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Preface
Nowadays precision agriculture is a topical subject. The use of a Global Navigation Satellite System
(GNSS) has become common in arable farming and most farmers use it for driving straight on their
field. However precision agriculture offers more than driving a tractor without steering. More and
more companies introduce machines and sensors that can be applied for site-specific application of
fertilizers or chemicals. A lot of research has been done and is being done on this subject. A good
example of this is the farmer Jacob van den Borne. He is one of the forerunners in this field. During
the whole growing season he measures characteristics of the soil, water content in the soil, crop
reflectance and yield with different kind of sensors. From this, maps are made that can be used for
variable planting, fertilizing and spraying. Most farmers in the Netherlands do not use this kind of
system, so there is a lot to be gained. Nowadays there are some advice systems for sidedressing
nitrogen in ware potatoes, like Potato monitoring from Altic or measuring the nitrate concentration in
the petioles. These methods however are based on destructive measurements, which are expensive and
time-consuming. Therefore the focus is more on crop sensing, which can be used for measuring the
biomass or the nitrogen content in the plant. A lot of sensors are on the market and there are even
satellites that can measure the crop reflectance. Every sensor uses his own vegetation index and
therefore there is a large variation in output of the sensors. For applying sidedressing not only
reflectance measurements are needed but also growth models must be taken into account for
estimating the potential yield and thus the amount of nitrogen a plant needs.
This research describes the important factors of cultivation (seed) potatoes and gives an overview of
the four vegetation indices, NDVI, WDVIred, WDVIgreen and TCARI/OSAVI. Finally an advice system
was developed for nitrogen sidedressing in seed potatoes. The whole purpose of sidedressing nitrogen
is to apply the exact amount of nitrogen that the plant needs to reach potential yield. Not only money
can be saved, but this can also result in less pressure on the environment.
The idea was to do some measurements with the CropScan sensor in seed potatoes and observe if there
is a difference in nitrogen uptake between an early and a late variety. But due to the low temperatures
in the months April and May the growing season of the potatoes was delayed with two or three weeks.
Consequently not enough time was available to perform enough measurements.
First I would like to thank my supervisor Dr. Ir. C. Kempenaar (Plant Research International) for his
remarks and advice. The visits to different meetings were very interesting, also because I met there
many new people. I also want to thank my supervisor Dr. Ir. F. K. van Evert (Plant Research
International) for his remarks and advice. Especially the discussions were very interesting and
valuable. Also the help with different software programs gave me a lot more insight into the
possibilities of data management. From the Farm Technology Group I want to thank my supervisor
Dr. Ir. J. W. Hofstee for his supportive remarks and advice. I would like to thank Ing. D. A. van der
Schans and Ing. W. C. A. van Geel (both Applied Plant Research) for their advice about nitrogen
sidedressing in potatoes. During my research I had contact with many people from different
organizations whom I like to thank all. I want to thank my colleague student Jesper Voois, with whom
I was working on the fourth floor of Radix, for his support during my thesis. Finally I want to thank
my father for his support and for the discussions we had about nitrogen fertilizing in potatoes.
Menko Duisterwinkel
Wageningen, June 2013
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Summary
Nitrogen is one of the most important nutrients for potatoes (Solanum tuberosum L.). By measuring
the crop reflectance a relation between the measurements and the nitrogen content of the potato plant
can be derived. When the nitrogen content and the potential nitrogen uptake are known it is possible to
fertilize the amount of nitrogen the plant needs to reach the potential yield. The potential nitrogen
uptake can be calculated by using a growth simulation model. In the initial growth phase of potatoes
the temperature and water are of great importance for developing enough stolon’s. When the leaves
are formed, light plays an important role in the dry matter production. Nitrogen has less influence on
the size and the amount of tubers per stem, but this is mainly influenced by the temperature and the
availability of water. Nitrogen has more influence on the length of the growing season. Early varieties
have lower nitrogen use efficiency and senescence earlier. They therefore receive more nitrogen than
late varieties. Late varieties on the other hand get a limited amount of nitrogen to stimulate the
forming of tubers. In seed potatoes it is therefore only possible to sidedressing late varieties.
Nowadays no vegetation index is available that can describe exactly the relation between the nitrogen
content in the potato plant and the reflectance measurements. At this moment no advice system is
available with a vegetation index that can give a good advice for nitrogen fertilization in ware- or seed
potatoes during the whole growing season. The main research question in this report is: “Which of the
four vegetation indices (NDVI, WDVIred, WDVIgreen and TCARI/OSAVI) can estimate best the nitrogen
content in a potato plant, so that it can be used in an advice system for nitrogen fertilizing during the
whole growing season of ware and / or seed potatoes, with special attention for maximizing the
yield?”
The growth simulation model ‘qmsPotato’ was used for predicting the crop growth for ware potatoes.
With the relation between biomass and nitrogen content developed by Greenwood et al. (1990), a
nitrogen uptake curve was developed for ware potatoes. This model uses the temperature and solar
radiation for simulating the crop growth. The calculated potential nitrogen uptake corresponds with
optimal nitrogen uptake from data of Dr. Remmie Booij. The nitrogen uptake curve for seed potatoes
was developed with the simulated fresh tuber yield and the nitrogen content of harvested potatoes. A
correction on the potential nitrogen uptake should be made on the basis of the maturity. With the help
of a regression analysis on the Booij data the relation between the vegetation index and the
aboveground nitrogen content was determined. These models were evaluated with the independent
dataset of Agrobiokon. It was expected that the TCARI/OSAVI had a good relation with the
aboveground nitrogen content, but the result was a low coefficient of determination of 0.66, with a
root mean squared error of prediction (RMSEP) of 116 kg N / ha. The WDVIgreen however was found
to be the best out of the four vegetation indices. A coefficient of determination of 0.81 was found, with
a RMSEP of 20 kg N / ha. The developed regression model (Ncontentaboveground = 162.4 x WDVIgreen2 +
132.45 x WDVIgreen + 4.5394) can be used for calculating the above ground nitrogen content. The total
nitrogen content can be calculated with the following equation; Nctotal = Ncaboveground/0.7614. The
coefficient of determination between the total nitrogen content and the aboveground nitrogen content
was 0.94. This relation only holds till July. These formulas are combined in the ‘Nitrogen Sidedressing
Advice System’ for ware- and seed potatoes. The equation for calculating the amount of sidedressing
in ware potatoes is: Nsidedressing = (Npotential – Nctotal) + Buffer. The nitrogen content and mineralization in
the soil were not taken into account, because these variables have to be measured or assumed. In seed
potatoes no buffer was included. The advice system could give a good advice if the nitrogen content in
the soil was low. If this was higher, the system calculated a too high nitrogen application, because the
Nmin and mineralization were not taken into account. It is possible that the clay soil contains 60 kg N /
ha due to the Nmin and mineralization. It is possible that about half of this can be assimilated by the
plants. If these two variables are not taken into account, the result is an excess of nitrogen of 30 kg N /
ha. Therefore further research has to be done about taking the N min and mineralization into account.
The advice system should be tested and evaluated, before it can be used in practice.
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Introduction

1.1 Current situation
In the Dutch agricultural sector ware potatoes (Solanum tuberosum L.) and seed potatoes are of major
importance. In this cultivation, nitrogen fertilizing is an important instrument to increase the yield. In
seed potatoes not only the size but also the amount of tubers is important. In the current situation there
are different vegetation indices to measure the nitrogen content in a plant. A vegetation index can be
derived from sensors mounted on tractors (Yara N-sensor, Greenseeker, Cropcircle and Cropscan (by
hand)) or from satellites (Geodesk and MijnAkker) that take pictures from a field with plants. These
measurements give data that can be used as an indicator for the biomass of a crop. The NDVI,
WDVIred, WDVIgreen and TCARI/OSAVI are frequently used vegetation indices. Nowadays a few of
these indices are used in advice systems for nitrogen fertilizing in ware potatoes. With this advice
system a farmer can estimate the amount of nitrogen the potatoes in a field need during the growing
season. With this system it is also possible to do site-specific fertilizing, so that the nitrogen use can be
reduced in comparison with conventional fertilizing. In this advice system a nitrogen uptake curve is
derived for ware potatoes and in combination with the reflectance measurements an advice can be
given. With this vegetation index the amount of nitrogen in the plant is estimated and if the nitrogen
content is below the ideal uptake curve, the system (Van Evert et al., 2012) gives the advice that the
farmer should fertilize his potatoes with an x amount of nitrogen. This advice system exists, but at this
moment it is not used by farmers. A reason for this is that it can only give advice early July or when
the coverage of the field is higher than 90 %, but the most farmers want to apply sidedressing nitrogen
earlier. The planting of potatoes begins in the months April and May and if the farmer wants to use the
advice system he must apply a large basis of nitrogen to overcome the long period till July. The
advantage of nitrogen savings is partially lost due to the long period that no advice can be given. At
this moment most farmers use their knowledge and experience to estimate the need for nitrogen in a
potato field.

1.2 Desired situation
In the desired situation there should be a sensor or satellite that can measure site-specific the
vegetation index in a ware potato field (also seed potatoes) during the whole growing season and
especially in the initial phase. It must be possible to carry out the measurements every day. The
current system can only give advice when the field coverage is more than 90 %. It may be profitable to
give the advice earlier where the field coverage is less than 90%. With this vegetation index the
nitrogen content of the plant should be estimated, so that in combination with an advice system and a
nitrogen uptake curve the amount of nitrogen that the plant needs can be determined. In this way the
farmer can start with a low nitrogen basis and during the growing season he can apply multiple times
extra nitrogen if needed. In this situation the nitrogen use can be saved, because the plant only receives
the nitrogen needed in his specific situation.

1.3 Problem definition
There is no advice system with a vegetation index that can give a good advice in nitrogen fertilizing in
ware potatoes or seed potatoes during the whole growing season, with the focus on the period before
July.

1.4 Objective
The objective is to search for a vegetation index obtained with near-sensing (sensors on tractors) or
remote-sensing (satellites) that can give a good estimation of the biomass in a potato field. With this
index the nitrogen content in the plant should be estimated. In combination with the nitrogen uptake
curve for potatoes an advice system should be developed that can give an advice in nitrogen fertilizing
1
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during the whole growing season. In this way a farmer can decide how much nitrogen to use at every
moment during the growing season. The current advice system cannot estimate in an early growth
stage if the potential yield is high. A new system must be able to determine this. The advantage is that
the farmer can apply the extra nitrogen needed to establish this high yield. Also a nitrogen uptake
curve for seed potatoes needs to be developed that can be used to give an advice in nitrogen fertilizing
during the whole growing season.

1.5 Research questions
The main research question is:
 Which of the four vegetation indices (NDVI, WDVIred, WDVIgreen and TCARI/OSAVI) can
estimate best the nitrogen content in a potato plant, so that it can be used in an advice system
for nitrogen fertilizing during the whole growing season of ware potatoes and/or seed
potatoes, with special attention for maximizing the yield?
For answering the main research question the following sub questions are derived:
1. How is the nitrogen uptake curve under potential growing conditions for ware potatoes
developed and which factors play an important role in determine this uptake curve and how
does the current advice system works?
2. Which factors play an important role in cultivating seed potatoes and is it possible to develop
a nitrogen uptake curve for seed potatoes to maximize the yield and get enough tubers in the
right size?
3. Which of the four vegetation indices (NDVI, WDVIred, WDVIgreen and TCARI/OSAVI)
measures best the aboveground nitrogen content in a potato plant and can be used for giving
advice in nitrogen fertilizing?
4. Is it possible to develop a new advice system that can give advice for nitrogen fertilizing in
ware potatoes in an early growth stage and that recognizes high potential yields and how
should this system look like?
5. Is it possible to develop an advice system with a nitrogen uptake curve for seed potatoes and
how should this system look like?

1.6 Research approach and report overview
In Chapter 2 information is given that is needed for answering the first two sub questions. The first sub
question will be answered with the help of a literature review about the mathematical equations for
crop growth (section 2.2) and the existing nitrogen uptake curves (section 2.3). Sub question two will
also be answered with the help of a literature review where the important factors of cultivating seed
potatoes will be determined. Also some interviews with ‘potato experts’ (farmers and researchers)
should provide more insight about cultivating (seed) potatoes (section 2.1). Chapter 3 describes the
simulation runs that were performed with the growth simulation model ‘qmsPotato’. These
simulations were performed to get more insight about the growth of potatoes during the season and
about using a simulation model for predicting the potential yield.
The third sub question will be answered with the help of a literature review, where these vegetation
indices are described (Chapter 4). The best of these four vegetation indices for estimating the
aboveground nitrogen content in the plant will be chosen by doing a regression analysis (Chapter 5).
Therefore data with the needed reflectance measurements and destructive measurements for estimating
the nitrogen content is available. In section 5.6.4 the regression models will be evaluated on an
independent dataset. In Chapter 6 the outcomes of the sub questions one and three will be combined to
answer the fourth sub question. The best of the four vegetation indices that was found in Chapter 5
will be used to estimate the nitrogen content in a potato plant. With the help of the findings in the
literature an advice system will be developed for sidedressing in ware potatoes at early growth stages.
The last sub question will be answered in Chapter 6, but now for seed potatoes. The discussion is
handled in Chapter 7, the conclusions in Chapter 8 and recommendations are outlined in Chapter 9.
2
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1.7 Demarcation
The focus of the thesis will be on the four different vegetation indices that are available for measuring
the nitrogen content in potatoes. There will be worked with data that is already available from
previous years. It is possible to do own measurements in the field, to measure the nitrogen content in a
potato plant. But due to the lack of time it is not possible to monitor a potato field during the whole
growing season. So if a new advice system is developed it cannot be tested in practice for this thesis
because the results will be available after the thesis has to be finished. If some time is left and an
advice system is developed it could be possible to develop a nitrogen map for a field with potatoes.

3
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2

Literature review

2.1 Nitrogen and potatoes
In this chapter the important factors of cultivating seed- and ware potatoes are explained. The
emphasis lies especially on the interaction between nitrogen and potatoes. What impact does nitrogen
have on the growth of potatoes and what will happen if there is a lack of nitrogen? Also the soil (e.g.
mineralization of nitrogen) and weather conditions will be taken into account.

2.1.1 Cultivation of seed potatoes
Seed potatoes are in the Netherlands one of the most important crops cultivated by arable farmers. The
total area of seed potatoes is in 2012 around 38.000 hectare. This number differs from year to year, but
the average area is around 36.000 till 42.000 hectare (CBS). Most seed potatoes are cultivated in the
Northern of the Netherlands and in the province of Flevoland. The knowledge level about cultivating
seed potatoes is high. Therefore, the export of knowledge and agricultural machines to other countries
is high. The farm gate value of seed potatoes in the Netherlands (28/55, class E) is between €25,- and
€30,- per 100 kilograms. The exact price depends on the total supply, demand, variety, class, size and
quality of the tubers. The average export of seed potatoes over the last ten years is around 675.000
tonnes, which means that more than half of the seed potatoes are exported to countries all over the
world. This total export has a value of around 220 million euros.

2.1.2 Factors that play an important role in the cultivation of potatoes
In the cultivation of seed potatoes many factors play an important role, more than in the cultivation of
ware potatoes. This difference exists because also the size and the amount of tubers are important.
Seed potatoes are sorted out in different sizes (<28, 28/35, 35/55 and 55> (mm)), and for every size
the farmer receives a different price. The most important sizes are between 28/55 mm, so it is not
desirable to cultivate a lot of potatoes in the size above 55 mm. In contrast with ware potatoes, the size
of the tubers must be around 60 mm and for fries even higher. For cultivating seed potatoes it is
important to reach the maximum yield with tubers in the right size and as many as possible.
The amount of tubers per plant strongly depends on external factors such as temperature, rainfall and
radiation (Struik and Wiersema, 1999). If the temperature is too low the release of nitrogen and other
nutrients in the soil is limited, which will cause a delay in the growth. Also enough water is needed for
an optimal growth and nitrogen uptake. Because these factors are exogenous, it is not always possible
to influence them and the potential yield will not always be achieved. One of the most important
factors for growth is light. With light the photosynthesis can take place, which influences the
production of dry matter in the tuber. Nitrogen is part of proteins in the chlorophyll, which absorb
energy out of the sunlight and use it for the production of carbohydrates (Bus et al., 1996). Therefore
the radiation has a positive effect on leaf coverage. With more leaves the plant can absorb more light,
which results in more dry matter production.
The planting depth and planting distance influence the amount of tubers. Tubers that are planted at a
short distance from each other, have less space which will result in smaller potatoes.
The development of tubers exists out of five main steps (Bus et al., 2004):
1. Development of stolon’s (stem parts that grow horizontal in the dark and branch out)
2. Tuber induction (physiological signal of tuber development)
3. Tuber initiation (bulge of the stolon’s, first sign of the tuber)
4. Tuber formation (further formation of the tuber)
5. Tuber growth

5
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Figure 1 is a schema of growth stages observed in potatoes. The stages are classified according to the
BBCH-code (Bleiholder et al., 2001). The BBCH-code gives at many points during the growth
information about the phonological development. Table 1 shows the important events that occur
during the growing season of potatoes.

Figure 1 Scheme of growth stages potatoes with corresponding BBCH-scale (BASF, 2013). The code gives information
about the phenological development in each stage. Detailed information about the code can be found in the article of
Bleiholder et al. (2001).
Table 1 Important events during the growth of potatoes, growth stages are corresponding with the growth stages in Figure 1
(Dwelle and Love, 2003).

Growth stage
Important
events

I
Sprout
developme
nt from
eyes on
seed tubers
and emerge
from the
soil
Root
developme
nt

II
Leaves and
branch stems
develop from
aboveground
nodes

More
nitrogen
stimulates
vegetation
growth

Photosynthesis
begins

III
Shoot
developme
nt, increase
in biomass

Roots and
stolon’s develop
in the soil

Availability of
water influences
the amount of
tubers per stem

6

IV
Tubers grow
due to
accumulation
of water and
nutrients

V
Tubers
grow
larger

VI
Leaves turn
yellow and
plant lose
leaves

Tubers become
sink for
deposition of
carbohydrates
and inorganic
nutrients

Leaves
branch
out, so
biomass
decreases

Tuber growth
slows down
and tuber dry
matter
content
reaches a
maximum
Photosynthes
is decreases
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During the whole growth period, the tuber development processes are reversible. Even in the middle
of the growing season, e.g. in the fruit and tuber development (Figure 1), new stolon’s can be formed.
If the circumstances are unfavourable, the processes can stop and the stolon’s disappear (resorption).
The amount of tubers per hectare depends on the on the amount of stems, which is strongly influenced
by the potato variety. Also the amount of tubers per stem depends strongly on the amount of stolon’s
formed per stem. Krauss and Li (1985) showed in an experiment that the formation of tubers can be
influenced by changing the nitrogen concentration. If an excess of nitrogen is used, the tuber
formation will be delayed or even stopped. With low use of nitrogen the tuber formation begins
normally. Notable was that plants that got an excess of nitrogen stopped with tuber formation, but
started again with the development of new stolon’s. The amount of tubers and so the size of the tubers
is strongly influenced by the availability of water in the leaf development phase when tuber formation
takes place (Figure 1). If there is enough water available more stolon’s and so more tubers per stem
are formed. This means the amount of nitrogen under normal conditions has little influence on the
amount of tubers per stem (Haverkort et al., 1990).
There are more than thousand different varieties and each variety has its own characteristics.
Important characteristics are haulm development, dry matter content, maturity, resistances, potential
yield, shape, number of tubers, depth of the roots and many more. However the tubers per stem differ
between varieties. Every potato variety has a different genotype, and due to this difference the amount
of tubers on one plant can be different. One factor that is determined by the genotype is the maturity
(very early, early, late or very late), mostly expressed in a maturity number (1-9). A high number
represents an early variety. Late varieties branch out more than early varieties, which results in more
leaves. Therefore they have generally a higher coverage that will remain longer green (see Figure 2).

