides the technology 11.18.5.9.

Public institutions and some companies. 

 Patented or not 11.18.5.10.

Generally new software is registered. 

11.18.6.  Which technologies are in competition with this one? 

There are no technologies that are in direct competition. There are several that could be 
complementary such as analysis of nutrients in soil solution of the root zone, sap analysis, 
the use of proximal optical sensors such as canopy reflectance and chlorophyll meters. 
Technologies such as soil analysis should be used in combination with these models when 
they form part of a DSS to calculate crop nutrient requirements. 

11.18.7.  Is the technology transferable to other crops/climates/cropping systems? 

DSSs for nutrient recommendations can be developed for all crop types, climates and 
cropping regions. 

11.18.8.  Description of the regulatory bottlenecks 

There are no regulatory bottlenecks. 

11.18.9.  Brief description of the socio-economic bottlenecks 

The major socio-economic bottleneck is the lack of motivation of farmers to adopt 
technologies to optimise the use of nutrients and reduce environmental impact, particularly 
in countries where legislation has not been seriously implemented. 

Many growers are older and will be reluctant or not interested in learning a new software 
program. 

11.18.10.  Techniques resulting from this technology 

1) N-Expert: The N-Expert software assists growers and fertiliser advisers to calculate 
the N (and also P, K and Mg) fertiliser requirement of diverse vegetable crops in 
Germany.  As this is a DSS, it is more fully described in the TRD on DSSs. The N-Expert 
4 software and background information is freely available at: 
http://www.igzev.de/n-expert/?lang=en 

2) Azofert: The Azofert DSS is used in France to provide crop and site specific 
recommendations for N for horticultural crops. It is commonly used to provide 
recommendations to commercial growers. This DSS was produced by INRA, the 
National Institute for Agronomic Research (Laon-Reims-Mons Agronomy Unit) and 
LDAR, the French Departmental Analysis and Research Laboratory (Aisne Agronomic 
Station).  More information at:  
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http://www.npc.inra.fr/Le-centre-Les-recherches/Impacts-
environnementaux/Azofert-une-aide-pour-raisonner-la-fertilisation-des-cultures  
and in reference [6] 

3) VegSyst and VegSyst-DSS: The VegSyst simulation model is a relatively simple model 
developed in the University of Almeria, Spain to calculate daily values of crop N 
uptake as well as crop biomass production and crop evapotranspiration (ETc) for 
crops without water or N stress. The model has been calibrated and validated for the 
major vegetable crops grown in greenhouses in South-East Spain (e.g. tomato, sweet 
pepper, muskmelon, cucumber, zucchini, egg-plant, watermelon). The VegSyst 
model is a component of the VegSyst-DSS developed to calculate daily irrigation and 
N fertiliser requirements and nutrient solution N concentrations [N] for fertigated 
vegetable crops grown in greenhouses in South-East Spain. 
(http://www.ual.es/GruposInv/nitrogeno/VegSyst-DSS.shtml) 

4) CropManage: developed in the Central Coast region of California, the on-line DSS 
software CropManage (https://ucanr.edu/cropmanage/login/offline.cfm, click on 
“About CropManage”) is a DSS based on a model that estimates N fertiliser and 
irrigation requirements on a field-by-field basis. The N fertiliser algorithm generates 
recommendations based on the crop N uptake, current soil nitrate status and 
estimated soil N mineralization 

5) EU-Rotate_N: Is a comprehensive simulation model that can be used to simulate 
many processes (e.g. yield, growth, N uptake and losses) of numerous vegetable 
species. The lack of a user-friendly interface restricts its use to scientific applications.  
More information is available in reference [6] 

6) WELL_N DSS: The WELL_N DSS was developed as a practical DSS to determine N 
fertiliser recommendations in the United Kingdom. It has been used in commercial 
vegetable production by growers and advisors. WELL_N is based on routines of the 
previously developed research model N_ABLE. It considers average climate, soil 
mineral N, crop residues and N mineralisation from soil organic matter to calculate 
the minimum total amount of mineral N fertiliser required for maximum production 
of 25 different vegetable crops 

7) SMART! FERTILISER SOFTWARE produced by SMART! Fertilizer Management 
(http://www.smart-fertilizer.com/). This is a private company that has various 
software products to assist with fertiliser and fertigation management 

8) A number of other software systems developed to assist with nutrient management 
of horticultural crops are described in reference [6] 

11.18.11.  References for more information 

[1] Gallardo, M., Thompson, R. B., Giménez, C., Padilla, F. M., & Stöckle, C. O. (2014). 
Prototype decision support system based on the VegSyst simulation model to calculate crop 
N and water requirements for tomato under plastic cover. Irrigation Science, 32(3), 237-253 
[2] Gallardo, M., Fernández, M. D., Giménez, C., Padilla, F. M., & Thompson, R. B. (2016). 
Revised VegSyst model to calculate dry matter production, critical N uptake and ETc of 
several vegetable species grown in Mediterranean greenhouses. Agricultural Systems, 146, 
30-43 
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[3] VegSyst-DSS for water and N requirements in vegetables crops. Available at: 
http://www.ual.es/GruposInv/nitrogeno/VegSyst-DSS.shtm  
[4] Cahn, M., Smith, R., & Hartz, T. K. (2013). Improving irrigation and nitrogen 
management in California leafy greens production. In: D’Haene, K., Vandecasteele, B., De 
Vis, R., Crapé, S., Callens, D., Mechant, E., Hofman, G., De Neve, S. (Eds.), Proceedings of the 
NUTRIHORT, Nutrient Management Innovative Techniques and Nutrient Legislation in 
Intensive Horticulture for an Improved Water Quality Conference. Ghent, Belgium, 16-18 
September 2013. pp. 65-68 
[5] Rahn, C. R., Greenwood, D. J., & Draycott, A. (1996). Prediction of nitrogen fertilizer 
requirements with HRI WELL_N Computer model. In: Van Cleemput O., Hofman, G., 
Vermoesen, A. (Eds.), Progress in Nitrogen Cycling. Proc. of the 8th Nitrogen Workshop, 
Ghent, Belgium. pp. 255-258 
[6] Thompson, R. B., Tremblay, N., Fink, M., Gallardo, M., & Padilla, F. M. (2017). Tools 
and strategies for sustainable nitrogen fertilisation of vegetable crops. In: F. Tei, S. Nicola & 
P. Benincasa (Eds), Advances in research on fertilization management in vegetable crops (pp. 
11-63). Springer, Heidelberg, Germany 
[7] SIDDRA: Recommendation system developed by commercial company “Fertiberia” 
to fertilize different crops.  http://siddra.fertiberia.es/  
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11.19. Models for nutrient uptake 

(Authors: Marisa Gallardo23, Rodney Thompson23) 

11.19.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.19.2.  Region 

All EU regions. 