Figure 2 Soil coverage curve for early (A) and late (B) varieties with different nitrogen use (Tiemens-Hulscher et al., 2012).

Late varieties need less nitrogen than early varieties, because when they receive too much, they will
grow longer and the ripening will be delayed. Consequently, the haulm production will be stimulated
at the expense of tuber production. Early varieties need more nitrogen, so that the growing season can
be extended and the growth of tubers will be stimulated. In the advice report from Van Dijk and Van
Geel (2010) a correction in nitrogen need is made on the basis of the maturity number. Ware potatoes
with a maturity number lower than 6.5, get 5 kg N / ha per 0.5 point less.
Zebarth et al. (2004) did a research about the nitrogen use efficiency of twenty commercial potato
varieties. The potatoes were grown with 100 kg N / ha or without nitrogen, this was without the
available nitrogen in the soil. In this study the nitrogen supply lies between 67 and 289 kg/ha. Three
varieties had an early crop maturity, eleven varieties had a mid-season maturity and six varieties had a
late maturity. The variation in nitrogen use efficiency (NUE = plant dry matter accumulation / crop
nitrogen supply), nitrogen uptake efficiency (NUpE = plant nitrogen accumulation / crop nitrogen
supply) and nitrogen utilization efficiency (NUtE = plant dry matter accumulation / plant nitrogen
accumulation) is examined. The NUE decreased curvilinear with increasing nitrogen supply, which
means that the NUE decreases if more nitrogen is applied. For early varieties the NUE was also lower
compared to mid-season and late varieties. This means that early-maturing varieties need more
nitrogen as mid-season and late varieties to get a high yield, which corresponds to the advice given by
Van Dijk and Van Geel (2010). The experiment showed that there was a significant effect between
varieties for NUtE. The NUtE decreased if more nitrogen was used and it was also lower for early
7
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matured varieties, but also between early varieties there was a significant difference. Over all the
varieties the nitrogen accumulation by the plant increased linearly with nitrogen supply, which implies
that the nitrogen accumulation strongly depends on the nitrogen supply. However the variation in
NUpE was low under low nitrogen supply, but when more nitrogen was applied the variation in
NUpE was larger. Many differences in efficiency can be contributed to differences in nitrogen supply.
So between potato varieties there is a difference in nitrogen uptake and efficiency. This means that the
nitrogen uptake curve between varieties can be slightly different.
To reach the potential high yield, nitrogen is of great importance. Without the use of nitrogen the yield
will decrease dramatically, because nitrogen has influence on the development of a crop. If more
nitrogen is used the leaf development will go faster and is from better quality (Figure 1). Therefore
more light can be absorbed (Tiemens-Hulscher et al., 2012). Generally the yield will be higher if more
nitrogen is used, but this relation has a limit. Too much nitrogen has a negative effect on the quality of
the potatoes. It decreases the underwater weight and it is more sensitive for phytophthora. A higher
nitrate content in the tubers also lead to higher storage losses (Veerman, 2003). Therefore it is
important that the optimal use of nitrogen is known, so that a high yield can be reached without an
excessive amount of nitrogen, diseases and low quality of tubers. The optimal nitrogen use depends on
the following factors (Van Geel et al., 2011):
 Type of potato (seed potatoes, ware potatoes, starch potatoes)
 Variety
 Desired time of harvesting
 Soil processes (mineralization, leaching, denitrification and immobilisation that provide the
nitrogen in the soil)
 Quality of the soil (structure, root development, soil borne diseases and plagues that affect the
root system
 Weather conditions
Many researchers did experiments to determine the nitrogen use efficiency of potatoes. The efficiency
differs from field to field and from year to year. The efficiency is around 50-70%, but on average it is
about 64% (De Haan, 2005; De Haan et al., 2010). In comparison with other crops this efficiency is
low. This is low because potatoes have a weak root system that penetrates the ground about 40 till 50
cm (Veerman, 2003). The nitrogen uptake depends therefore on the structure of the soil. If the
compaction is high and the permeability low, roots cannot grow deep into the ground and a lot of
nitrogen and water cannot be reached by the plant. The amount of phosphate in the soil influences the
nitrogen uptake. A deficiency of phosphate leads to a low nitrogen efficiency, because of the bad
growth of the root system which influences the nitrogen uptake negative (Van der Schoot et al., 2002).
Not only light, but also the soil is of great importance for growing potatoes. The soil contains
nutrients, including nitrogen. It has nitrogen in stock from mineralization of organic matter out of crop
residues or green manure crops, but also from previous fertilizations. The mineralization in the soil
supplies a lot of nitrogen, but the variation between the type of soils is large. Another loss of nitrogen
arises from denitrification, where under low oxygen conditions the nitrate in the soil will be reduced to
nitrous oxide (N2O) or nitrogen gas (N2), that evaporates out of the soil (Van Geel et al., 2011).
Leaching happens especially in wet periods and is greater on sand than on clay. If the crop is large
enough and has a well-developed root system, the plant can take up more water, so that surplus of
water decreases and leaching is minimized.
With this in mind it is therefore hard to predict the mineralization of nitrogen in the soil during the
growing season. With the advice report of Van Dijk and Van Geel (2010) the mineralization and the
amount of mineral nitrogen in the ground can be estimated. By giving nitrogen in steps during the
growing season the farmer can respond on the changing conditions.
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For seed potatoes the advice is now (Bus et al., 1996):
(1)
This equation is based on the variety Bintje, that has a maturity number of six. The N min should be
determined before fertilizing. As mentioned before, this number should be adjusted on the basis of the
maturity of the potato. The weather conditions influence the soil processes, like mineralization,
denitrification and immobilisation. The nitrogen that comes available during the growing season,
should be taken into account for sidedressing.
To get more knowledge about the cultivation of seed potatoes different ‘potato- and fertilizing experts’
where asked for their opinion. The main question to them was if there is a difference in nitrogen
uptake between varieties. The following ‘potato experts’ where asked for their opinion: Ing. David van
der Schans and Ing. Willem van Geel (both researcher at PPO Lelystad), Prof. Dr. Ir. Anton
Haverkort (researcher at PRI, specialised in potatoes), Martin Duisterwinkel (seed potato grower in ‘t
Zandt (Groningen) and Nico Schutter (Agrifirm Plant BV, cultivation specialist in Groningen).

2.1.3 David van der Schans & Willem van Geel (scientists PPO AGV Lelystad)
Three things are important for seed potatoes with respect to optimal uptake of nitrogen. If nitrogen
supply is low the tuber development will start earlier. With a division of the amount of nitrogen the
moment of tuber development can be influenced, which is from BBCH 40 to 59 (Figure 1). If the
tubers are larger than 2 cm, the haulms should be vital and large enough for a maximal tuber
production. The nitrogen uptake is than about 5 kg N per ha per day. Seed potatoes are killed early and
the haulms are then starting to die away, which is the last phase in the growing season (Figure 1). It is
important that the crop has enough nitrogen available to reach the potential yield. So the amount of
nitrogen can be low till tuber development, but there should be enough available if tuber development
begins to reach a high yield. The nitrogen content should be low at the moment of haulm killing,
because then the ripening will start. Van der Schans thinks that the nitrogen uptake capacity in the
early growth stage is not different between late and early varieties. Van Geel thinks that there is no
significant difference in nitrogen uptake between early and late varieties with equal amounts of
nitrogen and the same growing conditions. But there is a difference between varieties in nitrogen
uptake efficiency and dry matter production per kg accumulated nitrogen.

2.1.4 Anton Haverkort (scientist PRI)
The nitrogen uptake from potatoes depends on the haulm development. So with equal amounts of
nitrogen the growth rate does not differ between early and late varieties. Only an early variety has a
shorter growing season. The only difference between an early and a late variety is the tuber
development and the moment of haulm killing. The seed potatoes are often killed between mid-July
and the beginning of August, so the seed potatoes have a short growing season. A disadvantage of
sidedressing can be that the crop becomes dark green and that the selection of infected potato plants is
more difficult. Another disadvantage is that the growing season becomes too long and it becomes
harder to kill the haulms. It is therefore important that the sidedressing amount is not too large. In seed
potatoes the amount of tubers is an important factor, but it is difficult to predict the amount of tubers
per plant. It depends on the amount of eyes per tuber, how many eyes actually sprout and how many
sprouts survive. Water has therefore a great influence on tuber development, it is important that the
plant has enough water in the beginning phase. Because water influences the tuber development it may
be wise to implement it in a simulation model. By adding a ‘water model’ one could see if the plant
has enough water to take up the nitrogen. Before planting the amount of water in the first 50 cm can be
estimated. During the growing season the daily rainfall should be determined. The evapotranspiration
can be calculated and if the total transpiration is higher than the amount of water at the start and the
total rainfall, then there is a lack of water. This is important to known because sometimes there is
enough nitrogen available in the soil, but not enough water so that the plant can take up the nitrogen.
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2.1.5 Martin Duisterwinkel (seed potato grower)
The usual method for fertilizing seed potatoes is that early varieties get the total amount of nitrogen
before planting. The reason for this is that an early variety starts to develop many tubers in the
beginning phase. Therefore the haulms must develop fast to intercept enough light, to stimulate the
tuber development. If sidedressing is applied in early varieties, the risk is too great that the plant
receives the nitrogen too late and dies too early. The total amount will be given at the start to extend
the growing season. In late varieties the potatoes get about half of the total amount of nitrogen needed,
this is done to stimulate the growth of enough tubers. If the development starts the other half of the
advice will be given. If a late variety receives all nitrogen before planting, then too many nitrogen
goes to the haulms and not enough tubers will be formed. The haulms of early varieties are killed
much earlier that late varieties (about three weeks). Therefore the growing season of an early variety is
much shorter and it becomes difficult to apply sidedressing.

2.1.6 Nico Schutter (cultivation specialist Agrifirm)
A late variety receives in the beginning phase (germination phase in Figure 1) a limited amount of
nitrogen to stimulate the forming of tubers. When tuber development begins, more nitrogen is applied
to maintain the conditions of the haulm and stimulate the tuber development. The amount of tubers per
plant is very important to determine the amount of nitrogen that is needed. If the amount is relatively
large, more nitrogen should be applied in order to ensure that the tubers will grow into the right size.
The growing season of seed potatoes is short and it is therefore important that the farmer reacts fast
with applying nitrogen. It is better to focus on late varieties, because they have a longer growing
season, so there is more time for sidedressing.

2.2 Mathematical equation for crop growth
With time many researchers tried to develop models that could describe the growth of a crop.
Generally there are three different types of models that describe this growth. These are statistical
models, closed-form models and simulation models.

2.2.1 Statistical models
Statistical models, also called regression models describe the crop growth with an empirical function
(Spitters, 1989). These models are made on the basis of experimental data. The purpose is to develop
an empirical function that can describe the growth of a crop, so where the coefficient of determination
(R2) is closest to one. The biomass growth only depends on the time or the temperature sum. Other
biological processes and weather conditions are not taken into account. They only describe the effects
at the level of observation (Spitters, 1989). These statistical models only can be used for a simple
prediction of crop growth, but cannot be used as general method, because it is based on empirical data
which does not include all the parameters that influence the crop growth.

2.2.2 Closed-form models
To include weather conditions such as temperature and solar radiation more advanced models were
developed. These models (e.g. (Goudriaan and Monteith, 1990; Greenwood et al., 1977; Yuan and
Bland, 2004)) described the crop growth distinguished in three phases: an early exponential phase, a
linear phase and a phase of ripening and senescence. These are called closed-form models, they take
into account several factors that influence the biomass increase, such as temperature and solar
radiation. For every growth phase an equation was developed and combined in an expolinear equation.
Goudriaan and Monteith (1990) developed an equation where the growth rate is an exponential
function of the leaf area. The term expolinear means that the function first describes an exponential
growth and after that a transition to linear growth arises. Important parameters are the initial maximum
growth rate, maximum absolute growth rate, time and the time when the growth goes from exponential
to linear. Figure 3 represents the expolinear growth of biomass (g/m2) as a function of days after
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Bachelor thesis M. H. P. Duisterwinkel
emergence. The expolinear curve described dry matter increase well and fitted the measurement
points. To use this equation two remarks has to be placed. For every crop typical parameters have to
be calculated and some values are assumed to be constant (e.g. the absolute and specific growth rate).
To overcome this constraint Monteith (2000) derived a second-order differential equation that can be
used with a daily time-step were the growth rates are time-dependent. The absolute growth rate was
limited by competition between other plants and the availability of nutrients, water and light. In a test
with sorghum the absolute growth rate doubled with the use of water and nitrogen instead of using
nothing. This implies that for the development of crops water and nitrogen were very important. With
this expolinear equation the growth of e.g. potatoes can be estimated and subsequently the need for
nitrogen. So the potential biomass growth for potatoes can be estimated. When combined with the
relation of biomass growth and nitrogen need (Greenwood et al., 1990), an ideal nitrogen uptake curve
can be developed. Figure 4 shows a nitrogen uptake curve developed in the advice report of Van Dijk
and Van Geel (2010).

Figure 3 Expolinear growth equation between the biomass (W) in (g/m2) and the days after emergence, determined by
(Goudriaan and Monteith, 1990).

Figure 4 Nitrogen uptake curve for ware- and starch potatoes with nitrogen uptake in kilograms per hectare (Van Dijk and
Van Geel, 2010).

The expolinear equation from Goudriaan and Monteith (1990) only takes into account the temperature
(temperature sum) during the growing season. However not only the temperature plays an important
role in the growth of potatoes, but the solar radiation has a great impact. In the first article of Yuan and
Bland (2004) they used the time-derivative formula of the equation developed by Monteith (2000) to
couple it with air temperature and solar radiation. To describe the effect of solar radiation on the crop,
the cumulative photosynthetically active radiation (PAR) was used. Monteith (2000) claimed that the
relative growth rate in the early growth phase increased with temperature and that in the linear growth
phase (Figure 3) the growth rate was limited more by solar radiation than by temperature. Yuan and
Bland (2004) found in their experiment that the growth rate can be separated in three phases.
- Phase one: In the early growth phase (exponential), the growth is limited by the air
temperature.
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-

Phase two: In the expolinear growth phase, the growth is limited by both temperature and
solar radiation, this is the transition phase.
Phase three: In the linear growth phase, the growth is limited by the solar radiation.

Therefore the early growth phase strongly depends on the air temperature and when the crop is in a
later growing phase the solar radiation becomes of more importance. In the second article of Yuan and
Bland (2005) a comparison between light- and temperature based index models has been made. They
found that the ‘relative thermal index’ (RTI) could describe the seasonal differences in growth and
development of a potato field. The RTI is the relative rate of development or growth compared to the
maximum growth as a function of the temperature. As in their first article, they proved that the RTI (so
the temperature) could describe the early season growth and tuber initiation. But when the crop
reaches full light interception and tuber bulking takes place the solar radiation (PAR) was more of
importance. The growth model from Yuan and Bland (2005) is a closed-form equation, but it is almost
a simulation model because the biomass increase is based on time-dependent parameters that change
every day. With these closed-form equation the biomass growth is calculated every day, based on the
maximum growth rate and relative growth rate at that day, which depend on the temperature and solar
radiation.

2.2.3 Simulation models
The most advanced models to describe crop growth are simulation models. These take much more
factors into account than closed-from models. Simulation models exists out of a system that can be
defined as a limited part of reality with related elements. In these systems the state of a variable can be
expressed quantitatively and changes with the use of equations. Simulation models exists out of
different variables that are needed for calculating the growth. These are state variables, driving
variables, rate variables and output variables. State variables describe the current state of the system.
Driving variables are determined outside the system. Rate variables describe the change of a state
variable according to the formulas for the ecological- and physiological processes. The result of a
simulation model is the output variables (De Wit and Goudriaan, 1978). The state variable can be
calculated at every moment in time for different parameters (e.g. temperature). So with a simulation
model many factors are taken into account that influence the process. The advantage of a simulation
model is that a change in every parameter is used which influences the outcome. There are different
models developed to simulate the crop growth, for example the simulation model LINTUL (Light
INTerception and UtiLization simulator). Which is based on the environment and the physiological
growth of a crop. The model calculates the biomass growth on the basis of PAR, fraction of
intercepted light by the haulms (ft) and the average light utilization efficiency (E) (Spitters, 1989).
A simulation model for the growth of potatoes was developed by Yuan and Bland (2004). In this
model the total dry matter production was based on light use efficiency of intercepted light for a potato
crop. To calculate the increase in biomass many factors are taken into account. The model simulates
the dry matter production for different environments. In the model the effects of temperature, day
length and light use efficiency (LUE) were described for four different growth phases (plantingemergence, emergence-tuber initiation, tuber initiation-tuber development and the last phase till the
end of crop growth). All these effects are implemented in equations that calculate e.g. the Leaf Area
Index (LAI), biomass growth, light interception, fraction of intercepted light, development rate, etc.
The parameters were defined for a specific environment and should be adjusted if the potatoes are
cultivated in another climate. The advantage of using a simulation model is that it can simulate the
crop growth from day to day, based on a few weather conditions. So if the weather changes the growth
curve will change for the current situation. It is also possible to implement the averages from the last
few years for predicting the crop growth. In this way a prediction can be done about the maximum
biomass the crop can reach and subsequent about the nitrogen need. It should be kept in mind that the
crop should be free from diseases, pest and weeds. Also the crop should have enough water and
nutrients for an optimal growth.
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2.3 Existing nitrogen uptake curves
In many nitrogen sidedressing schemes for potatoes a nitrogen uptake curve is used to describe the
uptake during the growing season. The curve gives the uptake of nitrogen in kilograms per hectare
against the time, mostly in days or weeks after planting. If the nitrogen content of a potato plant is
estimated with sensors or destructive measurements, this information can be used to estimate the
needed amount of nitrogen for optimal crop production. In the report from Van Evert et al. (2011) the
Booij-system is explained. To estimate the amount that is needed the following formula was used:
(2)
where:
Nfertilize = Amount of nitrogen needed (kg/ha)
Ntarget = Desirable nitrogen in the vegetation (kg/ha)
Nvegetation = Nitrogen content of the vegetation estimated with crop reflectance or by destructive
measurements (kg/ha)
Another way to calculate the amount of nitrogen needed is used in the advice system of Van Dijk and
Van Geel (2010), see equation 3.
(3)
where:
t1 = Time of measurement
t2 = Time of next measurement
Napplication = Nitrogen application at t1 (kg/ha)
NOG-t1/t2 = Amount of nitrogen (kg/ha) taken up between t1 and t2
Nmin-t1 = Amount of mineral soil nitrogen at t1 (kg/ha)
BUF = Buffer (kg/ha)
MIN = Expected mineralization between t1 and t2 (kg/ha)
The nitrogen uptake curve of Van Dijk and Van Geel (2010) holds only for the ideal situation where
enough light is available. Drought has no influence on the N-uptake curve, because it represents the
situation with potential growth conditions. If there is drought and there is a nitrogen deficiency, the
actual uptake of nitrogen will change, but not the N-uptake curve. To use the N-uptake curve, first the
nitrogen in the soil should be determined. In equation 3 the nitrogen mineralization in the soil is taken
into account and the amount of nitrogen that is already in the soil. The buffer is included to keep a
minimum amount of nitrogen in the soil. If the mineralization goes fast the buffer can be reduced. The
buffer is estimated and also the mineralization in the soil is estimated in this report. If there is enough
nitrogen in the soil, the deficiency is the result of a shortage of water and rain or irrigation is needed.
The nitrogen content of the vegetation can be measured with sensors or satellites, but at this moment
they cannot measure it precisely. The best method to estimate the nitrogen content of a potato crop can
be done with destructive measurements. The leaves and the stem of a certain area are cut and the
weight is determined. With a dry matter analysis the total nitrogen content can be estimated. If the
nitrogen content is known, only one more unknown variable needs to be explained. In both equations
(2 and 3) the unknown parameter is the desirable nitrogen content (kg N/ha). To estimate this
parameter a nitrogen uptake curve is needed. Steltenpool and Van Erp (1995) made a model that
estimates the nitrogen utilization during the growing season. They determined a relation between the
nitrogen uptake and the weather conditions. In this model the weather conditions were represented by
the temperature-sum (Tsum). The following equation (4) gives the nitrogen uptake curve (Figure 5) in
kg per hectare:
(

(

))
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where:
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(5)
(6)

Figure 5 Relation between the nitrogen uptake of potatoes (kg/ha) and the temperature sum (Steltenpool and Van Erp, 1995).

The Tsum represents the average temperature of a natural day minus a base temperature. This base
temperature was determined experimentally and is the temperature where no net assimilation occurs.
At this point all the organic matter that was produced will be used by the plant itself, so no storage of
organic matter will take place. The Tsum then represents the sum of all the average temperatures minus
the base temperature, expressed in degree days (°Cd). Because every year the temperature is different,
the Tsum will change every year. In this way the changes of temperature during the year is taken into
account.
Nmax gives the maximum uptake of nitrogen in kg per hectare. This formula was developed by
Neeteson et al. (1987), but only holds for ware potatoes. The nitrogen content of harvested ware
potatoes is 3.3 kg/ton, for starch potatoes 3.7 kg/ton and for seed potatoes 3.0 kg/ton (Van Dijk and
Van Geel, 2010). By multiplying this number with the average yield per hectare the maximum
nitrogen uptake can be calculated. But this relationship doesn’t hold to infinity. Steltenpool and Van
Erp (1995) described the formula of the actual Nuptake as the ‘Gompertz-curve’:
(

(

))

(7)

The parameters Y, C and X are explained, but the constants B and M are yet unknown. The constant
M is the number where the nitrogen uptake in the curve becomes linear. This constant (544 °Cd) was
estimated with non-linear regression-analysis (Steltenpool and Van Erp, 1995). The constant B was
determined on the basis of experimental data.
The article of Steltenpool and Van Erp (1995) shows that some factors play an important role in the
nitrogen uptake of potatoes. The nitrogen uptake in a wet year was higher than in a dry year, which
has an impact on the nitrogen uptake during the growing season. The water dissolves the fertilizer
granule, so that it can be taken up by the plant. If the crop can take up more nitrogen, then the actual
uptake curve will move upwards (till ideal N-uptake curve), so water plays an important role in the
uptake of nitrogen.
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A relatively new advice system is developed by the company Altic. This company has developed
different programs for giving advice about nitrogen sidedressing. The classical method is based on the
growth of the crop and the nitrogen content in the petioles. They developed standard lines for crop
growth per variety and measure the nitrate content in the petioles. With this they give an advice about
the amount of nitrogen a farmer should fertilize. A second advice system developed by Altic is the
Potatomonitoring Online. The nitrate content in the petioles are measured destructively and the
amount of biomass is estimated on the basis of reflectance measurements. It is however confidential
how these advice systems precisely work, so it is not possible to compare them with other advice
systems.

2.4 Nitrogen requirement based on the critical nitrogen concentration
Another way to estimate the nitrogen deficiency, is on the basis of the critical nitrogen concentration
for potatoes. This is the minimal nitrogen concentration needed to achieve a maximum growth
(Bélanger et al., 2001). In this experiment the dry matter yield and nitrogen concentration of the potato
plants were determined every week. The critical nitrogen concentration is the point where the highest
total biomass was obtained and with the relation between the nitrogen concentration and the total
biomass. Greenwood et al. (1990) found in his experiment the critical nitrogen concentration. In this
experiment, the nitrogen content at different times was measured and expressed in percentage nitrogen
in the dry matter of the total plant (excluding fibrous roots). The point with the highest yield and
lowest level of nitrogen fertilizer were selected. The data showed that the critical percentage of
nitrogen declined with the increase of biomass. A regression analysis was performed on different
crops (tall fescue, lucerne, potato, sorghum and wheat) with the following equation:
(8)
where:
%N = Critical nitrogen concentration in percentage of total plant weight
a = Coefficient estimated with data (changes with different crops)
b = Coefficient estimated with data (changes with different crops)
W = Total biomass (t/ha)
Giletto and Echeverría (2012) did also an experiment to estimate the critical nitrogen concentration for
potatoes in Argentina. They also used the following formula from Greenwood et al. (1990):
(9)
where:
Nc = Critical total nitrogen concentration in total biomass (g/100 g)
a = Estimated parameter (nitrogen concentration when the total biomass is at least 1 t/ha)
b = Estimated parameter (represents the coefficient of dilution, describes relationship of decreasing Nc
with increasing total biomass)
W = Total biomass (t/ha)
Equation 9 implies that when the total biomass of the plant increases the critical nitrogen
concentration decreases. Greenwood et al. (1990) found for the parameters a and b, 5.36 and -0.46
respectively. Giletto and Echeverría (2012) found for the parameters a and b, 5.30 and -0.42
respectively. Duchenne et al. (1997) found for the parameters a and b, 5.21 and -0.56 respectively.
The curves for the different parameters are given in Figure 6.
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Figure 6 Nitrogen concentration (g/100 g) as a function of total biomass (Mg/ha = t/ha) (Giletto and Echeverría, 2012).

With these curves the critical nitrogen concentration (Nc) that is needed to get a certain amount of total
biomass is known. The Nc can also be given as a percentage of total biomass, e.g. if Nc = 2 g/100 g
total biomass, the percentage is 2%. Figure 6 gives at this Nc approximate a total biomass of 10 tonnes
per hectare.
(

)

(

)

By applying this calculation for every point in the critical nitrogen curve (Figure 6) a nitrogen uptake
curve can be made, that gives the nitrogen uptake in kilogram per hectare. Instead of using the total
biomass on the x-axis, also the time in days or temperature sum can be used.

2.5 Discussion
The growth of potatoes is influenced by many factors; the type of potato, variety, desired time of
harvesting, soil processes, quality of the soil and weather conditions. Nutrients are also of great
importance for an optimal growth. Nitrogen is an important nutrient and without nitrogen the yield
will be low. To reach the potential yield, the plants needs sufficient nitrogen. Plants need water before
they can assimilate nitrogen out of the soil. A water shortage can therefore result in a deficiency of
nitrogen. A ‘water model’ that uses the precipitation and calculates the evaporation and transpiration
can be used to determine if enough water is available in the soil. If there is not enough water available
the plant is not able to assimilate nitrogen out of the soil. Zebarth et al. (2004) showed that the
nitrogen use efficiency (plant dry matter accumulation / plant nitrogen supply) for early varieties was
lower than for mid-season or late varieties, this was also for the nitrogen utilization efficiency (plant
dry matter accumulation / plant nitrogen accumulation). The capacity of nitrogen uptake was also
found to be different between varieties. However it is not useful to calculate a nitrogen uptake curve
for every variety separately. It is therefore better to calculate a nitrogen uptake curve on the basis of
maturity. Early varieties need more nitrogen than late varieties, because they senescence earlier. If
more nitrogen is applied the canopy will remain longer green, and the growing season will be
extended. However an excess of nitrogen causes a delayed ripening and the risk for diseases increases.
Soil processes like the mineralization of nitrogen in the soil are important for determining the nitrogen
application. Van Dijk and Van Geel (2010) developed some rules for the mineralization during the
growing season of potatoes. These rules can be used in an advice system, but this are assumptions
which can be different from year to year and from field to field. For the simplicity of the advice
system it is better to take these rules not into account.
With a nitrogen uptake curve the needed amount of nitrogen for reaching a potential yield can be
calculated. A nitrogen uptake curve can be developed on the basis of a statistical model, a closed-form
model or on a simulation model that simulate the crop growth. The statistical model of Steltenpool and
Van Erp (1995) uses only the temperature to calculate the nitrogen uptake curve. In the literature was
16

Bachelor thesis M. H. P. Duisterwinkel
found that the temperature has an influence on the release of nitrogen and other nutrients in the soil. In
the early growth phase the temperature is of great importance, but the solar radiation is in the linear
growth phase more important (Yuan and Bland, 2004). The statistical model of Steltenpool and Van
Erp (1995) is therefore not useful for developing a nitrogen uptake curve. Closed-form models on the
other hand are more advanced, which take more factors into account. The model developed by Yuan
and Bland (2004) is a closed-form model that can be used to calculate the biomass growth on the basis
of solar radiation and temperature. Typical parameters needs to be calculated for a specific crop and
some values are assumed to be constant. However a simulation model is more useful, because it takes
a lot of variables into account, which easily can be used and adjusted. The LINTUL-POTATO model,
‘qms-Potato’, is a simulation model where the most important factors, temperature and solar radiation
are taken into account (see Chapter 3). The advantage of a simulation model is that the growth can be
simulated from day to day, based on weather predictions or on average weather data. With the relation
between the biomass and nitrogen content, developed by Greenwood et al. (1990), a nitrogen uptake
curve can be developed. It should be kept in mind that the simulated growth only holds for crops that
are free from diseases, pest and weeds. Also enough water and other nutrients should be available for
an optimal growth.
In the cultivation of seed potatoes the size and the amount of tubers per stem is very important. It was
found that the amount of tubers depends on the eyes per tuber, how many eyes sprout and how many
sprouts survive. Water has a great influence on this tuber development. The influence of nitrogen is
much lower. However nitrogen has influence on the length of the growing season and the amount of
biomass. It is therefore not necessary to take the amount and size of tubers into account in the advice
system for seed potatoes. Sidedressing in seed potatoes for early varieties is not possible because they
receive the total amount of nitrogen before planting. The growing season is also too short for
sidedressing. The risk for nitrogen deficiency is too great, which is not desirable by farmers.
The critical nitrogen concentration (equation 9) is not useful as an advice system, because the
temperature and solar radiation are not taken into account. However this equation can be used for
determining the nitrogen uptake curve with the simulation model ‘qmsPotato’. The advice system of
Van Dijk and Van Geel (2010) can be used for ware potatoes and for seed potatoes without the buffer,
because buffers are not used in the advice systems for seed potatoes. This system for sidedressing in
seed potatoes should only be used in late varieties. In this advice system the ‘qmsPotato’ simulation
model, which only needs the temperature and solar radiation can be used. By measuring the vegetation
index and calculating the nitrogen content, the nitrogen application for sidedressing can be calculated.
The vegetation index must be able to measure the nitrogen content sufficient in the early growth stages
(before July).
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3

Growth simulations in LINTUL-program ‘qmsPotato’

3.1 Objective
The simulation program ‘qmsPotato’ is a simulation model that calculates the potential growth of
potatoes. This program exists out of the LINPACsa model (Aben, 2012). LINPACsa was developed in
Wageningen by Bouman et al. (1996). The model was originally a LINTUL (Light INTerception and
UtiLization simulator) model, which only describes the processes that have a great influence on the
yield potential (Kooman and Rabbinge, 1996; Spitters and Schapendonk, 1990). The combination of
formulas out of the model TIPSTAR (Jansen, 2008) and LINPAC (Jing et al., 2012) resulted in the
model LINPACsa. It describes the crop growth for an average variety (Bintje) based on the solar
radiation and temperature under non-water limited conditions. To run the simulation model weather
data is needed, this data was obtained from the Royal Netherlands Meteorological Institute (KNMI).
The available weather data was from the years 1983 till 2012 from different weather stations. The aim
of this simulation model was to predict the growth of potatoes under different weather conditions. By
using weather data from different years the scattering in crop growth can be observed. Eventually the
simulation program was used to predict the crop growth at the moment of sidedressing. In this way the
potential yield can be estimated and together with a nitrogen advice system, one can see how much
nitrogen the crop needs to reach the potential yield. However, this first simulations were done for
different base years (year before moment of sidedressing), ‘day of emergence’ (DOE) and ‘day of
sidedressing’ (DOS). By looking at the data and the graphs, the scattering between years and the
effects of different moments for DOE and DOS can be observed. The purpose of these simulations
was to simulate the biomass growth on the basis of average weather or weather forecasts. Together
with the relation of biomass and nitrogen content from Greenwood et al. (1990), a nitrogen uptake
curve can be developed (see equation 10).
(

)

(10)

where:
Npotential = Potential nitrogen uptake by the potato plant (kg/ha)
W = Total dry matter (kg/ha)
The following software was used for easy data handling:
 Microsoft Visual C# 2010 Express (code for ‘qmsPotato’ simulation model)
 PostgreSQL 9.2 (database system)
 R 2.15.3 (language and environment for statistical computing and graphics)

3.2 Simulation runs
Table 2 Simulation runs done in 'qmsPotato' with weather data from KNMI, DOE = Day Of Emergence and DOS = Day Of
Sidedressing

Run
Station
Base
year
DOE

I
260
1990

II
260
2000

III
260
2000

IV
260
2000

V
260
2000

VI
260
2000

15 April
(105)

15 April
(105)

30 April
(120)

30 April
(120)

30 April
(120)

30 April
(120)

DOS

15 June
(166)

15 June
(166)

15 June
(166)

30 June
(181)

7 July
(188)

19 July
(200)
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VII
260
1983 to
2012
15 April
(105)

VIII
260
1983 to
2012
30 April
(120)

-

-
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For the simulation runs II, III, IV, V and VI the base year was 2000, because after analysing the
weather data the weather in this year corresponds most with the average weather conditions from 1983
to 2012. After DOS, simulations were done with weather data from 1983 to 2012. By using another
base year also the growth after DOS will be different. If the total dry matter content till DOS is lower
for base year 1990 than 2000, then the final total dry matter content for the simulations after DOS will
be lower. Figure 7 shows the simulations for base year 1990 and base year 2000. Both graphs show
that the growth till day of sidedressing (from day of year 100 to 167) is different if another base year
was used and that the final total dry matter value is also different if another base year was used.

Figure 7 Simulation of the growth for the base year 1990 (left) and the base year 2000 (right), simulation runs I and II,
respectively (Table 2). For both simulations the day of emergence is 15 April and the day of sidedressing is 15 June.

3.2.1 Simulation for the years 1983 to 2012
The growth is simulated for all the years (1983 to 2012), simulation runs VII and VIII (Table 2). In
these two simulations only the ‘day of emergence’ was changed. Figure 8 shows that the growth
begins later if the DOE is delayed for about two weeks. Also the growth curves for one year are
different if the DOE was delayed. Between years there was also a large variation in the maximum total
dry matter. The largest differences between two years can be more than 5000 kilogram dry matter per
hectare. This quantifies the influence of the weather and DOE on the yield of potatoes. With the
relation between biomass and nitrogen content developed by Greenwood et al. (1990) a nitrogen
uptake curve can be developed. Figure 9 shows the nitrogen uptake curve from the simulation runs VII
and VIII (Table 2). Only the day of emergence varies between these two simulations, namely two
weeks. This can also be seen in the graphs, because the nitrogen uptake curve with DOE = 30 April,
starts to increase two weeks later. The course of the nitrogen uptake varies between the two graphs,
which means that the weather conditions influences the crop growth and subsequently the nitrogen
uptake. For the years 1983 to 2012 the final nitrogen uptake varies between 140 and 170 kg of
nitrogen per hectare.
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Figure 8 Simulation of the growth for the years 1983 to 2012, day of emergence is 15 April (left) and 30 April (right),
simulation runs VII and VIII respectively (Table 2).

Figure 9 Nitrogen uptake curve calculated on the basis of the simulation runs for the years 1983 to 2012, day of emergence is
15 April (left) and 30 April (right). See Figure 8 for the associated simulation runs.

Table 3 gives the mean, standard deviation and 68th percentile for the simulation runs VII and VIII,
which are calculated with the statistical computing program R. The 68th percentile is one-sided and
means that in 68 % of the cases the calculated amount of nitrogen is sufficient to reach the potential
yield. So in most cases the calculated amount of nitrogen should be enough. The histograms show a
normal distribution of the final nitrogen uptake values (see Appendix A). The mean for both
simulation runs was on average 216 kg nitrogen per hectare. In 68 % of the cases approximately 223
kg N / ha was sufficient to reach an optimal yield, so where nitrogen is not the limiting factor. It can
be concluded that the difference between day of emergence has not much effect on the final nitrogen
uptake. But by using this simulation model an estimation can be made about how much nitrogen a
farmer should fertilize, based on weather data or weather predictions.
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Table 3 Mean, standard deviation and 68e percentile in kg per hectare for the simulation runs VII and VIII with DOE is 15
April and 30 April respectively.

Mean
Standard deviation
68th percentile

Simulation run VII
(DOE 15 April)
Nitrogen (kg/ha)
215.16
14.96
222.56

Simulation run VIII
(DOE 30 April)
Nitrogen (kg/ha)
216.00
16.80
223.86

3.2.2 Nitrogen uptake curve (Van Erp & Steltenpool)
In section 2.3 the equation (4) developed by Steltenpool and Van Erp (1995) described the nitrogen
uptake based on the temperature sum. Figure 10 shows the nitrogen uptake curve for the years 1983 to
2012. It can be seen that all the curves are ending in the point of 216 kg N / ha. This is, because the
formula is an exponential function where the asymptote is given by the maximum nitrogen uptake,
which should be defined before the simulation can be done. To compare it with the simulations of the
‘qmsPotato’ model the maximum nitrogen uptake was estimated on 216 kg N / ha. Therefore the
potential yield and thus the amount of nitrogen the plant needs, must be estimated before the
simulations can be done. Just like in Figure 9, the variation in nitrogen uptake between years can be
seen (Figure 10). In this way the temperature only influences the nitrogen uptake in the early phases of
crop growth, because in the linear phase the gradient is almost the same. This formula is not a good
method for estimating the nitrogen uptake during the growing season, because the user still needs to
estimate the maximum nitrogen uptake. Also the influences of other weather conditions, like solar
radiation and rainfall were not taken into account.

Figure 10 Nitrogen uptake curve calculated with the formula of (Steltenpool and Van Erp, 1995). For the years 1983 to 2012
with DOE is 15 April (left) and DOE is 30 April (right). The same weather data is used as in the simulation runs VII and VIII
(Table 2).