11.19.3.  Crops in which it is used 

All crops. 

11.19.4.  Cropping type 

All cropping types. 

11.19.5.  Description of the technology 

 Purpose/aim of the technology  11.19.5.1.

Models for nutrient uptake that have practical applications are often models of crop N 
uptake that are: 1) used to estimate crop fertiliser N requirements and/or 2) for scenario 
analysis to demonstrate the impact of N management on crop response and N losses to the 
environment. In some cases, other nutrients such as P, K and Mg are also considered. Given 
that irrigation is commonly used in horticultural crops and that fertigation is being 
increasingly adopted, a number of simulation models that deal with N management of 
vegetables also consider irrigation. 

 Working Principle of operation 11.19.5.2.

For the purposes of this document, nutrient uptake model refers to a series of mathematical 
calculations that estimate the absorption of a nutrient by a crop. There are varying levels of 
complexity depending on the application e.g. if is for research or practical farming use. The 
context here is models that have applications in farming.  

The complexity of models that calculate nutrient uptake varies depending on the 
application. Often simple growth models are used that initially simulate dry matter 
production from climatic parameters (e.g. temperature and solar radiation) using empirical 
functions that estimate the amount of radiation intercepted by the crop and then use values 
of radiation use efficiency to calculate the production of plant dry matter from the amount 
of radiation intercepted. These calculations are made for daily or smaller time intervals.  
Once dry matter production is simulated (e.g. on a daily basis), the N content of the crop is 
then simulated; this is often done by applying a N dilution curve that relates crop N content 
to accumulated dry matter production. 

One of the most commonly-used approaches to estimate N uptake is to simulate the critical 
N content which is the minimum content of N with which the crop obtains maximum 
growth; higher crop N contents are associated with luxury uptake. This calculation is done 
using the critical N dilution curve described by Greenwood et al. (1990) of: %N=a* DMP b 

http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf
http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-terms-and-conditions.pdf


Transfer of INNOvative techniques for 

  sustainable WAter use in FERtigated crops 

 

This document includes a cover page with the FERTINNOWA disclaimer. Full terms and conditions for using this 
document can be found at http://www.fertinnowa.com/wp-content/uploads/2017/11/FERTINNOWA-website-

terms-and-conditions.pdf                  11-116 

where %N is the critical N content which is the minimum amount of N that maximise crop 
growth, “a” and “b” are parameters that describe the curve and dry matter production 
(DMP) is the dry matter production of the crop. Figure 11-39 shows an example of a critical 
N dilution curve for greenhouse grown tomato. The figure also presents critical N dilution 
curves of Tei et al. (2002) for processing tomato and the general equation of Greenwood et 
al. (1990) for many temperate herbaceous crops. 

 
Figure 11-39. Critical N dilution curve for greenhouse tomato 

The critical crop N uptake is calculated as the product of the dry matter production and the 
estimated crop critical N content. The critical N uptake is the minimum amount of N to be 
absorbed by the crop to maintain optimal growth; commonly, this is estimated daily. 

Once the critical N amount by the crop is calculated, some models perform daily N balances 
considering N supplied by the various soil sources (soil mineral N at planting, N mineralised 
from organic amendments and soil organic matter) and simulated N losses (N leached, other 
N losses such as denitrification, volatilisation etc.). In some models, daily N fertiliser 
requirement is calculated as the difference between crop N uptake demand and the N 
supply from the various soil sources, using efficiency coefficients to avoid the complex 
modelling of the various N loss processes. Often the calculation of ETc is also included, 
particularly when N uptake models are part of DSS. With estimation of ETc and crop N 
uptake, the N uptake concentration can be calculated which can assist with N management 
of soilless crops. Some models have a soil module and simulate the root growth and the 
nutrient uptake by the roots; in these cases, information about the physical, chemical and 
hydraulic properties of the soil are required. These are generally complex models developed 
for scientific rather than practical farming applications. 

Simulation models that estimate crop fertiliser N requirements may be incorporated into 
user-friendly DSSs with the aim of providing practical tools for growers and technical 
advisors to develop N fertiliser plans. DSSs have a user-friendly interface and incorporate 
models and other mathematical functions to provide practical systems to assist growers 
with decision making. DSSs for N management calculate crop N demand, usually for short 
time intervals, and importantly consider other N sources, and calculate N fertiliser 
requirements as supplemental N required optimising crop N status. 
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The use of models for scenario analysis is very useful for demonstration purposes for 
example with growers, advisors, administrators and policy makers. Generally, relatively 
simple models, with few and readily available inputs are used for practical DSSs while more 
complex models with more inputs tend to be used for scenarios analysis. 

 Operational conditions 11.19.5.3.

Models of nutrient uptake are generally used for single crops in individual fields or 
greenhouses. Some can be used at regional level when used in combination with a 
Geographic Information System (GIS). 

Generally, the models are included in a DSS, which provides a user-friendly interface so that 
nutrient uptake models can be used by growers. The use of nutrient uptake models or of 
DSSs that incorporate nutrient uptake models requires use of a personal computer or 
laptop. Commonly, internet access is required to download climatic data. In some cases, 
such as in greenhouses or where locally-obtained climatic data are not available, the models 
can be run using climatic data measured within the crop or in very similar local conditions. 
In this case, a simple low cost meteorological station combined with a data logger is 
required. Users require some aptitude in the use of computer technology. Where nutrient 
uptake models are part of more complex models or DSSs to calculate used to calculate crop 
fertiliser requirements, a soil analysis prior to planting (e.g. of soil mineral N) is required to 
provide input data. 

For practical applications of these models, please see the TD on Decision Support Systems 
for soil-grown crops. 

 Cost data 11.19.5.4.

Generally, the software to operate the model is free and provided by public research or 
extension centres. Some commercial companies produce DSS software or Apps that have to 
be paid for. The firm SMART! Fertilizer Management offers various packages of their DSS 
system and services for determining multiple nutrient requirements; their prices start at 539 
€/year. 

 Technological bottlenecks 11.19.5.5.

The most important technical bottleneck is that the model be available within a user-
friendly DSS. This is because generally models are prepared in spreadsheets or code, and are 
not intended for direct use by growers. Another bottleneck is the availability a suitable 
model for a given cropping situation. Another fundamental limitation is that the model 
should be calibrated or verified for the cropping situation; if not the characteristics of the 
crop and cropping environment should be similar to those for which the model has been 
previously calibrated or validated. Given the availability of suitable calibrated models in a 
DSS, the availability of adequate data, particularly climate data can be a limitation. There 
may also be a need for data describing soil characteristics, and for soil analyses. The 
availability of effective technical support is a common technical bottleneck. Growers are 
likely to require technical support to implement and continue to use DSSs based on nutrient 
uptake models. It is likely that growers will require assistance when learning to use the 
software. 
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 Benefit for the grower  11.19.5.6.

Advantages 

Can enhance DSS 

 Allows calculating crop fertiliser requirements 

 Contributes to improved crop nutrient management that will reduce fertiliser use 
and costs 

 Reduces nutrient loss to the environment 

Disadvantages 

 Data collection is time consuming 

 Climatic and soil data are not always available 

 Difficulties with inputting data into the model/DSS 

 Initially difficult to learn the system 

 Supporting systems needed 11.19.5.7.

For nutrient uptake models to be used by farmers, it is necessary that 1) models are 
incorporated into simple and user-friendly DSS and 2) that technical support is available to 
assist growers to learn to use the DSS-based on these models and to incorporate them into 
their nutrient management programs. 

 Development phase 11.19.5.8.

 Research: Research has and is being conducted to develop models and DSS for 
nutrient management (generally N). Generally, the models are specific to given crops 
and systems 

 Experimental phase: As with research, more applied experimental work is on-going. 

 Field tests: Field testing is often conducted to adapt the technique to particular crops 
and cropping systems 

 Commercialised: Most of the models are produced by publicly funded research 
institutions and the models are available without cost. Most DSSs that incorporate 
nutrient uptake models have also been produced by publicly funded research 
institutions and are freely available. Some software programs and Apps have been 
produced by private companies and have a cost 

 Who provides the technology 11.19.5.9.

Generally public institutions such as research/extension centres and universities develop 
these models. Sometimes these institutions incorporate them into a DSS. Some software 
programs and Apps have been produced by private companies e.g. SMART! Fertilizer 
Management (http://www.smart-fertilizer.com/). 

 Patented or not 11.19.5.10.

Software produced using the models are registered according to local/national regulations. 
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11.19.6.  Which technologies are in competition with this one? 

There are no technologies that are in direct competition. There are several that could be 
complementary such as analysis of nutrients in soil solution of the root zone, sap analysis, 
the use of proximal optical sensors such as canopy reflectance and chlorophyll meters. 
Technologies such as soil analysis should be used in combination with these models when 
they form part of a DSS to calculate crop nutrient requirements. 

11.19.7.  Is the technology transferable to other crops/climates/cropping systems? 

Models of nutrient uptake can be developed for all crop types, climates and cropping 
region. 

11.19.8.  Description of the regulatory bottlenecks 

There are no regulatory bottlenecks. 

11.19.9.  Brief description of the socio-economic bottlenecks 

The major socio-economic bottleneck is the lack of motivation of farmers to adopt 
technologies to optimise the use of nutrients and reduce environmental impact, particularly 
in countries where legislation has not been seriously implemented. 

11.19.10.  Techniques resulting from this technology 

1) EU-Rotate_N model: This model was developed from an EU funded research project 
to optimise N management for numerous vegetable crops in Europe, and can be 
used for different species grown in rotation. EU-Rotate_N has been used to simulate 
crop N uptake as well as growth, production, ETc and soil N and water dynamics in 
numerous and diverse vegetable production systems. The EU-Rotate_N model has 
been demonstrated to be an effective scenario analysis tool of N and irrigation 
management for different vegetable crops grown in diverse environments 
(http://www2.warwick.ac.uk/fac/sci/lifesci/wcc/research/nutrition/eurotaten/) 

2) N-Expert: The N-Expert software assists growers and fertiliser advisers to calculate 
the N (and also P, K and Mg) fertiliser requirement of diverse vegetable crops in 
Germany. As this is a DSS, it is more fully described in the TD on DSSs. The N-Expert 4 
software and background information is freely available at http://www.igzev.de/n-
expert/?lang=en 

3) VegSyst: The VegSyst simulation model is a relatively simple model developed in the 
University of Almeria, Spain to calculate daily values of crop N uptake as well as crop 
biomass production and ETc for crops without water or N stress. The model has been 
calibrated and validated for the major vegetable crops grown in greenhouses in 
South-East Spain (e.g. tomato, sweet pepper, muskmelon, cucumber, zucchini, egg-
plant, watermelon). The VegSyst model is a component of the VegSyst-DSS 
developed to calculate daily irrigation and N fertiliser requirements and nutrient 
solution N concentrations [N] for fertigated vegetable crops grown in greenhouses in 
South-East Spain (Figure 11-40 - Figure 11-43). (http://www.ual.es/ 
GruposInv/nitrogeno/VegSyst-DSS.shtml) 
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Figure 11-40. Start screen of VegSyst-DSS 

 

 
Figure 11-41. Example of input screen of VegSyst-DSS 
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Figure 11-42. Example of output of VegSyst-DSS 

 

 
Figure 11-43. Detailed data output from VegSyst-DSS 

4) CropManage: developed in the Central Coast region of California, the on-line DSS 
software CropManage (https://ucanr.edu/cropmanage/login/offline.cfm, click on 
“About CropManage”) is a DSS based on a model that estimates N fertiliser and 
irrigation requirements on a field-by-field basis. The N fertiliser algorithm generates 
recommendations based on the crop N uptake, current soil NO3 status, and 
estimated soil N mineralisation 

5) WELL_N DSS: The WELL_N DSS was developed as a practical DSS to determine N 
fertiliser recommendations in the United Kingdom. It has been used in commercial 
vegetable production by growers and advisors. WELL_N is based on routines of the 
previously developed research model N_ABLE. It considers average climate, soil 
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mineral N, crop residues and N mineralisation from soil organic matter to calculate 
the minimum total amount of mineral N fertiliser required for maximum production 
of 25 different vegetable crops 

6) SMART! FERTILISER SOFTWARE produced by SMART! Fertilizer Management 
(http://www.smart-fertilizer.com/). This is a private company that has various 
software products to assist with fertiliser and fertigation management. There is a 
more detailed description in the TRD on DSSs 
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11.20. Models for nitrate leaching 

(Authors: Els Berckmoes21, José Miguel de Paz14, Rodney Thompson23) 

11.20.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.20.2.  Region 

All EU regions. 

11.20.3. Crops in which it is used 

All horticultural crops. 