3.2.3 Simulations with base year 2000
Figure 11 shows the simulation growth for potatoes, but in this simulation run the growth period was
divided in two parts. The growth of the first part was based on the base year 2000 till the day of
sidedressing. At this point a farmer wants to know how much nitrogen he should fertilize on his potato
field. The growth in the second part was based on the weather data from the years 1983 to 2012, and
shows a great variation in maximum total dry matter. On the basis of this graphs it can be concluded
that also halfway the growing season, the weather still has a great influence on the growth and so on
the total dry matter production. If the moment of sidedressing is one or two weeks later, the variation
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in maximum total dry matter becomes less (Figure 11). This is, because the later the point of
sidedressing is chosen the less time the crop has to grow, because the growing season in this
simulation model stops at about day 220. The purpose of these simulations was to quantify the effect
of differences in weather conditions on potential yield. Figure 12 shows the associated nitrogen uptake
curves where only the day of sidedressing varies. In these three graphs it can be seen that the variation
in final nitrogen uptake becomes smaller if the moment of sidedressing is later in time. This
conclusion was also made for the variation in final total dry matter (Figure 11). By setting up a
nitrogen uptake curve that tries to predict the potential yield, the weather conditions should be taken
into account. In this way a better prediction about the potential yield can be done and subsequent also
a better prediction about the total needed amount of nitrogen can be made.
A remark has to be made about the point ‘day of sidedressing’. In the simulations this point was only
chosen to get an idea how great the scattering between years can be if one would predict the potential
yield. The simulation program does not take nitrogen fertilization into account, so at this point no
nitrogen was applied.

Figure 11 Simulation of growth with base year 2000 and from the point DOS the growth of all the years (1983 t/m 2012),
simulation runs III, IV and V (Table 2).
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Figure 12 Nitrogen uptake curve calculated on the basis of the simulation runs (III, IV and V) with base year 2000, day of
emergence is 30 April for all three simulations and day of sidedressing is 15 June, 30 June and 7 July respectively. See Table
2 for the associated simulation runs.

For the simulation runs III, IV and V the mean, standard deviation and 68th percentile were calculated
(Table 4). The histograms show a normal distribution of the final nitrogen uptake values (see
Appendix A). The difference between the means of the final nitrogen uptake was not large, and was
around 223 kg N / ha. Also the difference between the 68 percentile for the three simulations was not
large, and was around 228 kg N / ha. This means that in 68 % of the cases 228 kg N / ha was enough
to reach the potential yield, so where nitrogen was not the limiting factor. The standard deviation
decreases if the moment of sidedressing was later in the growing season. This means that the variation
in the final nitrogen uptake becomes smaller if the moment of sidedressing is later in the growing
season. On the basis of these simulations it can be concluded that the moment of sidedressing has not a
great impact on the final amount of nitrogen uptake. But a better prediction can be made if the moment
of sidedressing is later in the growing season. However the risk of nitrogen deficiency increases if the
moment of sidedressing is later in the season.
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Table 4 Mean, standard deviation and 68e percentile in kg per hectare for the simulation runs III, IV and V with DOS is 15
June, 30 June and 07 July respectively.

Mean
Standard
deviation
68th percentile

Simulation run III
(DOE 30 April) and
(DOS 15 June)
Nitrogen (kg/ha)
221.47
14.97

Simulation run IV
(DOE 30 April) and
(DOS 30 June)
Nitrogen (kg/ha)
224.11
11.52

Simulation run V
(DOE 30 April) and
(DOS 07 July)
Nitrogen (kg/ha)
222.06
10.29

228.47

229.49

226.88

3.3 Discussion
The simulation model ‘qmsPotato’ uses solar radiation and temperature for simulating the growth.
From the different simulations it can be concluded that the day of emergence has little influence on the
final nitrogen uptake. If the day of emergence is two weeks later, the final nitrogen uptake hardly
differs. With equation 4 of Steltenpool and Van Erp (1995) it is also possible to develop a nitrogen
uptake curve. The disadvantage of this equation is that the maximum uptake of nitrogen should be
determined. In this way the model does not predict the potential yield, but the user has to do this. The
important growth factor, solar radiation, is also not taken into account. Which makes this equation less
useful for simulating the crop growth. The nitrogen uptake curve developed with ‘qmsPotato’ and the
relation found by Greenwood et al. (1990) can be used for calculating a nitrogen uptake curve.
Average weather data can be used, but it is also possible to use weather predictions. However the
weather predictions are short-term and not always very accurate. It is therefore not possible to
calculate the final nitrogen uptake precisely.
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4

Vegetation indices

In this chapter first some theoretical background about crop reflectance will be given and subsequently
the properties of three vegetation indices (NDVI, WDVI and TCARI/OSAVI) will be summarized.
The vegetation indices (VIs) indicate variation in crop vitality and biomass. Some vegetation indices
can be used to determine the nitrogen content of the canopy.

4.1 Theoretical background
The plant uses light energy in the photosynthetic process for developing chemical energy that is used
as fuel for all the activities inside the plant. Humans can only see light in the visible spectrum, from
400 nm till 700 nm. In the whole electromagnetic spectrum, this is only a small part. Below 400 nm
there is a region of ultraviolet light and x-rays. Above 700 nm there is a near-infrared (NIR) region,
infrared region, microwaves, radio and TV signals and long-waves. In the plant three mechanisms are
important for leaf reflectance, namely absorption, transmission and reflection (Knipling, 1970). Figure
13 shows the reflection, absorption and transmission for a plant leaf in the electromagnetic spectrum.
The absorption in the visible region (due to chlorophyll, xanthophyll and carotenes) and in the infrared
region (due to water) is high, but very low in the infrared region from 700 till 1300 nm. The high
reflection in this infrared region is caused by the internal cell structure due to light scattering
(Knipling, 1970). Only the half can maximally be reflected by the leaves and the other part is
transmitted to the next layer or to the soil, so the absorption in the leaves is in general not more than
10 % (Bussink and Ros, 2012).
Figure 13 Reflection, absorption and
transmission spectra of a plant leaf
(Knipling, 1970).

A plant absorbs light in the visible area. The chloroplast exist out of the pigments chlorophyll-a,
chlorophyll-b and carotenoids that absorb light in their beneficial spectrum (Figure 14). Chlorophyll-a
absorbs light in the red region and chlorophyll-b in the blue region. Carotenoids also absorb blue light
for photosynthesis and for protecting chlorophyll from photo damage (Armstrong and Hearst, 1996).
The human eye interprets plants as green because light in the green region is reflected, therefore there
is almost no absorption of light in the green region. So in the visible spectral region the plant has a low
reflection, and absorbs light energy. One should take into account that the percentages reflectance do
not represent the energy content that will be reflected by the leaves. This is because the intensity along
the spectrum is not uniform (Knipling, 1970).
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Figure 14 Absorption spectrum (%) at the visible
wavelengths for chlorophyll a, chlorophyll b and carotenoids
(above). Photosynthesis rate (%) at the visible wavelengths
(below). Source:
http://www.vandenborneaardappelen.com/441/hoe-werktgewassensing, visited at 16-04-2013.

Due to this differences in reflectance, ratios (vegetation indices) between wavelengths can be used to
make distinction between plant species or vegetation types. Not only crop reflectance can be measured
in the field, but also the soil reflection. Figure 15 shows the reflectance for wet soil, dry soil and wheat
at the visible and infrared spectrum. The reflectance for wet and dry soil increases at a higher
wavelength, but the reflectance for the crop in the near-infrared region increases rapidly at 700 nm and
lies significantly higher than the reflectance of the soil. Due to this property a clear distinction
between the soil and a vegetation can be made, and only the biomass of the vegetation can be
estimated. However there are a few limitations, but they are explained in the next three sections. The
crop reflectance does not only give information about the amount of biomass, but also stress factors
that influence the growth can be observed. For example stress factors like diseases, shortage of
nutrients and water shortage. Especially water shortage can be observed in the infrared region of 1300
nm and higher, because the absorption of light strongly depends on the water content (Figure 13). The
reflectance is also influenced by the crop structure, crop morphology, leaf density, solar zenith and
azimuth angles, distance and angle between sensor and crop, amount of vegetation per surface and
background radiation (Bussink and Ros, 2012; Knipling, 1970).
Figure 15 Typical spectra for
the vegetation and the soil
reflectance (Bussink and Ros,
2012).
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Measuring the nitrogen content in a plant is equivalent to measuring the chlorophyll content, because
most of the nitrogen in the leaf is stored in chlorophyll molecules. Biemond and Vos (1992) found in
an experiment, in which amounts of nitrogen were supplied to potatoes, that the distribution of dry
matter in the stems and leaves was not different between the treatments. However the nitrogen
concentration in the organs (stems, leaves and tubers) decreased during the growing season. They
found that in different nitrogen treatments the proportion of nitrogen in the haulms that was in the
leaves varied from 70 to 85 %. So a majority of the nitrogen was found in the leaves. The plant has a
mechanism that divides the total nitrogen over the organs, according to a fixed pattern. In the green
region from 530 to 590 nm and in the red edge region around 700 nm the reflection and absorption are
very sensitive for variation in chlorophyll content (Hatfield et al., 2008; Samborski et al., 2009). While
in the blue region (400-500 nm) and NIR (750-1400 nm) the sensitivity was low for variation in
chlorophyll content. The spectrum is then saturated at low chlorophyll values. Therefore most indices
are based on wavelengths the green region and red edge region. Vos and Bom (1993) found that with
the SPAD-502 chlorophyll meter a good relation between the chlorophyll content and the nitrogen
concentration in the leaves (r2 > 0.95). By measuring the chlorophyll content of leaves the nitrogen
concentration can be estimated. Vos and Bom (1993) found a linear relation between the chlorophyll
content and the nitrogen concentration in the dry matter of the leaves.
There are many different indices and some are broadband spectral indices, that use data from wide
bandwidths. To measure the reflectance, the average of the bandwidth is taken. This may be a
limitation, because if there is important information in a narrow band, it is lost due to averaging. If
more bands are measured, more information becomes available and the more accurate the data is.
Multispectral data measures with more bands, that are often used in near-sensing (hand-held sensors
or sensors mounted on tractors). More than 100 bands can be obtained with hyperspectral bands and
more than 1000 bands with ultraspectral bands. By using hyperspectral or ultraspectral indices more
detailed information of the leaf spectra can be obtained. Near-sensing can be done with active sensors
that use a light source, while passive sensors use ambient light for measuring the reflectance. The
advantage of using an active sensor is that even in a dark environment reflectance measurements can
be performed.

4.2 Normalized Difference Vegetation Index (NDVI)
The Normalized Difference Vegetation Index (NDVI) is a so-called broadband spectral index (Rouse
et al., 1974). The NDVI is strong related to the light interception and it is used to estimate the amount
of biomass of a crop. The index is one of the most used VIs in the world. Equation 11 shows that the
NDVI is based on two wavelength bands, one in the visible region at 660 nm and one in the near
infrared region at 810 nm. The plants absorb red light for photosynthesis. Near infrared light is mostly
scattered by structural cell material. If the plant contains more chlorophyll, more light in the red region
will be absorbed and reflectance will be lower. In the near infrared region the reflectance will be
almost the same. Therefore the NDVI can be used for estimating the amount of biomass.

(11)
The outcome of this formula lies always between the values zero and one, where the value zero means
that there is no vegetation and a value close to one means that the scene is dominated by vegetation. In
this case the reflectance in the red region of the spectrum is close to zero, which means that the
absorption in this region is high. A lot of research has been done about the accuracy in different crops
and under different conditions with the NDVI. A major disadvantage of this VI is the relation between
NDVI and LAI. The LAI is defined as the total one-sided leaf-surface area over a horizontal surface, if
the values are less than four some bare soil may be visible. If the LAI exceeds the value of three, the
index in practice approaches a limit, the value doesn’t change much at LAI values larger than three
(Carlson and Ripley, 1997; Samborski et al., 2009). So in crops (e.g. potatoes, wheat) where the LAI
exceeds this value, this index cannot be used because the variation in biomass cannot be detected.
Subsequently no variation in nitrogen content can be detected if the LAI is higher than three, even
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when the nitrogen content is linearly related to biomass (which it is in some crops). Another
disadvantage is the soil reflectance, especially in the growth phase where the canopy cover is
incomplete (Carlson and Ripley, 1997; Hatfield et al., 2008). Many sensors (e.g. CropScan,
GreenSeeker and CropCircle) use the NDVI as vegetation index, or they measure wavelengths that are
needed for the index.
A lot of experiments has been done about measuring the nitrogen content in a crop. Ferwerda et al.
(2009) did an experiment in winter wheat (Triticum aestivum L.) by applying different rates of
nitrogen and different irrigation levels. The nitrogen content was measured destructively and the
coefficient of determination (R2) found with the NDVI was 0.64. Compared to the other vegetation
indices used, this correlation was not strong. Bowen et al. (2005) did measurements with the
GreenSeeker, by measuring the vegetation in barley (Hordeum vulgare L.) and potatoes (Solanum
tuberosum L.) with the index NDVI. They found a high correlation in potatoes between yield and
NDVI (R2 = 0.83-0.90), but it was at two weeks before row closure. So no measurements were done
with a high leaf area index. Also the relation between yield and nitrogen rate had a high correlation.
Hong et al. (2007) did measurements with different sensors (GreenSeeker and CropCircle) in maize
(Zea Mays L.) at different growth stages. The NDVI values were highly correlated with dry matter
weight (R2 = 0.79 for GreenSeeker and R2 = 0.78 for Crop Circle) at a certain growth stage. However
the plants were not grown to maturity, so the effect of saturation did not occur in this experiment.
Wright et al. (2004) did an experiment in wheat by measuring the nitrogen content on the basis of
canopy reflectance. The measurements were done with satellites, an airplane, spectroradiometer and a
GreenSeeker. A regression analysis between the actual content and the vegetation index was done.
Between the instruments the value for the NDVI differs, however they showed a good correlation with
the nitrogen content. Wright et al. (2004) concluded that the NDVI can be used to estimate the
vegetation density to determine to nitrogen rate that is needed for fertilization in wheat. The flag leaf
nitrogen content was significantly correlated with the reflectance (R2 = 0.52-0.80) for the two years.
Franzen (2004) found in sugar beets (Beta Vulgaris L.) that the coefficient of determination (R2)
between NDVI and total nitrogen in the plant was 0.51, but they also found that with more biomass the
NDVI becomes saturated. Kooistra (2011a) found a moderate relation between the nitrogen
concentration (g/kg dry matter) and NDVI (R2 = 0.50). In the experiments done by Van Evert et al.
(2011), with different sensors also the NDVI was measured. The reflectance measurements with the
GreenSeeker showed on the first day of measuring that for all the nitrogen treatments (plots with
different amounts) the value of the NDVI was around 0.9, so here also saturation occurred. They
concluded that in their experiment it was better to use to WDVI for measuring the nitrogen content in
the plant.

4.3 Weighted Difference Vegetation Index (WDVI)
The WDVI is a broadband index developed by Clevers (1989), which measures the reflectance of a
vegetation and is sensitive for the biomass. The vegetation index can be used to estimate the LAI and
soil coverage in different crops like potatoes, sugar beets and grains. The WDVI was developed
because the NDVI was not able to measure sufficient in early growth stages were a lot of bare soil was
visible. Clevers (1989) found that in a specific situation the ratio of reflectance of bare soil in the red
and near-infrared region was constant. Also the soil moisture influences the soil reflectance, but with
the assumption of the constant ratio, the WDVI is independent of soil moisture content. The WDVIred
can be calculated with equation 12 and the WDVIgreen can be calculated with equation 13. The
measuring scale of the WDVI lies between zero and one if the reflectances are also from zero to one.
In practice the WDVI will hardly ever exceed the value of 0.6. If the reflectance is measured in
percentages the WDVI scale is between zero and fifty.
(12)
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where:
Rv810 = Reflection of the vegetated scene at 810 nm
Rv660 = Reflection of the vegetated scene at 660 nm
Rs810 = Reflection of the bare soil at 810 nm
Rs660 = Reflection of the bare soil at 660 nm
The WDVIred measures in the red region at 660 nm, but in the experiment of Van Evert et al. (2011)
the WDVI was measured in the green region at 560 nm (WDVIgreen).
(13)
where:
Rv810 = Reflection of the vegetated scene at 810 nm
Rv560 = Reflection of the vegetated scene at 560 nm
Rs810 = Reflection of the bare soil at 810 nm
Rs560 = Reflection of the bare soil at 560 nm
As mentioned in section 4.1, the spectrum in the red and blue region is saturated at low chlorophyll
levels and not in the green region. So by measuring the reflectance of the biomass in the green region
the saturation will occur later. Therefore Van Evert et al. (2011) used in in their experiment also the
WDVIgreen, because they experienced at Plant Research International (PRI) that it is more sensitive
than WDVIred. Vegetation indices sensitive to the amount of biomass such as the WDVI can be used
for measuring the above ground dry matter, because the percentage dry matter in above ground
biomass of potatoes varies between small bands (Van der Schans et al., 2012; Vos, 2009) and also the
nitrogen concentration in the dry matter is almost constant. Therefore the WDVI can be used to
measure the biomass and subsequently the nitrogen content. For estimating the nitrogen content a
calibration line between the WDVI and nitrogen content is needed. Van Evert et al. (2012) developed
a calibration line with the data of Booij to estimate the nitrogen uptake of potatoes. Booij did
experiments in potatoes by using canopy light reflectance to measure the nitrogen content in the plant.
The idea was to develop a sidedressing system based on crop reflectance measurements (Booij et al.,
2001; Booij et al., 2004). Due to circumstances a complete report has never been given and therefore
Van Evert et al. (2012) evaluated the nitrogen sidedressing system.
Van Evert et al. (2012) did an experiment in potatoes by using the WDVI for determining the
sidedress nitrogen rate. A calibration line was developed where the WDVI was related to nitrogen
uptake. Almost all the nitrogen in the early growth is in the aboveground part and the belowground
nitrogen uptake is small.
Figure 16 Relation between WDVI and nitrogen uptake (kg/ha)
in Wageningen in 1997, 1998 and 1999 (Van Evert et al.,
2012).
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Figure 16 shows the relation found by Van Evert et al. (2012) between the WDVI and total nitrogen
uptake. The broken line gives the relation found by Booij (Van Evert et al., 2011). The line is broken
at a WDVI value of 0.4, because at this point tuber bulking starts and more nitrogen will be
transported to the tuber. This means that the ratio between nitrogen content and biomass will be
different if tuber bulking starts. In the experiments different sensors were used that could measure the
WDVI. The experiments show that the relation between WDVI and nitrogen uptake in the
aboveground was strong and that it could be used for determining the nitrogen content in the plant.
Jukema and Lamantia (2010) did experiments in seed potatoes by using the CropScan and CropCircle.
For three varieties, which differed in maturity the correlation between the WDVI and nitrogen content
was determined. The R2 for WDVIred was 0.88 and that for WDVIgreen 0.89. This shows that both the
WDVIs can be used to determine the nitrogen content. Kooistra (2011a) used the WDVI for estimating
the total biomass and the LAI of potatoes. The correlation found between WDVI and LAI was 0.81
and was a linear relation. However the relation between WDVI and aboveground biomass was not
linear. Kooistra (2011a) concluded that the WDVI was more sensitive for the LAI than for the
biomass, because later in the season the stem becomes a greater proportion of the total biomass, but
this stem was not fully detected by the sensors. So the biomass was underestimated. The correlation
between WDVIred and nitrogen concentration (g/kg dry matter) was R2 = 0.239. This weak relation
exist because this index measures the biomass and was sensitive for changes in canopy structure
during the growing season.