11.20.4.  Cropping type 

All cropping types. 

11.20.5. Description of the technology 

 Purpose/aim of the technology  11.20.5.1.

The purpose of these models is to simulate and/or predict the leaching of nitrogen to 
groundwater. In many cases, these models quantify the relation between the amount of 
fertiliser applied, soil management, soil type etc. and the amount of nutrients leached. This 
makes it possible to select best practices and to formulate advice and strategies for growers 
and advisors; it also provides valuable information for governments and authorities. 

 Working Principle of operation 11.20.5.2.

Nitrate leaching models are software applications based on mathematical algorithms to 
represent nitrate movement throughout the soil to deeper layers. These algorithms are 
based on knowledge and research experience of water flow, solute transport and nitrogen 
dynamics in soil. There are various approaches to develop model algorithms following 
different criteria: from empirical or logistic to more physically based algorithms. The degree 
of model complexity and the data requirement are important issues when selecting a model 
to estimate N leaching. 

 Operational conditions 11.20.5.3.

There are a lot of models with variable complexity, data and parameter requirements. The 
objectives and the operational conditions should be considered to properly select the 
model. Complex models with high data requirements are more focused on research 
activities at smaller scales, but simpler models with less data requirements are more 
suitable for screening analysis (Figure 11-44). This latter type of model is more convenient 
for regional estimation of nitrate leaching where the lack of data is generally the main 
bottleneck for this type of approach. On other hand, if the main interest is the N fertiliser 
recommendation (Figure 11-44) for farmers to minimise nitrate leaching losses, models with 
intermediate levels of detail and with moderate data requirements, while providing 
sufficient accuracy may be most suitable (Figure 11-45). 
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Figure 11-44. Nitrogen cycle showing the impacts of different nitrogen fertilisers (Department of primary 

industries and regional development, Western Australia) 

 

 
Figure 11-45. Selecting the best model for a field project (Shaffer and Delgado, 2001) 

 Cost data 11.20.5.4.

Usually models are public and freely distributed. Some time is needed to install the model 
and usually a training period is required to learn how to use it. 

Sometime models should be updated to newer versions, so maintenance is needed. 
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 Technological bottlenecks 11.20.5.5.

Modelling nitrate leaching is highly challenging as a result of the uncertainties associated 
with modelling drainage of water, the N concentrations at several soil depths, preferential 
water flow in soil etc. To reduce these uncertainties, the models should be calibrated and 
validated before being used. The calibration and validation processes are difficult, 
cumbersome and require considerable work to obtain sufficient data to be able to compare 
model output with field measurements. This is one of the main limitations to use of the 
models to estimate nitrate leaching. Prior to this, accurate measurement of nitrate leaching 
under field conditions is required. These measurements sometimes have similar 
uncertainties because water drainage and preferential flows can be difficult to accurately 
measure and additionally the soil N mineral concentration is very variable in space and time. 

Currently, numerous models have been developed to predict nutrient leaching from 
agricultural and horticultural activities. The range of tools for assessing the contributions 
from these activities to non-point pollution to groundwater range from very simple to very 
complex models. The simple models, in general, do not take into account the annual 
variations in weather and are seldom able to incorporate effects of management in a 
realistic manner. These simple models often do not describe the soil and transport 
processes and may overlook certain factors. The advanced models, generally, require 
numerous data which requires considerable efforts to collect these data and specific skills 
are required to make the models run. 

Upscaling of models: Generally, models work well on a small scale (e.g. field-level, 
greenhouse level). Where models are applied on larger scales, numerous difficulties occur. 
For areas with small spatial variations of landscape factors as soil, climate, crop 
management etc., regional application of models can simulate N leaching with better 
accuracy than for complex areas higher spatially variable which require obtaining 
information enough detailed and distributed geographically, which in many cases is difficult 
to obtain. 

 Benefit for the grower 11.20.5.6.

Advantages 

 Takes take into account the interactions between various elements of the immediate 
environment  

 Considers management strategies 

 Includes a characterisation of the agricultural system 

 Helps achieving environmental goals set out by the policy maker (at the European, 
national and regional level) 

 Estimates nitrate leaching losses at field scale 

 Reduces fertiliser losses 

Disadvantages 

 Uncertainties in simulation 

 Necessity for calibration and validation 
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 Supporting systems needed 11.20.5.7.

Simulation models of nitrate leaching are usually included in more complex simulation 
models of various processes such as EU-ROTATE_N, NLEAP, STICS, LEACHN, N-index, 
WELL_N, NITIRSOIL etc. Depending on the capacity of the model, they can be integrated into 
GIS to evaluate nitrate leaching at regional scale, or included in a Decision Support System-
DSS to recommend N management. 

 Development phase 11.20.5.8.

 Research: Research has been and is being conducted to develop models to simulate 
N leaching more accurately with lower data requirements and which are adapted to 
more diverse conditions: such as vegetable and fruits crops, flood and localised 
irrigation systems, new slow release N fertilisers etc. 

 Experimental phase: As with research, more applied experimental work is on-going. 

 Field tests: Field testing is often conducted to adapt these models to particular 
conditions and cropping systems 

 Commercialised: Most of the models are produced by publicly funded research 
institutions and the models are available without cost. Most DSS that incorporate 
nutrient leaching models have also been produced by publicly funded research 
institutions and are freely available. Some software programs and Apps have been 
produced by private companies and have a cost 

 Who provides the technology 11.20.5.9.

Several universities, research/extension centres, public institutions provide nitrate leaching 
models that are usually integrated into more complex simulation models that deal with 
various nutrient pathways agricultural systems. Sometimes these institutions incorporate 
them into a DSS for fertiliser recommendation or link them to a GIS N leaching estimation at 
regional scale. Several model references are cited in the section 10. 

 Patented or not 11.20.5.10.

It is not usual for a nitrate leaching model to be patented, since numerous models are 
developed by public research institutes and/or universities. 

11.20.6.  Which technologies are in competition with this one? 

Soil or soil solution sampling and analysis in laboratory are the technology that could be 
considered to be in competition with the nitrate leaching models. However, in reality they 
are complementary approaches. 

11.20.7.  Is the technology transferable to other crops/climates/cropping systems? 

Simulation models are tools developed to estimate nitrate leaching in various conditions 
and are intended for use in conditions different to those in which they were developed. 
With suitable calibration and validation, these models can be used in other crops, climate or 
cropping system. 
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11.20.8.  Description of the regulatory bottlenecks 

In many European member states, policy measures have been implemented to lower the N 
and P emissions from agriculture and horticulture, including the emissions into groundwater 
and surface waters. Until now, most of the measures are based on rough risk assessments 
with regard to nitrate leaching. It is not always clear what the short and long term effects of 
regulative measures will be. 

11.20.9.  Brief description of the socio-economic bottlenecks 

N leaching models are generally used by researchers and university staff. There is some use 
by public administrators and very little use by farmers. There is a tendency to increasingly 
develop simple, user-friendly models and also to develop web-based models, which can be 
accessed by smart phones, which will increase ease of use. Generally, specific skills are 
required to use these tools; for farmers, advisers, public staff etc. this limits the adoption of 
this technology. 

11.20.10.  Techniques resulting from this technology 

Some used models are detailed as follows: 

ANIMO model: 

 Developed by Alterra Wageningen UR (1985); Holland 

 Open source: http://www.wur.nl/en/Expertise-Services/Research-
Institutes/Environmental-Research/Facilities-Products/Software-and-
models/ANIMO.htm 

 The ANIMO model aims to quantify the relation between fertilisation level, soil 
management and the leaching of nutrients to groundwater and surface water 
systems for a wide range of soil types and different hydrological conditions. The 
model comprises a large number of simplified process formulations. 

 Model works on field scale 

Nitrate Loss and Environmental Assessment Package (NLEAP): 

 Developed by Agricultural Research Service, US Department of Agriculture, United 
States. https://www.ars.usda.gov/research/software/ 

 It a field-scale computer model developed to provide a rapid and efficient method of 
determining potential nitrate leaching associated with agricultural practices. The 
processes modelled include movement of water and nitrate, crop uptake, 
denitrification, ammonia volatilisation, mineralisation of soil organic matter, 
nitrification and mineralisation-immobilisation associated with crop residue, manure 
and other organic wastes. It uses basic information concerning on-farm management 
practices, soils and climate to project N budgets and nitrate leaching indices. NLEAP 
calculates potential nitrate leaching below the root zone and to groundwater 
supplies. Additionally, the NLEAP version 5.0 includes a GIS linkage 

EU-ROTATE_N: 

 Developed by a European consortium of a project entitled “Development of a model 
based decision support system to optimise nitrogen use in horticultural crop rotation 
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across Europe”. QLRT-2001-01100. 
http://www2.warwick.ac.uk/fac/sci/lifesci/wcc/research/nutrition/eurotaten  

 The EU-ROTATE_N model consists of a number of subroutines to simulate the 
growth both below and above ground, nitrogen mineralisation from the soil and crop 
residues, subsequent N uptake and balance between supply and demand to regulate 
growth. These will all be regulated by weather factors such as rainfall, temperature 
and radiation. Routines simulate the flow of water and nitrogen into the plant, 
subsequent evapotranspiration or leaching 

Groundwater Loading Effects of Agricultural Management Systems: 

 Southeast watershed research lab, US Department of Agriculture, Tifton, United 
States. 
http://www.tifton.uga.edu/sewrl/Gleams/gleams_y2k_update.htm#General%20Ove
rview%20of%20GLEAMS  

 It was developed to simulate edge-of-field and bottom-of-root-zone loadings of 
water, sediment, pesticides and plant nutrients from the complex climate-soil-
management interactions. It has evolved through several versions from its inception 
in 1984 to the present 3.0 version and has been evaluated in numerous climatic and 
soil regions of the world. Special studies have resulted in model modifications and 
oftentimes the improvements in comprehension resulted in new version release 

Denitrification-Decomposition model: 

 Developed by Institute for the Study of Earth, Oceans and Space, University of New 
Hampshire. Durham, NH 03824, United States. http://www.dndc.sr.unh.edu/  

 The model is a process-oriented computer simulation model of carbon and nitrogen 
biogeochemistry in agroecosystems 

DAISY: 

 Department of Plant and Environmental Science, University of Copenhagen 
(Denmark). http://daisy.ku.dk/ 

 Daisy is a well-tested dynamic model for simulation of water and nitrogen dynamics 
and crop growth in agro-ecosystems. The model aims at simulating water balance, 
nitrogen balance and losses, development in soil organic matter and crop growth 
and production in crop rotations under alternate management strategies 

Simulateur mulTIdisciplinaire pour les Cultures Standard (STICS): 

 INRA: National Institute for Agricultural Research in France. 
http://www6.paca.inra.fr/stics_eng/ 

 It is a crop model with a daily time-step, which has been developed since 1996 at 
INRA. Its main aim is to simulate the effects of the physical medium and crop 
management schedule variations on crop production and environment at the field 
scale. From the characterisation of climate, soil, species and crop management, it 
computes output variables relating to yield in terms of quantity and quality, 
environment in terms of drainage and nitrate leaching and to soil characteristics 
evolution under cropping system 
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CROPSYST: 

 Developed by the Washington state university (United States). 
http://sites.bsyse.wsu.edu/cs_suite/cropsyst/index.html 

 CropSyst is a user-friendly, conceptually simple but sound multi-year multi-crop daily 
time step simulation model. The model has been developed to serve as an analytic 
tool to study the effect of cropping systems management on productivity and the 
environment. The model simulates the soil water budget, soil-plant nitrogen budget, 
crop canopy and root growth, dry matter production, yield, residue production and 
decomposition and erosion. Management options include: cultivar selection, crop 
rotation (including fallow years), irrigation, nitrogen fertilisation, tillage operations 
(over 80 options) and residue management 

WELL_N: 

 Warwick Crop Centre, The University of Warwick (United Kingdom). 
http://www2.warwick.ac.uk/fac/sci/lifesci/wcc/resources/morph/onlinehelp/models
/welln/ 

 This model provides estimates of the fresh and dry crop yield, Nitrogen content of 
crop and its residues. It also provides estimates of leaching since the start of the run 
and soil mineral N states at harvest, for different N fertiliser rates. This additional 
information enables alternate strategies of fertiliser application to be formulated 

NDICEA: Nitrogen planner: 

 Developed by Louis Bolk Instituut, Netherlands. 
http://www.ndicea.nl/indexen.php?i=enstart  

 The program NDICEA nitrogen planner presents an integrated assessment on the 
question of nitrogen availability for your crops. This is more than a simple nitrogen 
budgeting for each crop: crop demand on one hand and expected availability out of 
artificial fertilisers and manures, crop residues, green manures and soil on the other. 