4.4 Transformed Chlorophyll Absorption Reflectance Index / Optimised SoilAdjusted Vegetation Index (TCARI/OSAVI)
The TCARI/OSAVI is a relatively new index developed by Haboudane et al. (2002). The NDVI and
WDVI are indices that are sensitive for the biomass of the crop but the TCARI/OSAVI is a vegetation
index that has a strong relation with the chlorophyll content of the crop. Because the nitrogen content
is related to the chlorophyll content, the index can measure the nitrogen content in the leaves. The
index is a combination of the TCARI and the OSAVI indices. The OSAVI part is similar to the SAVI
part, but includes an optimized parameter. Haboudane et al. (2002) found that the chlorophyll content
could be measured best in the spectral region of 680 nm, which corresponds with chlorophyll-a
(Figure 14). The wavelength of 700 nm is used, because this is the boundary between the region where
the crop reflectance is based on the chlorophyll absorption and on the red edge position, where the
canopy structure has more influence on the reflectance (Haboudane et al., 2002). Equation 14 gives the
formula for the TCARI/OSAVI. The index returns values in the range of zero to one, where one
represents a low chlorophyll content and values close to zero represent a high chlorophyll content.
(

[
[

]

)]
(14)

The TCARI part is sensitive for the vegetation density (LAI) and as a result, not useful in all the
growth stages. The TCARI part uses the ratio (R700/R670) to limit the influence of bare soil and other
non-photosynthetic components, but this adaption did not improve the index significantly. Therefore
the OSAVI part was introduced to limit the background reflectance. The advantage of this index is that
no information about the soil is needed. The parameter L (=0.16) is used to reduce the soil effect on
the vegetation spectra where pixels are overlapping (Herrmann et al., 2010). The TCARI part is
sensitive in the late growth stages, where a lot of vegetation is present. The OSAVI part is hardly
sensitive for bare soil and chlorophyll content and can be used in the early growth stages where a lot
of bare soil is visible. The combination of these two indices results in an index that is sensitive for
chlorophyll content and hardly sensitive for bare soil. By using images with a high resolution a clear
distinction can be made between bare soil and vegetation.
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In an experiment in potatoes, where the CropScan was used, Kooistra et al. (2012) found that the
TCARI/OSAVI gave the best relation with the nitrogen status of the crop. Their conclusion was that
the background effects had less influence on the measurements. In another experiment from Kooistra
(2011a), the relation between vegetation indices and nitrogen concentration was examined. The best
relation was found between TCARI/OSAVI (measured with the CropScan) and nitrogen content
(destructive analysis). The measurements were done in the whole growing season and the coefficient
of determination (R2) found for this index was 0.798. Eitel et al. (2007) did measurements in wheat
with the RapidEyeTM satellite for the prediction of the nitrogen status. The correlation between the
flag leaf nitrogen content and the index was 0.37. This was not the strongest correlation found and
there were other indices that achieved better results. Haboudane et al. (2002) did also some
measurements in maize crops with various levels of nitrogen. The experiment showed that the
correlation between the destructive measurements and the vegetation index was 0.81. Chen et al.
(2010) used the TCARI/OSAVI for determining the correlation between nitrogen concentration
(destructive measurements) and the index in wheat and maize. The correlation for wheat and maize
was respectively, 0.66 and 0.40.

4.5 Discussion
For determining the nitrogen content of a crop it is possible to use a vegetation index that is based on
reflection measurements. In the last forty years many vegetation indices have been developed; the
NDVI is widely used. The NDVI and WDVI measure the biomass of the crop in contrast to the
TCARI/OSAVI which measures chlorophyll content. A major disadvantage found in the literature is
that the NDVI saturates at LAI values of three and higher. However in some experiments relatively
good results were achieved, but they did not always measured in the later stages of growth. Another
disadvantage found was that bare soil has a negative influence on the measurements. Therefore the
WDVI was developed, which achieved good results in different crops and especially in potatoes. Some
poor relations were found, because later in the growing season the stem becomes a greater proportion
of the total biomass, but not fully detected by the sensors. So the biomass will be underestimated and
subsequently the nitrogen content. The relatively new index TCARI/OSAVI has the benefit that it uses
two indices, one that can measure at high vegetation density and one that can measure well if a lot of
bare soil is visible.
However, it is not possible to draw conclusions on the most suited vegetation index based on this
literature review. The reason for this is that the relation strongly depends on the type of sensor or
satellite with corresponding vegetation index that was used for measuring the reflectance. Every
sensor measures with different wavelengths. Active sensors have a light source while passive sensors
use ambient light. Also the spatial resolution, the width of the reflection bands, and the measuring
angle influence the results. The amount of reflectance depends on the canopy structure and the growth
stage. To make a good comparison between these four indices, one should measure in the same crop
and on the same time. In the field different amounts of nitrogen should be fertilized, so that the
difference in nitrogen content can be examined. Very important is that the measurements are done
with the same sensor or satellite that is able to measure with the wavelengths that the three indices
need. For determining the nitrogen content, destructive measurements needs to be done of the
aboveground biomass. By a regression analysis between the vegetation index and the destructive
measurements a comparison can be made between the three indices for the used sensor. On the basis
of the obtained results, the best index for this crop and sensor can be selected.
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5

Analysis vegetation indices

In this chapter the data from the experiments at Droevendaal obtained by Dr. Remmie Booij were used
for analysing the four different vegetation indices. The first section summarizes the experiment from
Booij and the following sections show the results of the analysis on the NDVI, WDVIred, WDVIgreen
and TCARI/OSAVI. Eventually the results will be discussed and some conclusions are drawn.

5.1 Objective
The objective of this analysis was to search for a vegetation index that can be used for predicting the
nitrogen content in a potato crop. A canopy reflectance measurement is influenced only by the
aboveground parts, therefore the four indices were plotted against the aboveground nitrogen content in
kilograms per hectare. Plots have been made between the four indices and the aboveground total dry
matter in kilograms per hectare. Also plots have been made between the four indices and the
aboveground organic nitrogen content in kilograms per hectare. By means of a regression analysis a
distinction between the indices has been made.

5.2 Evaluating regression models
The developed regression models are evaluated with the data of Agrobiokon. The data comes from a
research financed by the platform Agrobiokon (Agro-Biotechnological Carbohydrate Research,
Northeast of Netherlands). This platform was established with financers of the processing industry
(AVEBE), farmers, Commodity Board Agriculture and with the group North-Netherlands, Economic
Affairs/Kompas and Ministry of Agriculture, Nature and Food Quality. The data was obtained from
experiments during the years 1998, 1999 and 2000 in different varieties of starch potatoes. However
only in the year 1998 destructive measurements were performed, therefore only data from this year
was available for evaluating the regression models. The starch potatoes were cultivated on reclaimed
peatland at the experimental farm ‘t Kompas in Valthermond. In these experiments different nitrogen
applications were applied and during the growing season reflectance measurements were done with
the CropScan sensor. Destructive measurements were carried out for determining the nitrogen content
in the plants.
The indices WDVIred and WDVIgreen in the Agrobiokon data were calculated with other wavelengths
than in the Booij data. There was no raw data available with the bare soil measurements, consequently
it was not possible to calculate the vegetation indices with the wavelengths used in the Booij data.
Therefore the following formulas were used to calculated WDVIred and WDVIgreen:
(15)
where:
Rv870 = Reflection of the vegetated scene at 870 nm
Rv661 = Reflection of the vegetated scene at 661 nm
Rs870 = Reflection of the bare soil at 870 nm
Rs661 = Reflection of the bare soil at 661 nm
(16)
where:
Rv810 = Reflection of the vegetated scene at 810 nm
Rv550 = Reflection of the vegetated scene at 550 nm
Rs810 = Reflection of the bare soil at 810 nm
Rs550 = Reflection of the bare soil at 550 nm
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5.3 Experiment at Droevendaal
In the years 1997, 1998, 1999 and 2000 Dr. Remmie Booij did different types of experiments at the
experimental farm ‘Droevendaal’ in Wageningen (Booij et al., 2001; Booij et al., 2000). The
experiments were done to determine the time for sidedressing and the amount of nitrogen that was
needed for sidedressing (Van Evert et al., 2012). The potatoes of the variety Bintje were cultivated on
sandy soil. Nutrient management other than nitrogen, weed, pest and disease control were done
according to common agricultural guidelines.
Table 5 gives an overview of the experiments performed by Booij from 1997 to 2000. In these
experiments different treatments were used to examine the effect on nitrogen content in the plant. The
reports of Booij et al. (2000), Booij et al. (2001), Booij et al. (2004), Van Evert et al. (2011) and Van
Evert et al. (2012) give more information about the applied treatments and findings based on the
experimental data. In Appendix B an overview is given of the treatments that were carried out in the
experiments.
Table 5 Overview of the experiments performed by Dr. R. Booij (Van Evert et al., 2011).

Year
1997

Location
Droevendaal,
Wageningen
Droevendaal,
Wageningen

Variety
Bintje

1999

Droevendaal,
Wageningen

Bintje

27 April,
0.75 m x 0.30 m

2000

Droevendaal,
Wageningen

Bintje

18 April and 9 May,
0.75 m x 0.30 m

1998

Planting
17 April,
0.75 m x 0.30 m
11 May,
0.75 m x 0.30 m

Bintje

Treatments
Nitrogen levels
Nitrogen levels,
complement till
Ntarget
Nitrogen levels,
time of sidedressing
and complement till
Ntarget
Nitrogen levels,
planting time, time
of sidedressing and
complement till
Ntarget

In each year, one treatment was performed three times. So there were three plots with the same
treatment. These plots varied in size from 6 m x 4.80 to 6 m x 12 m. The difference between
treatments consisted out of applied amount of nitrogen, planting date, and sidedress date. Calciumammonium-nitrate (CAN) was used as nitrogen fertilizer. In 1997 nitrogen was applied at planting and
also sidedressing was applied. In 1998 sidedressing was applied on the basis of canopy reflectance
measurements. When the soil was covered for 75 % by the vegetation, sidedressing was applied to
100, 150, 200, 250 or 300 kilograms of nitrogen per hectare. This holds also for the experiments in
year 1999, but in this year also fixed date was set for sidedressing. In the experiments carried out in
2000, sidedressing was applied when the soil was covered for 50 or 90 % with the vegetation, in
combination with different planting dates. Due to the different nitrogen treatments the nitrogen uptake
and so the nitrogen content in the crop differed between the plots. Consequently, a lot of data is
available with in a wide range of nitrogen content in the plants and reflectance measurements.
Destructive measurements were done from the above- and below-ground parts. From the parts, fresh
and dry weights were determined. In the leaves, stems and tubers the nitrogen content and the nitrate
N was determined. The crop reflectance was measured with the CropScan (MSR87, CropScan Inc.,
Rochester, MN, USA). The multispectral meter measures at eight wavelengths, namely 460, 510, 560,
610, 660, 710, 760 and 810 nm. The bandwidth at every wavelength is about 10 nm.
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5.4 Data handling
All data was imported into the database program PostgreSQL 9.2 (PostgreSQL Global Development
Group, free and open source software). Together with the statistical computing and graphics program
R 2.15.3 and Microsoft Excel 2010 calculations were done and graphs were made. For this analysis
the CropScan reflectance measurements have been used. In the section 5.3 was mentioned that the
same treatment was applied on three different fields. For calculating the vegetation index,
aboveground biomass, aboveground organic nitrogen content and aboveground nitrogen content, the
average of these three different fields with the same treatment were taken. From the destructive
measurements total aboveground dry matter in kilograms per hectare and the aboveground nitrogen
content in kilograms per hectare have been used. The nitrogen content in the leaves and stems in
grams per kilograms dry matter, nitrogen content in nitrate in the leaves and stems in grams per
kilograms dry matter and the dry matter weight of the leaves and stems were used to calculate the
aboveground organic nitrogen.
In Chapter 4 the formulas for calculating the vegetation index are described. For calculating the
TCARI/OSAVI according to the given formula, wavelengths of 550, 670, 700 and 800 nm are needed.
However the CropScan MSR87 is not able to measure at these wavelengths. Therefore they were
replaced by the wavelengths 560, 660, 710 and 810 nm. These were the nearest wavelengths in
comparison with the wavelengths used in the original formula developed by Haboudane et al. (2002).
Interpolating between two indices is not useful, because the difference between two consecutive
wavelengths was too large, namely 50 nm. Equation 17 was used for calculating the TCARI/OSAVI.
(

[
[

)]

]

(17)

The other three indices were calculated according to the formulas as given in Chapter 4.

5.5 Regression analysis
For observing the relationships between the predicted versus the observed nitrogen content with the
vegetation indices, the root mean squared error of prediction (RMSEP) was used. With the help of a
regression analysis a second order polynomial model (A*X2 + B*X + C) and a coefficient of
determination were derived to grade the indices. A second order polynomial model has been chosen,
because this model seemed to be the best estimator for predicting the nitrogen content for all the four
vegetation indices. Eventually the second order polynomial model was used for predicting the nitrogen
content in the plant. The RMSEP can be used as a single measure of predictive power. The RMSEP
values can be used to distinguish model performance with that of a validation period. The values have
the same units and therefore the outcomes are comparable. Equation 18 gives the formula for
calculating the RMSEP.
√∑(

)

where:
RMSEP = Root mean squared error of prediction (kg/ha)
Np = Predicted nitrogen content (kg/ha) from reflectance measurements
No = Observed nitrogen content (kg/ha) from destructive measurements
n = Number of measurements
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5.6 Results
5.6.1 Relationship between VIs and aboveground total dry matter
As stated in Chapter 4 the vegetation indices (VIs) NDVI, WDVIred and WDVIgreen were used to
estimate the amount of total dry matter of a crop. TCARI/OSAVI on the other hand is not sensitive for
the total dry matter (biomass) of the crop, but has a strong relation with the chlorophyll content. To
test this correlation between indices and observed crop parameters, the four indices were plotted
against the aboveground biomass in kilograms per hectare. In 2000 no destructive biomass
measurements were performed, so this year was not taken into account for analysing the relation
between the vegetation indices and biomass.
Figure 17 shows the relation between NDVI and the aboveground biomass. The first measurement
starts at a NDVI of approximately 0.32 and till a value of 0.87 the aboveground biomass increased
linearly. After the value of 0.87 a sharp curve can be determined, where the biomass increased rapidly.
This graph shows that the NDVI saturates at a value of approximately 0.87. The data was plotted per
month, because in this way the biomass development during the growing season becomes visible. The
first measurements point are coming from the month May and the biomass starts to increase in the
months June and July. The amount of biomass in August for the years 1998 and 1999 was lower than
in the month July for the same year. It can be seen that the biomass increases in the months May, June
and July and after that, in the month August, it makes a left turn and decreases. Figure 21 shows the
developed regression models and their coefficient of determination (R2) for all the four indices. In this
figure the data from the month August was omitted, because sidedressing will not be applied in this
month. Due to the saturation effect a second order polynomial was not able to predict the aboveground
biomass growth properly. Therefore two linear lines were developed that describe the aboveground
biomass increase. A coefficient of determination of 0.79 was found, which indicates a good relation
between the NDVI and the aboveground biomass.
In Figure 18 the aboveground biomass was plotted against the WDVIred. It can be seen that the
aboveground biomass increases for the months May, June and July. Just as at the NDVI, the
aboveground biomass in the month August for the years 1998 and 1999 was lower, and it makes a turn
to the left. This characteristic can also be seen for the WDVIgreen (Figure 19). Because sidedressing
will only be applied in the months June and July, data from the month August was not needed and
only influences the relation between the vegetation index and aboveground biomass negatively. For
calculating the coefficient of determination, the data of the month August from the years 1998 and
1999 was therefore omitted. For the WDVIred a second order polynomial has been estimated (Figure
21). A coefficient of determination of 0.81 was found between the aboveground biomass and the
index. It can be seen that the WDVIred hardly exceeds the value of 0.70 in a potato crop. In Figure 21 it
can be seen that the WDVIgreen shows almost the same result as the WDVIred and has a coefficient of
determination of 0.81. Here the WDVIgreen hardly exceeds the value of 0.6. Notable is that at the
WDVIred and WDVIgreen (Figure 18 and Figure 19) a sharp lower boundary of the data points can be
determined. This means that the aboveground biomass at a certain index value will never be lower
than the boundary.
The relation between the aboveground biomass and TCARI/OSAVI can be seen in Figure 20. For this
index the same feature as for the other three indices in aboveground biomass increase is visible. In the
month August the aboveground biomass makes a turn to the right, because of the relation between
TCARI/OSAVI and aboveground biomass. However the scattering for the other months is also very
large, so a distinction between the months was not as clear as with the NDVI, WDVIred and WDVIgreen.
Also here the data from the month August was omitted for calculating the coefficient of determination.
Figure 21 shows that for the TCARI/OSAVI also a second order polynomial can be made, but the
coefficient of determination was lower than at the WDVIs. A coefficient of determination of 0.61 was
found between the aboveground biomass and the index. Notable is that the TCARI/OSAVI stays in a
range of approximately 0.15 and 0.35.
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Figure 17 Relationship between NDVI and aboveground biomass (kg/ha) from the Booij data (1997 to 1999).

Figure 18 Relationship between WDVIred and aboveground biomass (kg/ha) from the Booij data (1997 to 1999).
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Figure 19 Relationship between WDVIgreen and aboveground biomass (kg/ha) from the Booij data (1997 to 1999).

Figure 20 Relationship between TCARI/OSAVI and aboveground biomass (kg/ha) from the Booij data (1997 to 1999).

40

Bachelor thesis M. H. P. Duisterwinkel

Figure 21 Relationship between vegetation indices NDVI, WDVIred, WDVIgreen and TCARI/OSAVI and aboveground
biomass (kg/ha) from the Booij data (1997 to 1999), with associated coefficient of determination and regression model. The
broken line for the NDVI was fitted by hand and is given by y = 2000 x NDVI - 541 (when NDVI ≤ 0.87) and by y = 68911
x NDVI - 58754 (when NDVI >0.87).

5.6.2 Relationships between VIs and aboveground organic nitrogen content
The data from the destructive measurements was used to calculate the aboveground organic nitrogen
in kilograms per hectare. The nitrogen in the leaves and stems was subtracted by the nitrogen content
in the form of nitrate in the leaves and stems. By multiplying this number with the dry matter weight
of the leaves and stems, the aboveground organic nitrogen could be calculated. In the literature
(section 4.4) was found that the TCARI/OSAVI has a strong relation with the chlorophyll content in
the crop and that the chlorophyll content is related to the nitrogen content. So by measuring the
chlorophyll content, the nitrogen content can be estimated. The objective of this analysis was to
determine if the correlation between the TCARI/OSAVI and the aboveground organic nitrogen is
stronger than at the other three indices. There was no data available from the aboveground organic
nitrogen content in the year 2000. Therefore this year was not taken into account.
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Figure 22 shows the same result as was found in the relation between the NDVI and the aboveground
biomass. At values of 0.8 and 0.9 saturation occurs. The aboveground organic nitrogen content varies
at this NDVI values between 40 and 140 kg/ha. A coefficient of determination 0.71 was found. Due to
the saturation effect this regression model was not able to predict the relation between the NDVI and
the aboveground organic nitrogen content properly. In Figure 22 can be seen that for the WDVIred, the
second order polynomial fits the data points rather well, with a coefficient of determination of 0.80.
The coefficient of determination for the WDVIgreen was even better, namely 0.88 (see Figure 22). As
can be seen in Figure 22, the coefficient of determination between TCARI/OSAVI and the
aboveground organic nitrogen is 0.70. At all the four indices three outlying points can be determined.
These points are lying above 125 kilograms of organic nitrogen per hectare. These measurements were
taken in the month July of the years 1998 and 1999.