o The release of nitrogen as a result of the mineralisation of the different types 
of organic matter in the soil is calculated, depending on soil type, 
temperature and rainfall 

o Losses due to leaching and denitrification are calculated 
o During the growing season, the resulting net available nitrogen is compared 

with the crop demand in time steps of one week 
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simulation models in predicting yield response to nitrogen fertilization. The Journal of 
Agricultural Science, 154(7), 1218-1240 
[12] Shaffer, M. J., Ma L., & Hansen, S. (2001). Modelling carbon and nitrogen dynamics 
for soil management. Lewis publishers, Boca Raton, London, New York, Washington DC. 
[13] Shaffer, M. J., Delgado, J. A., Gross, C. M., Follet, R. F., & Gagliardi, P. (2010). 
Simulation processes for the nitrogen loss and environmental assessment package. In: 
Advances in Nitrogen management for water quality. Delgado, J.A., Follett, R.F. (Eds). 
Chapter 13, 361-372 
[14] Stöckle, C. O., Donatelli, M., & Nelson, R. (2003). CropSyst, a cropping systems 
simulation model. European Journal of Agronomy, 18(3-4), 289- 307  
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11.21. Use of slow and controlled release fertilisers 

(Authors: Federico Tinivella7, Rodney Thompson23) 

11.21.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.21.2.  Region 

All EU regions. 

11.21.3. Crops in which it is used 

All vegetable, fruit and ornamental crops.  

11.21.4. Cropping type 

 Soil bound 

 Protected 

 Open air 

11.21.5.  Description of the technology 

 Purpose/aim of the technology  11.21.5.1.

These fertilisers allow a constant release of nutrient within a certain period of time (months) 
according to certain environmental conditions of the growing medium and/or to 
microbiological activity in the growing medium. By having a slower release of available 
nutrients over time, it is generally expected that one application of these fertilisers will be 
sufficient for an entire or an appreciable part of a growing season. Additionally, it is 
intended that the recovery of nutrients by crops will be higher and that nutrient losses to 
the environment will be smaller.  

 Working Principle of operation 11.21.5.2.

The terms “slow release fertilisers” and “controlled release fertilisers” have been used 
interchangeably and also separately. Slow release fertilisers have been defined as those 
from which nutrient release is slower than from the commonly-used mineral fertilisers and 
where the rate, pattern and duration of release are not well controlled. Controlled release 
fertilisers have been defined as those where the factors dominating the rate, pattern and 
duration of release are well-known and controllable during the preparation of the controlled 
release fertilisers. Here these fertilisers will be considered collectively as “slow and 
controlled release fertilisers” (SCRF). 

Controlled release fertilisers 

They are granular fertilisers that are coated with a membrane formed by a semi-
impermeable and biodegradable resin. The membrane allows the release of nutrients 
controlled by temperature. The release process is activated when water, having penetrated 
the granules, melts the salts that are pushed out of the granule thanks to the osmotic 
pressure (Figure 11-46). The thickness of the membrane determines the release period that 
varies between 3-4 to 16-18 months during which the fertiliser is made regularly available. 
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The release period is calculated making reference to a temperature of 21 °C; the increase or 
decrease of temperature causes a reduction or an extension of release period respectively 
(Figure 11-47). 

Recently granules coated with double membranes have been introduced on the market; the 
external membrane has different chemical properties compared to the inner one and it 
allows a further delay in nutrients release. 

 
Figure 11-46. Mechanism of action of main controlled release fertilisers (www.cymax.com) 

 

 
Figure 11-47. Release curve of a controlled release fertiliser (www.haifa-group.com) 

Slow release fertilisers 

They are basically fertilisers in granular shape that can slowly release nitrogen into the 
growing medium (Figure 11-48). They are obtained through a condensation reaction 
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between urea and aldehydes of different complexity. Main typologies of slow release 
fertilisers are: 

 Urea-formaldehyde: N release is controlled by microbiological activity (Figure 11-48), 
it is higher at low pH and it starts when the temperature is 5 °C gradually increasing 
till 32 °C. The fertilisers suitable for application in growing media are the ones 
characterised by small granules (< 2 mm) in order to assure an even distribution in 
the substrate and an average release period of 2-3 months 

 Isobutylidene diurea: the release mechanism is more chemical than microbiological. 
First, isobutylidene diurea is solubilised then hydrolysed with urea formation and 
finally urea is broken down. The highest speed of hydrolysis is observed at low pH (5-
6) and with granules having small dimensions 

 Cyclo diurea: N release is related to a microbiological degradation and it is influenced 
by temperature, humidity and pH. With pH equal or lower than 6 and with a 
temperature lower than 10 °C N released is basically blocked 
 

 
Figure 11-48. Mechanism of action of slow release fertilisers (https://www.pioneer.com/) 

Slow and controlled release fertilisers are normally used for the cultivation of crops that are 
present for prolonged periods such as turfs, golf courses, fruit trees.  

With regards to potted plants, slow and controlled release fertilisers are normally provided 
already mixed with the growing medium by the producers/suppliers of substrates according 
to the doses requested by customers. 

Mixing dose: 

 Controlled release fertilisers: on the average 1-3 kg/m3 of substrate (3-4 months 
duration) and 3-5 kg/m3 of substrate (12-14 months duration) 

 Slow release fertiliser: 1-3 kg/m3 of substrate 

Such fertilisers are normally supplied in bags ranging from 5-25 kg. 
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 Cost data 11.21.5.3.

 Controlled release fertiliser: around 2,5 €/kg 

 Slow release fertiliser: around 1 €/kg 

 Technological bottlenecks 11.21.5.4.

The release of the fertiliser can be strongly influenced by extreme environmental conditions 
with specific regards to temperature, in case fertiliser (before mixing) or substrate bags are 
not properly stored. 

It is crucial to know the different tolerance of crop species to the salts present in the 
fertiliser in order to avoid phytotoxic effects. 

 Benefit for the grower  11.21.5.5.

Advantages 

 Better control of fertilisation throughout the entire duration of the cultivation 

 Possibility to concentrate the release of nutrients in a certain phase of crop growth 

 Less fertiliser applications 

 Reduced N-leaching 

 Available as ready to use substrates 

Disadvantages 

 High costs 

 Time demanding in terms of preparation of growing media 

 Supporting systems needed 11.21.5.6.

Only in the case of growing media adopted for the cultivation of potted plants and 
equipment that can ease the mixing of fertiliser inside the growing medium can be of help. 

 Development phase 11.21.5.7.

Commercialised. 

 Who provides the technology 11.21.5.8.

Many companies are producing and/or commercialising controlled or slow release 
fertilisers, e.g. ICL (https://icl-sf.com/it-it/), Eurochem Agro (www.eurochemagro.com), 
Haifa (www.haifa-group.com), Bottos (http://www.bottos1848.com/) specialised in turf 
products. 