Figure 22 Relationship between vegetation indices NDVI, WDVIred, WDVIgreen and TCARI/OSAVI and aboveground
organic nitrogen content (kg/ha) from the Booij data (1997 to 1999), with associated coefficient of determination and
regression model. . The broken line for the NDVI was fitted by hand and is given by y = 73 x NDVI - 15 (when NDVI ≤
0.89) and by y = 4484 x NDVI – 3940.79 (when NDVI >0.89).
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5.6.3 Relationships between VIs and aboveground nitrogen content
Finally a regression analysis was performed on the vegetation indices and the aboveground nitrogen
content in kilograms per hectare. This is the sum of the aboveground organic nitrogen content and the
aboveground nitrogen content fixed in nitrate. By measuring the reflectance with the CropScan sensor,
one would like to know the nitrogen content in the plant. Therefore the aboveground nitrogen content
was measured, which is all the nitrogen in the leaves and stems of the crop.
The NDVI measured the nitrogen content till a value of 0.88, where the aboveground nitrogen content
is approximately 45 kg/ha (see Figure 23). After that point, saturation occurs at with a NDVI value of
0.88-0.92 the aboveground nitrogen content varies between 45 and 200 kg/ha. Due to the saturation
effect no second order polynomial can be developed for the NDVI. Therefore a broken line was fitted
by hand. In Figure 23 can be seen that the coefficient of determination for the NDVI is 0.72. In Figure
23 can be seen that a second order polynomial describes the relation between the aboveground
nitrogen content and the WDVIred. The value for the WDVIred continues till 0.7, but at values of 0.60.7 it seems that saturation occurs, because here the aboveground nitrogen content is in a range of 140
to 200 kg/ha. A coefficient of determination of 0.70 was found. Figure 23 shows that WDVIgreen has
almost the same relation with the aboveground nitrogen content as WDVIred, but it has a higher
coefficient of determination, namely 0.81. In Figure 23 also can be seen that saturation occurs at a
WDVIgreen value of 0.5-0.6, where the aboveground nitrogen content varies between 140 and 160
kg/ha. Finally a regression analysis was performed on the TCARI/OSAVI (see Figure 23). A
coefficient of determination of 0.66 was found for the second order polynomial. It can be seen that at
low values of the index there is a large variation in aboveground nitrogen content.
Sidedressing is usually done before the month July and therefore a new regression models are
developed with only data of the months May and June. Figure 24 shows the developed regression
models for the four indices. The coefficient of determination between the NDVI and the aboveground
nitrogen content has decreased in comparison with the regression model that was developed with the
data of the months May, June, July and August. For the WDVIred on the other hand, the coefficient of
determination increased to 0.78 (Figure 24). Also the coefficient of determination shows a slight
increase (R2 = 0.81). Notable are the two outlying points that are higher than 150 kilograms of
aboveground nitrogen content per hectare, that can be seen in the graph in each of the four indices.
These two data points correspond with measurements taken at the end of June in the year 1997. This
can be plants that had the lead during the growth and consequently took up more nitrogen. The relation
between the TCARI/OSAVI and the aboveground nitrogen content has become worse (Figure 24). The
coefficient of determination decreased to 0.59.
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Figure 23 Relationship between vegetation indices NDVI, WDVIred, WDVIgreen and TCARI/OSAVI and aboveground
nitrogen content (kg/ha) from the Booij data (1997 to 2000), with associated coefficient of determination and regression
model. The broken line for the NDVI was fitted by hand and is given by y = 76.25 x NDVI - 12 (when NDVI ≤ 0.88) and by
y = 4408 x NDVI – 3823.94 (when NDVI >0.88).
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Figure 24 Relationship between vegetation indices NDVI, WDVIred, WDVIgreen and TCARI/OSAVI and aboveground
nitrogen content (kg/ha) from the Booij data till July (1997 to 2000), with associated coefficient of determination and
regression model. The broken line for the NDVI was fitted by hand and is given by y = 76.25 x NDVI - 12 (when NDVI ≤
0.88) and by y = 4408 x NDVI – 3823.94 (when NDVI >0.88).

Figure 25 shows the relationship between the aboveground nitrogen content and the aboveground
organic nitrogen content from the Booij data. The linear model describes the relation sufficient with a
coefficient of determination of 0.94. In the linear model, y is the aboveground organic nitrogen content
and x the aboveground nitrogen content. This means that the 79 % of the aboveground nitrogen exists
out of organic nitrogen during the whole growing season. This relation also clarifies that the
aboveground organic nitrogen content and the aboveground nitrogen content, both have good relation
and almost the same relation with the four different vegetation indices.
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Figure 25 Relationship between aboveground nitrogen content (kg/ha) and the aboveground organic nitrogen content from
the Booij data (1997 to 2000).

5.6.4 Evaluation of developed regression models
The regression models were used for determining the relationship between the predicted and the
observed nitrogen content. Table 6 shows the regression models, coefficient of determination and
RMSEP for the four different indices determined with the data of Dr. R. Booij. The regression models
were evaluated with the independent dataset of Agrobiokon. By using an independent dataset the
predictive power of the developed regression models could be obtained. With the Agrobiokon data,
which consisted out of 39 measurement points (n), the RMSEP was calculated.
Table 6 Regression models for NDVI, WDVIred, WDVIgreen and TCARI/OSAVI obtained from data from whole growing
season, with corresponding coefficient of determination (R2) and root mean square error of prediction (RMSEP) in kilograms
per hectare.

Indices
NDVI ≤ 0.88
NDVI > 0.88
WDVIred
WDVIgreen
TCARI/OSAVI

Regression model
Ncaboveground = 76.25x - 12
Ncaboveground = 4408x – 3823.94
Ncaboveground = 350.8x2 - 98.516x + 28.755
Ncaboveground = 432.94x2 - 36.323x + 21.038
Ncaboveground = 2948.9x2 – 2110.4x + 398.15

R2

RMSEP (kg N / ha)

0.72

153

0.70
0.81
0.66

35
32
116

Sidedressing is usually done around mid-June. It is therefore not necessary to measure the nitrogen
content after this date. A new regression analysis was performed, which only used the measurements
to the end of June. With the new regression models also the coefficient of determination and the
RMSEP were calculated, which can be found in Table 7. In this analysis only 33 measurement points
(n) have been used.
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Table 7 Regression models for NDVI, WDVIred, WDVIgreen and TCARI/OSAVI obtained from data till July, with
corresponding coefficient of determination (R2) and root mean square error of prediction (RMSEP) in kilograms per hectare.

Indices
NDVI ≤ 0.88
NDVI > 0.88
WDVIred
WDVIgreen
TCARI/OSAVI

Regression model
Ncaboveground = 60.82x – 5.2306
Ncaboveground = 6239.41x -5441.78
Ncaboveground = 117.25x2 + 90.055x + 4.6065
Ncaboveground = 162.4x2 + 132.45x + 4.5394
Ncaboveground = 3811.8x2 – 2558.5x + 452.3

R2

RMSEP (kg N / ha)

0.60

224

0.78
0.81
0.59

26
20
140

In Table 7 it can be seen that the RMSEP for the WDVIgreen decreased to 20 kilograms of aboveground
nitrogen per hectare if only measurements till July are taken into account. The RMSEP for the NDVI
increases on the other hand to 224 kilograms of aboveground nitrogen per hectare. Due to the
saturation effect, the RMSEP is much larger than with the other three indices.

Figure 26 Evaluation of the developed regression models with the Booij data on the independent dataset of Agrobiokon for
the NDVI, WDVIred, WDVIgreen and TCARI/OSAVI.
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In Figure 26 the developed regression models were compared with the Agrobiokon dataset. For all the
four indices holds that the developed model overestimates the aboveground nitrogen content.
Especially the models from the NDVI and TCARI/OSAVI overestimate the aboveground nitrogen
content over the whole range. It can be seen that the WDVIgreen on the other hand gives a better
prediction of the aboveground nitrogen content. This results in a low RMSEP of 20 kilograms of
aboveground nitrogen per hectare, which can be seen in Table 7. Figure 27 shows the same data as the
graph of the TCARI/OSAVI in Figure 26, but the Agrobiokon data is now represented per variety.
It can be seen that the relation between the aboveground nitrogen content and the TCARI/OSAVI for
the Agrobiokon data is weak. The TCARI/OSAVI varies between 0.10 and 0.32 for an aboveground
nitrogen content of approximately 25 kg/ha. Around a value of 0.10 saturation occurs and the
aboveground nitrogen content varies between 25 and 100 kg/ha. Notable is that two groups can be
made from the measurements that were taken on the plots where 0 kg N / ha was applied. The
TCARI/OSAVI varies between 0.10 and 0.20 for the measurements that were taken on day number
208. For the measurements that were taken on day number 210 the TCARI/OSAVI varies between
0.20 and 0.32. The time between the two groups was only two days, so the index values should almost
be the same for every variety. It is therefore possible that the sensor was not calibrated or not properly
calibrated. This characteristic can also be seen at the other three indices (Figure 26), however these
models describe the aboveground nitrogen content per hectare better. An aboveground nitrogen
content of 25 kg/ha is also low. Normally this is around 40 kg/ha, when no nitrogen is applied.

Figure 27 Evaluation of the developed regression model for the TCARI/OSAVI with the Booij data on the independent
dataset of Agrobiokon. The measurements are represented per variety (0N = 0 kilograms of nitrogen per hectare applied,
DOY = Day Of Year).

With the reflectance measurements only the aboveground nitrogen content was measured and not the
total nitrogen content of the potato plant. But before an advice can be given about the amount of
nitrogen a farmer should fertilize, the relation between the aboveground and the total nitrogen content
has to be determined. Figure 28 shows the relation between the aboveground nitrogen content and the
total nitrogen content for the months May and June. Only the data of these months were used, because
sidedressing is mostly applied during this period of the year. It shows a good relation between the
aboveground and total nitrogen content, with a coefficient of determination (R2) of 0.94. The function
that describes the relation (y = 0.7614x) reflects that 76 % of the total nitrogen content in the months
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May and June is stored in the aboveground part of the plant. The total nitrogen content can be
calculated with equation 19.
(19)
where:
Nctotal,t1 = Total nitrogen content (kg/ha)
Ncaboveground = Aboveground nitrogen content (kg/ha)

Figure 28 Relationship between the aboveground nitrogen content (kg/ha) and the total nitrogen content (kg/ha) for the Booij
data of the months May and June (1997 to 2000).

5.7 Discussion
A clear distinction can be made between the four indices and their relation with the aboveground
biomass. The NDVI saturates at values of 0.8-0.9, which was also found in the literature (section 4.2).
At this range the biomass varies between 1000 and 4500 kg per hectares. As a result, the NDVI is less
useful for determining the aboveground biomass, because it is not able to estimate the amount of
aboveground biomass sufficient at high index values. WDVIred and WDVIgreen are both broadband
indices that are sensitive for the biomass. In the graphs of the four vegetation indices it can be seen
that the aboveground biomass measurements in the month August deviate. At these values of
aboveground biomass the vegetation indices would normally be higher, but probably the crop was
already in senescence (becomes yellow) or did collapsed, which caused low values for the vegetation
indices. Because sidedressing will be applied in the months June and July, the data from the month
August was not taken into account for the regression analysis. The TCARI/OSAVI however is more
sensitive for the chlorophyll content of the canopy. For both indices (WDVIred and WDVIgreen) a
coefficient of determination of 0.81 was found between the aboveground biomass and the indices.
TCARI/OSAVI shows a poorer correlation (R2= 0.62). In the literature was found that the WDVI
hardly exceeds the value of 0.6, which also can be seen in the results. However no clear distinction
between WDVIred and WDVIgreen can be made.
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The obtained results from the relation between the aboveground organic nitrogen and the four indices
show a surprising outcome. In the literature was found that the TCARI/OSAVI has a strong relation
with the chlorophyll content of the crop and so with the nitrogen content that is bounded to the
chlorophyll. As mentioned before, the NDVI saturates at values of 0.8-0.9 and is therefore less useful
for determining the aboveground organic nitrogen content in the crop. The TCARI/OSAVI shows a
good relation (R2 = 0.70), but the WDVIred has a higher coefficient of determination and the WDVIgreen
is even higher. It would be expected that the TCARI/OSAVI had the strongest correlation, because in
the literature a good correlation between the index and chlorophyll content was found. However the
WDVIgreen (R2 = 0.88) showed a better correlation. The nitrogen content in the leaves is also bounded
to the amount of biomass. The WDVIgreen has a stronger relation with the aboveground biomass than
the TCARI/OSAVI as showed in the analysis. It can be that the WDVIgreen shows therefore a better
relation with the aboveground organic nitrogen content.
A regression analysis was performed between the four indices and the aboveground nitrogen content.
With this parameter the nitrogen content in the crop can be estimated. The NDVI saturates at a value
of 0.88-0.92, where the aboveground nitrogen content varies between 50 and 200 kg/ha. The
coefficient of determination decreases for the TCARI/OSAVI if only the data of the months May and
June was taken into account, namely from 0.66 to 0.59. The TCARI/OSAVI is therefore not able to
measure the aboveground nitrogen content in the early growth stages sufficiently well. From the
literature was found that the TCARI/OSAVI was able to measure in the early growth stages due to the
OSAVI part, that is hardly sensitive for bare soil. However this analysis shows that the relation
becomes worse if only measurements of the early growth stages were taken into account. The
coefficient of determination of the WDVIred and WDVIgreen on the other hand increases if only the data
of the months May and June was taken into account. The WDVIred and WDVIgreen have a coefficient of
determination with the aboveground nitrogen content of 0.78 and 0.81, respectively. Notable is that
the coefficient of determination for the WDVIgreen hardly increases if only the data till July is taken into
account. The WDVIgreen is therefore able to measure sufficiently well, both in early growth stages and
during the whole growing season. It can be seen that both indices saturate at high values, but the
saturation is much larger with the TCARI/OSAVI.
By calculating the root mean squared error of prediction (RMSEP) with the independent dataset of
Agrobiokon, the predictive power of the regression model could be obtained. Table 6 shows that the
WDVIgreen has the lowest RMSEP, namely 32 kg N / ha and the highest coefficient of determination
(R2 = 0.81). However the difference with the WDVIred is not large. Table 7 shows the results where the
regression models are based on measurements to the end of June. This is done because usually
sidedressing is carried out during this time of year. It can be seen that the results of the
TCARI/OSAVI has become worse, while the WDVIred and WDVIgreen return better results. As was
mentioned in section 5.6.4, two groups can be made for the measurements that were taken on the plots
where zero kilogram of nitrogen was applied. Probably the sensor was not calibrated or properly
calibrated, which caused these wide variation in values for the TCARI/OSAVI. Hence, these
measurements were not really useful, but if these data was omitted the model still overestimates the
aboveground nitrogen content. On the basis of these results it can be concluded that the
TCARI/OSAVI is not a good vegetation index for estimating the aboveground nitrogen content in a
potato plant. The coefficient of determination differs not much, but the difference between the RMSEP
for the two indices have become larger. The RMSEP for WDVIgreen decreased with 12 kilograms of
nitrogen per hectare for the new regression model. Notable is that the NDVI has a high root mean
squared error of prediction (224 kg N/ha) when only the measurements in the months May and June
were taken into account. Due to the saturation effect, that arises at a NDVI of 0.88, the NDVI is not a
good index for predicting the aboveground nitrogen content in a potato plant.
The relation between the aboveground nitrogen content and the total nitrogen content was only based
on the Booij data of the months May and June. Later in the growing season, when the tuber
development starts, this relation changes and the translocation of nitrogen from the leaves to the tubers
starts. Therefore this relation only holds till the moment of tuber development.
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For calculating the RMSEP with the regression model from all the measurement points, 39
measurement samples from the Agrobiokon data have been used. For the regression model from the
measurement to the end of June, 33 samples have been used. Unfortunately there was not more data
available, but the outcome could be better if more samples were available. It is also possible that the
outcome would become worse, but if more data is used the results become more reliable. The
destructive measurements were only taken on 27 and 29 July 1998, which does not give a complete
overview of the aboveground nitrogen content during the growing season.
The destructive measurements were not always done at the same time as the reflectance
measurements. It is therefore possible that reflectance measurements are coupled to destructive
measurements from two days later. This can cause a deviation in the results, which influence the
relation between the indices and the aboveground nitrogen content. In section 5.4 is explained that for
the TCARI/OSAVI other wavelengths than originally was used by Haboudane et al. (2002). This has
an influence on the reflectance measurements, which can result in a poorer relation of the
TCARI/OSAVI with the aboveground nitrogen content. The developed regression models were
evaluated with the Agrobiokon data, but the wavelengths used for calculating the WDVIred and
WDVIgreen were not the same as the wavelengths used in the Booij data. This can cause some
deviations in the results. For a better comparison the wavelengths of the indices should be exactly the
same.
It is also important that the CropScan sensor is calibrated regularly. If the sensor is not calibrated, it
can return deviated reflectance values which influence the relation between the vegetation index and
the aboveground nitrogen content. Also diseases, weed and water shortage influence the reflectance
measurements. If the plant becomes yellow due to water shortage, the reflectance measurements imply
a low aboveground nitrogen content. However in practice the plant does not become yellow due to
nitrogen shortage. This may result in wrong data points, which can influence the results.
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6

Nitrogen Sidedressing Advice System (NSAS)

In this chapter the findings in the previous chapters with regard to the vegetation indices, the nitrogen
uptake curves and the current advice systems were combined to a nitrogen sidedressing advice system.
The calculations and formulas that are needed to give an advice about the amount a farmer should
fertilize on his potato field will be explained.

6.1 Calculation steps in Nitrogen Sidedressing Advice System
The advice system is a combination of the growth simulation model ‘qmsPotato’ and the developed
formulas given in section 6.2. The growth simulation model was used to determine the nitrogen uptake
during the season and finally to estimate the potential yield. The advice system needs different
parameters from the soil and the vegetation before an advice can be given. In Figure 29 a flow
diagram of the ‘Nitrogen Sidedressing Advice System’ is given. The ‘qmsPotato’ model uses weather
data (temperature and solar radiation) to calculate the growth of the potatoes during the season.
Therefore the year for which the model must simulate the growth should be entered. In addition the
user should choose the nearest weather station to the potato field out of a list of 33 weather stations
from the Royal Netherlands Meteorological Institute (KNMI). The advice system uses the formula
developed by Van Dijk and Van Geel (2010), see section 2.3. For calculating the nitrogen application
first the buffer, nitrogen content in the soil, nitrogen mineralization in the soil, total nitrogen content
in the potato plant and potential nitrogen content needs to be calculated.
During the growing season nitrogen mineralization takes place in the soil. With equation 20 the
nitrogen mineralization in the soil can be calculated. From the day of emergence (DOE) till the day of
sidedressing (DOS), the mineralization has to be taken into account. As mentioned in the advice report
of Van Dijk and Van Geel (2010), the nitrogen mineralization is one kilograms per hectare per day till
the first of August.
It is important that the soil is not running out of nitrogen, consequently a buffer needs to be retained.
In the advice report for ware potatoes of Van Dijk and Van Geel (2010) the buffer for clay is 80 kg N /
ha and for sand 60 kg N / ha. The farmer can choose the type of soil on which his potatoes are growing
and subsequent the corresponding buffer will be used in equation 23. For seed potatoes no buffer is
included, because buffers are not used in the nitrogen advice systems for seed potatoes.
The soil also contains nitrogen that is directly available for the potato plant. It has nitrogen in stock
from mineralization of organic matter out of crop residues or green manure crops, but also from
previous fertilizations. The farmer can determine this nitrogen content by taking a soil sample and
send it to a laboratory for an analysis.
The nitrogen content in the plant can be estimated with reflectance measurements. This can be done
with the CropScan sensor or with sensors mounted on a tractor. In Chapter 5 was found that the
WDVIgreen showed the best relation with the aboveground nitrogen content. Therefore required
reflectance measurements has to be on the wavelengths 810 and 560 nm at the vegetated scene and at
bare soil (equation 13). The developed regression model in Chapter 5 was used to determine the
aboveground nitrogen content in the plant, which is given by equation 22. The relation between the
aboveground and total nitrogen content was used to determine the total nitrogen content of a potato
field (equation 19). It has to be kept in mind that these models and relations only were found with data
to the end of June. Consequently these relations only can be used to the end of June.
Finally the potential nitrogen uptake of the potato plant needs to be estimated. Greenwood et al. (1990)
found the relation between the total dry matter content and nitrogen content in a potato plant. This
relation was used in equation 10 which the potential nitrogen uptake for ware potatoes can be
calculated. However this potential nitrogen uptake cannot be used for seed potatoes. Seed potatoes are
killed on average at the end of July. On this date the potential nitrogen uptake simulated by the model
was around 200 kg/ha. However seed potatoes need on average about 120 kg N /ha. Therefore the
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potential nitrogen uptake calculated with the simulation model cannot be used for seed potatoes. The
model also simulates the growth of the tubers during the growing season. The nitrogen content of
harvested seed potatoes is 3.0 kg/ton (Van Dijk and Van Geel, 2010). By multiplying the predicted
tuber yield with the nitrogen content of harvested seed potatoes, the potential nitrogen uptake for seed
potatoes can be calculated (see equation 21). Only the nitrogen of the tubers can be taken into account,
because most of the nitrogen is transported from the leaves to the tubers at the time of harvesting.
In equation 23 all the outcomes of the previous calculations are used for calculating the amount of
nitrogen a farmer should use for sidedressing.

Figure 29 Flow diagram of the steps that are needed for calculating the needed amount of nitrogen for sidedressing in the
‘Nitrogen Sidedressing Advice System’.

6.2 Formulas
For calculating the nitrogen sidedressing advice several formulas are needed. Some formulas were
developed in this research and others were found in the literature.

6.2.1 WDVIgreen
Equation 13 (section 4.3) was used for calculating the WDVIgreen.

6.2.2 Nitrogen mineralization
(20)
where:
Min = Mineralization of nitrogen in the soil till the first of August (kg/ha)
DOS = Day of Sidedressing (0-366)
DOE = Day of Emergence (0-366)

54

Bachelor thesis M. H. P. Duisterwinkel

6.2.3 Potential nitrogen uptake ware potatoes
Equation 10 (section 3.1) was used for calculating the potential nitrogen uptake of ware potatoes.

6.2.4 Potential nitrogen uptake seed potatoes
(

)

(21)

where:
Npotential = Potential nitrogen uptake by the potato plant (kg/ha)
TFW = Tuber fresh weight at the time of killing the plants (kg/ha)

6.2.5 Aboveground nitrogen content
This equation (22) can be found in Table 7.

(22)
where:
Ncaboveground = Aboveground nitrogen content in the potato plant (kg/ha)
WDVIgreen = Vegetation index at specific location

6.2.6 Total nitrogen content
Equation 19 (section 5.6.4) was used for calculating the total nitrogen content in potatoes.

6.2.7 Nitrogen application for sidedressing
(

)

(23)

where:
Nsidedressing = Nitrogen application for sidedressing at the potato plant (kg/ha)
Npotential = Potential nitrogen uptake by the potato plant (kg/ha)
Nctotal, t1 = Total nitrogen content in the potato plant from reflectance measurements at the time of
measurement t1
Buffer = Nitrogen buffer that should be retained in the soil (kg/ha)
Nsoil, t1 = Nitrogen content in the soil at the time of measurement at the time of measurement t1(kg/ha)
Min = Mineralization of nitrogen in the soil till the first of August (kg/ha)

6.3 Graphical User Intefrace for Nitrogen Sidedressing Advice System
For the advice system a small program was developed with Microsoft Visual C# 2010. This program
can be used with a graphical user interface (GUI). In Appendix C the code for this program is given.
Due to confidentiality, the code of the growth simulation model ‘qmsPotato’ cannot be given.
A few simulations were done with the developed advice system to get an idea about how the advice
system works. In Figure 30 the GUI is given with corresponding input. At the left side the reflectance
measurements that were measured in the field can be entered for the WDVIgreen. Some general
information is needed to run the simulation. First the weather station and the year for which the
program must run the simulation must be chosen. A choice can be made between soil type, namely
clay or sand. The day of emergence and the day of sidedressing are needed to calculate the
mineralization and for running the simulation model. The choice between the type of potato is ‘ware
potato’ or ‘seed potato’. If ‘ware potato’ is chosen the potential nitrogen uptake is based on the
simulation model. If ‘seed potato’ is chosen, the potential nitrogen uptake is based on the nitrogen
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content in the tubers at the moment of killing the potato plants. Seed potatoes are on average killed an
the end of July. In this advice system the moment when the potato plants are killed is day 208 of the
year. It is also possible to enter the variety, but the advice system does not use this information.
Finally the nitrogen content in the soil can be entered. By pressing on the button ‘Give me advice!’ the
advice system calculates the nitrogen application for sidedressing as is showed in the flow diagram
(Figure 29). At the right side the graph shows the relation between the nitrogen content and the day of
the year. The blue line shows the potential nitrogen uptake curve for ware potatoes and the green point
indicates what the current nitrogen content of the plant is. The purple line shows the potential nitrogen
uptake curve for seed potatoes.

Figure 30 GUI of ‘Nitrogen Sidedressing Advice System’ with day of sidedressing is 20-06-1997.

6.4 Discussion Nitrogen Sidedressing Advice System
The advice system was tested with the available Booij data. An evaluation of the advice system for
ware potatoes can be found in section 6.4.1 and for seed potatoes in section 6.4.2. The nitrogen
application for sidedressing was calculated with equation 23.

6.4.1 Ware potatoes
Three simulations have been carried out for ware potatoes where the buffer, nitrogen content in the
soil and the nitrogen mineralization in the soil have been taken into account. Besides three simulations
have been carried out where the buffer, nitrogen content in the soil and the nitrogen mineralization in
the soil where not taken into account. These simulations have been carried out, because the nitrogen
mineralization and the buffer are assumptions, which may be different between fields or years. The
nitrogen content in the soil has to be determined by taking a soil sample. This is a time-consuming and
expensive method. It is not desirable to perform a soil measurement every time a farmer wants to
know how much nitrogen he should fertilize. Therefore these two simulations are compared with each
other. Table 8 gives an overview of the simulations performed with the developed advice system. For
the simulations the data of the field experiments of Booij have been used.
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Table 8 Input and output of ‘Nitrogen Sidedressing Advice System’ for ware potatoes with reflectance measurements from
the Booij data. Simulations with and without the buffer, nitrogen content in the soil and nitrogen mineralization in the soil.

Simulation

A1

A2

B1

B2

C1

C2

Date of
sidedressing
and treatment

20-06-1997
Bintje N100

Treatment (kg
N / ha)
Variety
Soil type
Day of
Emergence
Day of
Sidedressing
Rv810
Rv560
Rs810
Rs560
WDVIgreen
Buffer (kg/ha)
N-soil at time
of
measurement
(kg/ha)
Expected
nitrogen
mineralization
(kg/ha)
Total nitrogen
content from
reflectance
measurements
(kg/ha)
Potential
nitrogen
uptake (kg/ha)
Nitrogen
application for
sidedressing
(kg/ha)
Total nitrogen
application
(kg/ha)

100

20-06-1997 20-06-1997
Bintje N100 Bintje N200
without
buffer,
Nmin and
Min
100
200

20-06-1997 29-06-1999
Bintje N200 Bintje N0
without
buffer,
Nmin and
Min
200
0

29-06-1999
Bintje N0
without
buffer,
Nmin and
Min
0

Bintje
Sand
128

Bintje
Sand
128

Bintje
Sand
128

Bintje
Sand
128

Bintje
Sand
138

Bintje
Sand
138

171

171

171

171

180

180

0.671
0.084
0.232
0.114
0.50
60
43.9

0.671
0.084
0.232
0.114
0.50
0
0

0.664
0.076
0.232
0.114
0.51
60
116.5

0.664
0.076
0.232
0.114
0.51
0
0

0.511
0.090
0.202
0.084
0.29
60
23

0.511
0.090
0.202
0.084
0.29
0
0

43

0

43

0

42

0

146

146

150

150

76

76

215

215

215

215

230

230

41

68

0 (-35)

65

149

154

141

168

200

265

149

154

In simulation A1 (20-06-1997 Bintje N100) the nitrogen content at the moment of measurement was
146 kg/ha. The simulation model estimates the potential nitrogen uptake at 215 kg/ha. Figure 31
shows that the tuber fresh yield at harvest time was at its maximum when 225 kg N / ha was applied. It
can be concluded that the simulation model estimates for this year the potential nitrogen uptake quite
well. By including the buffer, nitrogen content and nitrogen mineralization in the soil the advice for
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sidedressing is 41 kg N / ha. This results in a total nitrogen application of 141 kg/ha. The result of
subtracting the potential nitrogen uptake from the nitrogen application is 74 kg N / ha. It is assumed
that this amount of nitrogen is provided by the nitrogen content and nitrogen mineralization in the soil.
The sum of the expected mineralization and nitrogen content in the soil was around 87 kg N / ha. It is
unlikely that from this amount the plant can take up 74 kg N / ha. By applying this advice, the plant
probably receives too little nitrogen. By not including the buffer, Nmin and nitrogen mineralization, the
total nitrogen application was 168 kg/ha (simulation A2, Table 8). It is therefore assumed that the
plant takes up 47 kg N / ha out of the soil. It is likely that this amount can be assimilated by the plant
during the remaining growing season.

Figure 31 Relationship between the tuber fresh yield (kg/ha) at harvest and the final nitrogen content (kg/ha) from the Booij
data 1997. In this experiment different treatments were applied (see Appendix B, experiment 12, treatment 2 to 9).

Simulation B1 (20-06-1997 Bintje N200) was performed on the same date, but with a nitrogen
treatment of 200 kg/ha (Table 8). By taking into account the buffer, nitrogen content and
mineralization in the soil the total applied amount of nitrogen is too high, namely 35 kg/ha. Therefore
this advice was 0 kg N / ha. By not taking these three variables into account, the total nitrogen
application becomes 265 kg N /ha (simulation B2), which is far more that the potential nitrogen
uptake. The nitrogen content in the soil was around 117 kg/ha. This is not taken into account, but a
large amount can be assimilated by the plant. In this situation the advice of the system is probably too
high. While the result will probably be better if the three variables are taken into account.
The advice in simulation C1 (29-06-1999 Bintje N0) was almost the same (Table 8). In Appendix D
can be seen that the current nitrogen content was below the potential nitrogen content on the day of
sidedressing. The plant has a nitrogen deficiency. The nitrogen content in the soil was very low, about
23 kg/ha, because no nitrogen was applied. By subtracting the nitrogen content and the expected
nitrogen mineralization in the soil from the buffer the result is -5 kg N / ha. In the situation where
these three variables are not taken into account this was 0 kg N / ha. The advice in these two situation
is therefore almost the same. But if the nitrogen content in the soil becomes higher the system that
takes into account the buffer, nitrogen content and nitrogen mineralization in the soil gives probably a
better advice.
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6.4.2 Seed potatoes
Table 9 gives an overview of the input for the advice system and the corresponding output. The
reflectance measurements were taken at the experimental farm ‘Kollumerwaard’ in Munnekezijl. This
was done in seed potatoes of the late variety Mondial, which has a nitrogen advice of 70 kg/ha. As
mentioned in section 6.1, the potential nitrogen uptake curve developed with the simulation model and
equation 10 cannot be used for calculating the potential yield of seed potatoes. The potential nitrogen
uptake for seed potatoes was based on equation 21. Two simulations have been carried out where the
nitrogen content and the nitrogen mineralization in the soil have been taken into account and two
simulations where these variables have been omitted.
Table 9 Input and output of ‘Nitrogen Sidedressing Advice System’ for seed potatoes with reflectance measurements from
the data of Kollumerwaard. Simulations with and without the buffer, nitrogen content in the soil and nitrogen mineralization
in the soil.

Simulation

D1

D2

E1

E2

Date of sidedressing and treatment

21-06-2010
Mondial
N0
without
buffer

21-06-2010
Mondial
N0 without
buffer,
Nmin and
Min

21-06-2010
Mondial
N100
without
buffer

Treatment (kg N / ha)
Variety
Soil type
Day of Emergence
Day of Sidedressing
Rv810
Rv560
Rs810
Rs560
WDVIgreen
Buffer (kg/ha)
N-soil at time of measurement (kg/ha)
Expected nitrogen mineralization (kg/ha)
Total nitrogen content from reflectance
measurements (kg/ha)
Potential nitrogen uptake (kg/ha)
Nitrogen application for sidedressing
(kg/ha)
Total nitrogen application (kg/ha)
Nitrogen maturity correction (kg/ha)
Potential nitrogen uptake after correction
(kg/ha)
Nitrogen application for sidedressing after
correction (kg/ha)
Total nitrogen application after correction
(kg/ha)

0
Mondial
Clay
138
172
0.282
0.109
0.179
0.113
0.11
0
50
34
28

0
Mondial
Clay
138
172
0.282
0.109
0.179
0.113
0.11
0
0
0
28

100
Mondial
Clay
138
172
0.263
0.113
0.179
0.113
0.084
0
80
34
22

21-06-2010
Mondial
N100
without
buffer,
Nmin and
Min
100
Mondial
Clay
138
172
0.263
0.113
0.179
0.113
0.084
0
0
0
22

131
19

131
103

131
0 (-5)

131
109

19
60
71

103
60
71

100
60
71

209
60
71

0 (-32)

43

0 (-65)

49

0

43

100

149
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In simulation D1 (21-06-2010 Mondial N0) the potential nitrogen uptake was estimated on 131 kg/ha
(Table 9). In comparison with the advice from the growers, the advice was 61 kg N / ha higher. In this
advice system no correction was made for the maturity of the seed potatoes . The simulation model
calculates the tuber growth for the variety Bintje, which needs around 130 kg N / ha. So the calculated
potential nitrogen uptake corresponds well with the advice of the growers. A maturity correction for
the variety Mondial is 60 kg N / ha, which result in a potential nitrogen uptake of 71 kg/ha. If the
nitrogen content and the nitrogen mineralization in the soil are taken into account it is assumed that the
plant can assimilate the needed amount of nitrogen from the soil. However it is not possible that the
plant assimilates all the nitrogen available in the soil. Without these two variables (simulation D2) the
total nitrogen application is 43 kg/ha. This advice is probably better, however there is a change that the
plant receives too much nitrogen, because the plant can assimilates a certain amount of nitrogen out of
the soil.
In simulation E1 (21-06-2010 Mondial N100) the total nitrogen application, where the nitrogen
content and nitrogen mineralization are taken into account, is 100 kg/ha. However, according to the
advice system there was enough nitrogen available in the soil. If the two variables are not taken into
account the advice for sidedressing is 49 kg N / ha (simulation E2). This results in a total nitrogen
application of 149 kg/ha, which is far more than the potential nitrogen uptake after correction. In seed
potatoes also holds that if the nitrogen content in the soil is higher, the advice system that uses the two
variables probably gives a better advice for sidedressing.
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7