 Patented or not 11.21.5.9.

Coating technologies applied in controlled and slow release fertilisers are normally 
patented. 

11.21.6.  Which technologies are in competition with this one? 

The use of ammonium based N mineral fertilisers amended with nitrification inhibitors can 
be considered as being in competition with SCRF fertiliser for a prolonged N supply. 
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11.21.7.  Is the technology transferable to other crops/climates/cropping systems? 

As already mentioned above, slow and controlled release fertilisers are well suited to 
situations where crops are present for prolonged periods (e.g. turf, golf courses, fruit trees), 
where their use confers an economic advantage by reducing fertiliser application. In the 
case of vegetable production, where crops are commonly of short duration, vegetable 
growers may not perceive sufficient economic advantage, through reduced N applications, 
to justify the extra cost of SCRF. An additional and important issue with vegetable cropping 
is to ensure the N supply during periods of peak N demand; SCRF may not always be able to 
provide sufficient amounts of readily available N.  

In general, research with SCRF in vegetable crops has shown similar but not higher 
production than with conventional N management and until now the economics of reduced 
N fertiliser application have not convinced many vegetable growers. It is possible that for 
environmental reasons that legislation may encourage adoption of SCRF. If there is to be 
appreciably increased use of SCRF in vegetable production for environmental reasons, it 
should be based on sound scientific research demonstrating reduced N losses under diverse 
realistic cropping conditions. It is likely that the potential use of SCRF in vegetable 
production may be influenced by the characteristics of cropping systems. Hartz and Smith 
(2009) commented that the use of SCRF for environmental reasons may be most suitable 
where appreciable in-season NO3 leaching loss is likely and where this was beyond the 
control of the grower. These authors considered that this was not the case in the 
Mediterranean climate of California, which would also apply to vegetable crop grown in 
other regions with Mediterranean climates and also to greenhouse-grown crops. Examples 
of more suitable regions for the use of SCRF are areas with heavy rainfall events during 
cropping and on sandy soils. 

11.21.8.  Description of the regulatory bottlenecks 

Regulation (EC) No 2003/2003 relating to fertilisers brings into one piece of legislation all 
the European Union rules that apply to fertilisers — chemical compounds that provide 
nutrients to plants.  It ensures that these highly technical requirements are implemented 
uniformly throughout the EU.  

11.21.9.  Brief description of the socio-economic bottlenecks 

Slow and controlled release fertilisers are more expensive than conventional mineral 
fertilisers.   

11.21.10.  Techniques resulting from this technology 

Slow and controlled release fertilisers are generally used in specific circumstances where 
there is a financial advantage from reducing the number of fertiliser applications. 
Additionally, they may be useful in situations where there is a high risk of nutrient loss, e.g. 
sandy soils.  These fertilisers are popular in nurseries, the production of ornamental, and in 
domestic gardens. 

11.21.11.  References for more information 

[1] Hartz, T. K., & Smith, R. F. (2009). Controlled-release fertilizer for vegetable 
production: The California experience. HortTechnology, 19(1), 20-22 
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[2] Morgan, K. T., Cushman, K. E., & Sato, S. (2009). Release mechanisms for slow-and 
controlled-release fertilizers and strategies for their use in vegetable production. 
HortTechnology, 19(1), 10-12 
[3] Shaviv, A. (2001). Advances in controlled-release fertilizers. Advances in Agronomy, 
71, 1-9 
[4] Thompson, R.B., Tremblay, N., Fink, M., Gallardo, M., & Padilla, F.M. (2017). Tools 
and strategies for sustainable nitrogen fertilisation of vegetable crops. In: F. Tei, S. Nicola & 
P. Benincasa (Eds), Advances in research on fertilization management in vegetable crops. pp. 
11-63. Springer, Heidelberg, Germany 
[5] Ozores-Hampton, M., Dinkins, D., Wang, Q., Liu, G., Li, Y., & Zotarelli, L. (2017). 
Controlled-Release and Slow-Release Fertilizers as Nutrient Management Tools.  
https://edis.ifas.ufl.edu/hs1255 
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11.22. Organic fertiliser 

(Authors: Georgina Key1, Dolors Roca8) 

11.22.1.  Used for 

Minimising the impact to the environment by nutrient discharge. 

11.22.2.  Region 

All EU regions. 

11.22.3.  Crops in which it is used 

All vegetable, fruit and ornamental crops. 

11.22.4.  Cropping type 

All cropping types. 

11.22.5.  Description of the technology 

 Purpose/aim of the technology  11.22.5.1.

In the context of supplying nutrients to reduce environmental impact and to enhance 
sustainability, organic fertilisers provide nutrients with an even nutrient supply throughout 
the crop and also can enhance soil quality with respect to both soil physical and chemical 
characteristics. 

 Working Principle of operation 11.22.5.2.

Organic nutrient management involves the use of animal manures, composts, cover crops 
and fabricated organic fertilisers. The use of these organic materials provides a steady 
release of nutrients to crops as the added organic materials decompose (Figure 11-49). The 
added organic material that does not decompose increases the content of soil-organic 
matter, which enhances soil quality by improving soil chemical and physical properties. With 
adequate management, the large quantities of crop residues and animal manure produced 
annually, can be valuable sources of plant nutrients and can improve soil quality. 

 
Figure 11-49.. Difference between Fertiliser Derived from Organic and Synthetic Sources 

(http://www.milorganite.com) 
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Enhanced quality of soil physical conditions can enhance root growth, facilitating more 
efficient nutrient uptake. The supplementary use of manures has been observed to improve 
the uptake efficiency of mineral fertilisers. Additionally, the application of organic fertilisers 
(Figure 11-50) can contribute to carbon sequestration by agricultural soils. 

 
Figure 11-50. Example of packaged organic fertiliser (http://www.growbetter.com.au/)  

 Operational conditions 11.22.5.3.

The major problems associated with the use of organic fertilisers include weight and 
bulkiness, lack of labour, insufficient quantities, high transportation and application costs, 
enhanced weed infestation, poor hygienic conditions and lack of storage facilities to 
maintain quality attributes of manure.  

Both good storage and composting require active management. Larger scale businesses are 
more likely to require regular removal from the site, whilst composting may be a useful 
option for smaller ones, or where a local market exists. In all cases, the storage facility must 
be on hand, designed to meet the stable's particular requirements of handling the quantity 
of manure, the need for vehicle access must be considered and pollution avoided. 

Run-off from poorly managed manure heaps is both a loss of fertility and potentially a 
serious pollution hazard. Maximising the nutrient value of the manure is consistent with 
minimising the environmental impact. 

Moreover, given the diversity of compost origin, organic amendments or fertilisers, analysis 
is required to know the nutrient content in order to adjust application rates according to 
crop needs, soil tests and frequency of manure applications. Avoid applying manure at rates 
that exceed crop requirements for any nutrient, but especially for N on fields that receive 
manure on a regular basis. In addition to manure, bio solids, food processing wastes, animal 
by-products, yard wastes, seaweed and many types of composted materials are nutrient 
sources for farm fields. Bio solids contain most of the essential plant nutrients and are much 
“cleaner” than they were twenty years ago, but regulations for farm application must be 
followed to prevent the possibility of excessive trace metal accumulation. Bio solids are also 
not an acceptable nutrient source for certified organic production. 

Applications of these products must avoid polluting water and meet minimum standards for 
new or improved manure stores. 

 Cost data 11.22.5.4.

With the development of new technologies, which allow organic fertiliser production, 
farmers could have a fertilisation technique with a similar cost as mineral fertilisation. 
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 Technological bottlenecks 11.22.5.5.

Development of this industrial sector: Mainly, production techniques of soluble liquid 
organic fertiliser that can be used in fertigation. 

 Benefit for the grower  11.22.5.6.

Advantages 

 Premium for organic produce, i.e. higher prices 

 Substitute for mineral fertilisers 

 Reduces the risk of surface and groundwater pollution, compared to mineral 
fertilisers 

 Improves soil quality 

Disadvantages 

 Uncertainty of nutrient composition 

 Low nutrient content 

 Large volumes have to be handled 

 Special care for disease control with some materials such as slurries, manures and 
bio solids 

 Specialised equipment needed e.g. slurry or manure spreaders 

 Supporting systems needed 11.22.5.7.

Specialised equipment e.g. slurry or manure spreaders. Adaptation of production 
techniques and technical assessment during the first periods of implementation may be 
needed. Laboratory analysis may be required to characterise the organic materials being 
applied. 

 Development phase 11.22.5.8.

 Research: Some research is on-going to match and synchronise crop demand with 
nutrient supply with organic fertiliser source. New approaches are also need to 
evaluate new sources for new crops, varieties and locations 

 Experimental phase and field tests: As with research, more applied experimental 
work and field tests is being addressed to obtain a correct management 
methodology 

 Commercialised: There are specialised companies which are producing different 
organic fertilisers 

 Who provides the technology 11.22.5.9.

Companies that specialise in fertiliser production, particularly those that specialise in 
organic fertilisers, produce the products. Organic fertilisers are then sold through the 
general fertiliser distribution chains or through outlets specialised in organic products. 
Manure is supplied to horticultural growers by specialised companies who deliver the 
manure to the farm and commonly also apply it.  
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 Patented or not 11.22.5.10.

Some of the newer organic fertilisers, that involve the processing of materials such as algae, 
plants and manure, are likely to be patented by the producing company. Some of the 
processing procedures will be patented.  

11.22.6.  Which technologies are in competition with this one? 

Alternative fertilisation management is in competition with organic production (mineral 
fertilisation); however, a mixture of these two fertilisation techniques will be adequate. 

11.22.7.  Is the technology transferable to other crops/climates/cropping systems? 

The technology could be transferable to other crops and development situations. 

11.22.8.  Description of the regulatory bottlenecks 

 Brief description of the European directive and implications for growers at 11.22.8.1.
European level 

 Regulation (EC) No 834/2007 set up primarily as an internal market and consumer 
protection regulation, describes the organic production standards and the control 
and labelling requirements 

 Organic fertilisers are those certified as having been produced through clearly 
defined organic production methods (i.e. EC Regulation 834/2007). The compliance 
of the grower with these methods is verified by an independent organisation 
accredited by an authority 

 Implementation at the country level 11.22.8.2.

Generally, there are national regulations regarding the use of organic fertilisers; often these 
are based on EU regulation. 

 Implementation at the regional level 11.22.8.3.

In some regions, there are regional regulations that are often based on EU regulations. 

11.22.9.  Brief description of the socio-economic bottlenecks 

The limited cropped area of organic agriculture will be the bottleneck for economic interest 
in establishing specific programs for organic farming systems. 

The cost of management of the residues often used as organic fertiliser is an issue. In 
addition, because organic fertilisers generally have a lower nutrient content than mineral 
fertilisers, there are the costs involved in transporting larger volumes and their storage. 

11.22.10.  Techniques resulting from this technology 

Not applicable. 

11.22.11.  References for more information 

[1] Regulations: 
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Regulation (EC) No 2003/2003 of the European Parliament and of the Council of 13 October 
2003 relating to fertilisers. This Regulation shall apply to products which are placed on the 
market as fertilisers designated “EC fertiliser” 

 Commission Regulation (EU) 2016/1618 of 8 September 2016 amending Regulation 
(EC) No 2003/2003 of the European Parliament and of the Council relating to fertilisers 
for the purposes of adapting Annexes I and IV (Text with EEA relevance) 

 REGULATION OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL laying down 
rules on the making available on the market of CE marked fertilising products and 
amending Regulations (EC) No 1069/2009 and (EC) No 1107/2009 

 Council Regulation (EC) No 834/2007 of 28 June 2007 on organic production and 
labelling of organic products and repealing Regulation (EEC) No 2092/91. Like its 
predecessor, Council Regulation (EEC) No 2092/91, Regulation (EC) No 834/2007 set up 
primarily as an internal market and consumer protection regulation, describes the 
organic production standards and the control and labelling requirements 

 Including amendment: COUNCIL REGULATION (EC) No 967/2008 of 29th September 
2008 amending Regulation (EC) No 834/2007 on organic production and labelling of 
organic products 

 Orden 30/2010 transposition to Comunidad Valenciana Legislation 
[2] Baldi, E., Toselli, M., Eissenstat, D. M., & Marangoni, B. (2010). Organic fertilization 
leads to increased peach root production and lifespan. Tree Physiology, 30, 1373-1382 
[3] Baldi, E., Toselli, M., Marcolini, G., Quartieri, M., Cirillo, C., Innocenti, A., & 
Marangoni, B. (2010). Compost can successfully replace mineral fertilizers in the nutrient 
management of commercial peach orchard. Soil Use and Management, 26(3), 346-353  
[4] Barakat, M. R., Yehia, T. A., & Sayed, B. M. (2012). Response of newhall navel orange 
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