Discussion

Many factors influence the growth of potatoes, but the temperature and solar radiation have a great
influence on the growth. The temperature influences the formation of tubers in the initial phase, while
the solar radiation has a great influence on the dry matter production. The growth simulation model
uses these factors for simulating the growth, but water is not taken into account. However water also
influences the formation of tubers in the initial phase and without water the plant is not able to take up
nitrogen from the soil. This simulation model simulates the growth for a crop that is free from
diseases, pest and weeds, and there should be enough water and nutrients available for an optimal
growth. So water in this case is not the limiting factor for an optimal growth. Therefore enough water
should be available for reaching the potential yield. If there is not enough water available, the leaves
may become yellow which influences the reflectance measurements. This may lead to a wrong
estimation of the nitrogen content. The nitrogen content of the plants is then underestimated and the
advice from the system will be too high, which will result in a waste of nitrogen.
Steltenpool and Van Erp (1995) developed also a nitrogen uptake curve, which calculates the potential
nitrogen uptake. This model is however less useful, because only the temperature as weather condition
is taken into account. The model was developed on the basis of experimental data. Solar radiation was
not taken into account and therefore the model was based on solar radiation from the years the
experiment was carried out. But if the solar radiation in a year is higher than from the years the
experiment was carried out, the potential yield will be underestimated. This results in a
underestimation of the needed amount of nitrogen. Another disadvantage is that the potential nitrogen
uptake should be determined by the user itself. The relation found by Greenwood et al. (1990) was
used for developing a nitrogen uptake curve. This relation was based on experimental data, so it is
possible that there is a small deviation between the biomass and the nitrogen content. This model
should be tested in practice and the results should be evaluated with the destructive measurements.
The growth simulation model can also be used for seed potatoes, but not with the relation found by
Greenwood et al. (1990). By using this equation the nitrogen content at the day of killing was
estimated too high, namely around 200 kg N / ha. Probably the relation between the nitrogen content
and the biomass was set up for ware potatoes. A nitrogen uptake curve for seed potatoes was
developed by using the growth simulation of the fresh tuber yield and the nitrogen content in
harvested seed potatoes. When the potatoes are harvested most of the nitrogen is translocated from the
leaves to the tubers. But the nitrogen content that remains in the leaves will be neglected. The potential
nitrogen uptake for seed potatoes will be underestimated in this way. The neglected part will not be
very large, but this model should be tested and it should be compared with destructive measurements
before it can be used in practice. In seed potatoes the size and the amount of tubers are very important.
Nitrogen however has little influence on the formation of tubers, but it has more influence on the
length of the growing season. It is therefore not necessary to take the amount and size of tubers into
account. The growth simulation model needs weather data for simulating the growth. It is possible to
use average weather data, but also weather predictions can be used. The disadvantage of weather
predictions is that they are mostly short-term and not always very accurate. It is therefore not possible
to predict the potential yield, and thus the potential nitrogen uptake precisely. The consequence may
be that the prediction is too low or too high. It is however never possible to estimate the potential
nitrogen uptake precisely, but the growth simulation model can be a good predictor. The predictions
should be evaluated with destructive measurements before conclusions can be drawn about the
precision of the simulation model.
On the basis of the literature review a good comparison between the four vegetation indices was not
possible, because in every research other sensors or satellites were used or measurements were done in
different crops. In the analysis of the vegetation indices the Booij data was used to develop the
regression models. Subsequently these models were tested on the independent dataset of Agrobiokon.
The NDVI is one of the most used indices for measuring the amount of biomass of a crop. In the
literature was found that the NDVI saturates at LAI values of three or higher. In the analysis of the
vegetation indices saturation also occurred. The coefficient of determination was 0.60 with a root
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mean squared error of prediction (RMSEP) of 224 kg N / ha if only the data till July was used.
Another disadvantage is that bare soil has a negative influence on the reflectance measurements.
Therefore the WDVI was developed, which can be separated in a WDVIred and a WDVIgreen. Both
indices measure also the biomass of a crop and in the literature different results were found about the
accuracy. Saturation in the red and blue region at low chlorophyll levels occurs earlier than in the
green region and therefore the WDVIgreen should be a better predictor for estimating the nitrogen
content of a potato crop. The difference between WDVIred and WDVIgreen was not found to be very
large. WDVIred has a coefficient of determination of 0.78, with a RMSEP of 26 kilograms of nitrogen
per hectare. WDVIgreen on the other hand has a coefficient of determination of 0.81 with a RMSEP of
20 kilograms of nitrogen per hectare. This corresponds with the findings in the article of Van Evert et
al. (2012). The result is that the calculated nitrogen content does not always matches the nitrogen
content obtained from destructive measurements. The Agrobiokon data consisted of a few data points
from two days. The developed regression model should be tested on more data, so that the reliability
of the RMSEP can be improved. The TCARI/OSAVI uses two indices, one that can measure at a high
vegetation density and one that can measure well if a lot of bare soil is visible. In the literature
different results were found, but on the basis of these results it could not be concluded if it is the best
vegetation index to use. In the reports of Kooistra (2011b) and Kooistra et al. (2012) better relations
between the TCARI/OSAVI and the nitrogen content where found. In the regression analysis a
coefficient of determination of 0.66 was found. The test with the independent dataset resulted in an
RMSEP of 116 kg N /ha, which is a large deviation. A good relation (R2 = 0.94) was found between
the aboveground nitrogen content and the total nitrogen content if only the data till July was used (N tot
= Nabove/0.7614). This relation was only determined with the Booij data, but more data from other
experiments are needed to improve the reliability. However, with this relation and the relation between
the vegetation index and the aboveground nitrogen content, the total nitrogen content can be estimated.
The equation of Van Dijk and Van Geel (2010) can be used in the advice system. In this equation a
nitrogen buffer in the soil, nitrogen mineralization and the nitrogen content in the soil are taken into
account. The buffer is only used for ware potatoes, because buffers are not used in the nitrogen advice
systems for seed potatoes. The developed advice system for ware potatoes consists of the growth
simulation model ‘qmsPotato’, the relation between nitrogen content and total dry matter found by
Greenwood et al. (1990) and the relation between the WDVIgreen and the aboveground nitrogen
content. The potential nitrogen uptake calculated with the model, corresponds with the potential
nitrogen uptake found in the Booij data. If other varieties are used a correction on the potential
nitrogen uptake should be done on the basis of the maturity. The advice of the system strongly
depends on the applied treatments. If no nitrogen was applied, the nitrogen content in the soil was low.
Therefore the difference was not large in the simulation with and without the buffer, Nmin and
mineralization. If a lot of nitrogen was applied the nitrogen content in the soil was higher and if this
not taken into account, the advice was too high. For practical use it is not desired to take into account
the Nmin and the mineralization. The nitrogen content in the soil can only be measured by taking a soil
sample, which is expensive and time-consuming. In the advice report of Van Dijk and Van Geel
(2010) assumptions were made about the nitrogen mineralization in the soil. However this can differ
from year to year and from field to field. If the farmer uses this advice system he wants a simple
model that can predict the nitrogen application for sidedressing sufficiently. It is therefore not
desirable to take the nitrogen mineralization in the soil into account. It is possible that due to
mineralization the nitrogen content in the soil increases with 60 kg/ha. If half of this is assimilated by
the plant, 30 kg N / ha will be neglected. Also the farmer does not want to measure the nitrogen
content in the soil. If the nitrogen content in sandy soil is 30 kg/ha and half of it can be assimilated by
the plant than the total neglected part is 45 kg N / ha. By not taking these variables into account the
advice of the system is too high. In seed potatoes a relatively large part will then be neglected.
Therefore more research about the mineralization and the nitrogen content in the soil should be done
before these factors can be used in the advice system.
The same advice system can be used in seed potatoes, however the potential nitrogen uptake has to be
calculated on a different way. The multiplication of the simulated fresh tuber yield with the nitrogen
content of harvested potatoes gives a good indication of the potential nitrogen uptake. The simulation
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model was developed on the basis of the variety Bintje. The potential nitrogen uptake should therefore
be corrected on the basis of maturity. For these corrections there are common guidelines, which
compare the advice to the variety Bintje. The results of simulations with the advice system strongly
depends on the nitrogen treatment. The variety Mondial received 100 kg N / ha, while the advice is 71
kg N / ha. In this case no sidedressing is needed. Therefore the advice of the system without the buffer,
Nmin and mineralization was far too high. If the fertilized amount till sidedressing is not larger than the
final potential nitrogen uptake, then it is possible to use the advice system. By neglecting the Nmin and
the nitrogen mineralization in the soil the advice of the system is too high. If the N min and nitrogen that
comes available due to mineralization are high, probably too much nitrogen will be applied. Which
may result in a lower yield, because an excess of nitrogen can decrease the potential yield. The advice
system only can be used for late varieties, because early varieties receive the total amount of nitrogen
at one time.
If the advice system for seed potatoes will be used in practice money can be saved and it will result in
less pressure on the environment. In simulation D2 (Table 9) the total nitrogen application was 43
kg/ha. If the application was done according to common guidelines the total nitrogen application
would by 71 kg/ha. Therefore 28 kilograms of nitrogen was saved. The price of pure nitrogen is €1.09
per kilogram (LEI, BINternet). This results in a total savings of €30.52 per hectare. The emission of
one kilogram of nitrogen is 11.09 CO2-equivalent (1 CO2-equivalent = 1 kg CO2), (De Haas and Van
Dijk, 2010). By applying the advice system the CO2 emission decreases with 311 CO2-equivalents per
hectare.
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8

Conclusion

In this chapter the five sub questions (section 1.5) are answered on the basis of the literature review
and on the results that were found in this research.
The nitrogen uptake curve under potential growing conditions for ware potatoes is developed on the
basis of experimental data. It is determined by taking the points with the highest yield and the
corresponding nitrogen content. The maximum yield, nitrogen content and the temperature are
important factors in determining the nitrogen uptake curve. The current advice systems can only be
used if the nitrogen content in the plant is measured destructively. The measured nitrogen content has
to be subtracted from the potential nitrogen content. The advice system of Van Dijk and Van Geel
(2010) takes also the buffer, nitrogen content and mineralization in the soil into account.
Temperature, solar radiation, precipitation and nutrients are factors that play an important role in
cultivating seed potatoes. In the initial phase temperature and water are of great importance for
developing enough stolon’s. When the leaves are formed, light plays an important role. More light
absorption results in a higher dry matter production. Without the use of nitrogen the yield will be low,
an excess however can result in a bad quality of tubers. Nitrogen has little influence on the size of the
tubers, it has only a great influence on the length of the growing season.
The WDVIgreen is on the basis of the regression analysis the best of the four indices to measure the
aboveground nitrogen content in a potato plant till the end of June (R2 = 0.81). With the developed
second order polynomial (Ncaboveground = 162.4 x WDVIgreen2 + 132.45 x WDVIgreen + 4.5394) and with
the relation between the aboveground and total nitrogen content (Nctotal,t1 = Ncaboveground/0.7614), the
total nitrogen content can be calculated.
The advice system for ware potatoes is based on the growth simulation model ‘qmsPotato’, which uses
weather data. Average weather data or weather predictions can be used to simulate the growth. With
the relation found by Greenwood et al. (1990) between the nitrogen content and total dry matter of a
potato plant a nitrogen uptake curve can be developed. The total nitrogen content in the plant can be
calculated with reflectance measurements and the WDVIgreen. The equation for calculating the amount
of sidedressing is: Nsidedressing = (Npotential – Nctotal,t1) + Buffer. A correction on the potential nitrogen
uptake should made on the basis of the maturity of the variety.
The advice system for seed potatoes is almost the same as for ware potatoes. However the nitrogen
uptake curve is calculated on the basis of the simulated fresh tuber yield and the nitrogen content of
harvested potatoes (3.0 kg N / ton). This advice system can only be applied on late varieties. The
equation for calculating the amount of sidedressing is: Nsidedressing = (Npotential – Nctotal,t1). A correction on
the potential nitrogen uptake should be made on the basis of the maturity of the variety.
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9

Recommendations

This research gave me a lot more insight in the usefulness of the vegetation indices. A lot of indices
are available, but the relation with the nitrogen content in potatoes is for every index different. The
relation with the nitrogen content in the plant must be sufficient, before an advice about nitrogen
sidedressing can be given. The developed advice system is a simple system, which only takes the most
important factors into account that influence the nitrogen uptake. The simulation model can be
extended by adding a ‘water model’ and by taking the soil processes into account. Further research has
to be done before the developed advice system can be used in practice. One should consider the
following recommendations.
More data is needed for verifying the regression model. In this analysis only 39 samples with
destructive measurements were available. If there is more data available it can improve the model and
can decrease the RMSEP. The reliability will be increased if more data is used. To make a good
comparison between the destructive measurements and the reflectance measurements it is necessary
that they are performed on the same time. In this way the measurement errors will be lowered.
In a new experiment in (seed) potatoes a sensor should be used that can measure at more wavelengths
than the CropScan MSR87. It is important that wavelengths are available, that are needed for
calculating the vegetation index. For instance the TCARI/OSAVI, it uses other wavelengths than the
CropScan MSR87 can measure. Also the wavelengths that are used for evaluating the model should be
exactly the same as the wavelengths used for developing the regression models.
Another vegetation index that nowadays is used, is the red edge position index (REP). This index
measures in the red- near infrared transition zone. In the red region the absorption takes place due to
the chlorophyll and in the near infrared region the reflectance changes due to internal structure in the
leaves. This index measures also like the TCARI/OSAVI the chlorophyll content of the leaves. In this
thesis the focus was on the four vegetation indices NDVI, WDVIred, WDVIgreen and TCARI/OSAVI,
but it in a further research the REP should also be taken into account.
For the future it is important that researchers focus on only one or two indices that can measure the
nitrogen content sufficiently. Nowadays a lot of indices are developed and used for measuring
different properties of the crop (e.g. leaf area index, biomass, chlorophyll content and nitrogen
content). By focussing on one or two indices, better comparison between experiments can be made. If
there is an index that can estimate the nitrogen content well, then it can be used in a decision support
system. The success of this kind of system depends then more on modelling the process, instead of
selecting a vegetation index.
Due to a lack of time I was not able to implement a ‘water model’ in the advice system. By taking the
water model into account, it is possible to estimate if there is enough water available. Water deficiency
influences the colour of the leaves and subsequently the reflectance measurements. Water deficiency
influences in this way the value of the vegetation index, which may result in a wrong estimation of the
nitrogen content in the plant. So if there is a water deficiency the advice system may not be able to
give a good advice about nitrogen sidedressing.
The developed advice systems for ware- and seed potatoes are simulated on available data. However,
the systems should be tested during the growing season. The advice from the system should be applied
and the outcomes monitored. The results of this system can be compared with the current available
advice systems. In this experiment an advice should be given that takes the buffer, nitrogen content
and mineralization in the soil. Besides an advice should be given without these three variables. By
comparing the outcomes, the advice system can be evaluated.
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Appendix A Histograms Final Nitrogen Uptake
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Appendix B Overview treatments of Booij experiment
Experiment Name
experiment
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1997_1
12
Remmie_1998_1
13
Remmie_1998_1
13
Remmie_1998_1
13
Remmie_1998_1
13
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_2
14
Remmie_1998_3
15
Remmie_1998_3
15
Remmie_1998_3
15
Remmie_1998_3
15
Remmie_1998_3
15
Remmie_1998_3
15
Remmie_1998_3
15
Remmie_1998_3
15
Remmie_1999_1
16
Remmie_1999_1
16
Remmie_1999_1
16
Remmie_1999_1
16
Remmie_1999_2
17
Remmie_1999_2
17

Treatment Name Treatment*

Variety

2
3
4
5
6
7
8
9
10
11
12
13
2
3
4
5
2
3
4
5
6
7
8
9
10
11
12
13
2
3
4
5
6
7
8
9
2
3
4
5
2
3

Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Eersteling
Eersteling
Eersteling
Eersteling
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje
Bintje

Bintje_N0_0
Bintje_N100_0
Bintje_N100_50
Bintje_N100_50+50
Bintje_N100_50+50+50
Bintje_N100_50+50+50+50
Bintje_N200_0
Bintje_N300_0
Eersteling_N0_0
Eersteling_N100_0
Eersteling_N200_0
Eersteling_N300_0
N0
N100
N200
N300
N100_T75%_A100
N100_T75%_A200
N100_T75%_A300
N100_T75%+2wk_A100
N100_T75%+2wk_A200
N100_T75%+2wk_A300
N50_T75%_A100
N50_T75%_A200
N50_T75%_A300
N50_T75%+2wk_A100
N50_T75%+2wk_A200
N50_T75%+2wk_A300
JuliWk1-A0
JuliWk1-A150
JuliWk1-A200
JuliWk1-A250
JuniWk3-A0
JuniWk3-A150
JuniWk3-A200
JuniWk3-A250
N0
N100
N200
N300
T75%_A100
T75%_A200
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Remmie_1999_2 4
T75%_A300
Bintje
17
Remmie_1999_2 5
T75%+2wk_A100
Bintje
17
Remmie_1999_2 6
T75%+2wk_A200
Bintje
17
Remmie_1999_2 7
T75%+2wk_A300
Bintje
17
Remmie_1999_3 2
JuliWk1_A0
Bintje
18
Remmie_1999_3 3
JuliWk1_A150
Bintje
18
Remmie_1999_3 4
JuliWk1_A200
Bintje
18
Remmie_1999_3 5
JuliWk1_A250
Bintje
18
Remmie_1999_3 6
JuniWk3_A0
Bintje
18
Remmie_1999_3 7
JuniWk3_A150
Bintje
18
Remmie_1999_3 8
JuniWk3_A200
Bintje
18
Remmie_1999_3 9
JuniWk3_A250
Bintje
18
Remmie_2000_1 2
N0_Apr1
Bintje
20
Remmie_2000_1 3
N0_Apr1+3wk
Bintje
20
Remmie_2000_1 4
N100_Apr1
Bintje
20
Remmie_2000_1 5
N100_Apr1+3wk
Bintje
20
Remmie_2000_1 6
N200_Apr1
Bintje
20
Remmie_2000_1 7
N200_Apr1+3wk
Bintje
20
Remmie_2000_1 8
N300_Apr1
Bintje
20
Remmie_2000_1 9
N300_Apr1+3wk
Bintje
20
Remmie_2000_2 2
T50%_A150_Apr1
Bintje
21
Remmie_2000_2
3
T50%_A150_Apr1+3wk
Bintje
21
Remmie_2000_2 4
T50%_A200_Apr1
Bintje
21
Remmie_2000_2 5
T50%_A200_Apr1+3wk
Bintje
21
Remmie_2000_2 6
T50%_A250_Apr1
Bintje
21
Remmie_2000_2 7
T50%_A250_Apr1+3wk
Bintje
21
Remmie_2000_2 8
T90%_A150_Apr1
Bintje
21
Remmie_2000_2 9
T90%_A150_Apr1+3wk
Bintje
21
Remmie_2000_2 10
T90%_A200_Apr1
Bintje
21
Remmie_2000_2 11
T90%_A200_Apr1+3wk
Bintje
21
Remmie_2000_2 12
T90%_A250_Apr1
Bintje
21
Remmie_2000_2 13
T90%_A250_Apr1+3wk
Bintje
21
* Remarks:
 N100 = 100 kg of nitrogen per hectare applied at the beginning.
 N100_50+50 = 100 kg of nitrogen per hectare applied at the beginning and 50 plus 50 is 100
kg of nitrogen applied at sidedressing.
 N100_T75%_A100 = 100 kg of nitrogen per hectare applied at the beginning and if 75 % of
the soil is covered by the vegetation, the crop is complemented till 100 kg of nitrogen per
hectare.
 N100_T75%+2wk_A100 = same as previous but sidedressing is applied two weeks after the
soil is coverd for 75% by the vegetation.
 JuliWk1-A150 = In the first week of July crop is complemented till 150 kg of nitrogen per
hectare.
 N100_Apr1 = 100 kg of nitrogen per hectare applied at the beginning, potatoes planted at 1
April.
 N100_Apr1+3wk = 100 kg of nitrogen per hectare applied at the beginning, potatoes planted
three weeks later than 1 April.
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Appendix C Code Nitrogen Sidedressing Advice System
NSAS.cs – Code for graphical user interface
using
using
using
using
using
using
using
using
using
using

System;
System.Collections.Generic;
System.ComponentModel;
System.Data;
System.Drawing;
System.Linq;
System.Text;
System.Windows.Forms;
libSidedressing;
libPotato;

namespace Advice
{
public partial class NSAS : Form
{
Sidedressing sideDressing = new Sidedressing();
public NSAS()
{
InitializeComponent();
// Set weather stations in combobox of GUI.
tbweatherstation.Items.Add(new WeatherStationItem(210,
tbweatherstation.Items.Add(new WeatherStationItem(235,
tbweatherstation.Items.Add(new WeatherStationItem(240,
tbweatherstation.Items.Add(new WeatherStationItem(249,
tbweatherstation.Items.Add(new WeatherStationItem(251,
tbweatherstation.Items.Add(new WeatherStationItem(257,
tbweatherstation.Items.Add(new WeatherStationItem(260,
tbweatherstation.Items.Add(new WeatherStationItem(265,
tbweatherstation.Items.Add(new WeatherStationItem(267,
tbweatherstation.Items.Add(new WeatherStationItem(269,
tbweatherstation.Items.Add(new WeatherStationItem(270,
tbweatherstation.Items.Add(new WeatherStationItem(273,
tbweatherstation.Items.Add(new WeatherStationItem(275,
tbweatherstation.Items.Add(new WeatherStationItem(277,
tbweatherstation.Items.Add(new WeatherStationItem(278,
tbweatherstation.Items.Add(new WeatherStationItem(279,
tbweatherstation.Items.Add(new WeatherStationItem(280,
tbweatherstation.Items.Add(new WeatherStationItem(283,
tbweatherstation.Items.Add(new WeatherStationItem(286,
tbweatherstation.Items.Add(new WeatherStationItem(290,
tbweatherstation.Items.Add(new WeatherStationItem(310,
tbweatherstation.Items.Add(new WeatherStationItem(319,
tbweatherstation.Items.Add(new WeatherStationItem(323,
tbweatherstation.Items.Add(new WeatherStationItem(330,
tbweatherstation.Items.Add(new WeatherStationItem(344,
tbweatherstation.Items.Add(new WeatherStationItem(348,
tbweatherstation.Items.Add(new WeatherStationItem(350,
tbweatherstation.Items.Add(new WeatherStationItem(356,
tbweatherstation.Items.Add(new WeatherStationItem(370,
tbweatherstation.Items.Add(new WeatherStationItem(375,
tbweatherstation.Items.Add(new WeatherStationItem(377,
tbweatherstation.Items.Add(new WeatherStationItem(380,
tbweatherstation.Items.Add(new WeatherStationItem(391,
tbweatherstation.Sorted = true;
//test
tbRv810.Text = Convert.ToString(0.691);
tbRv560.Text = Convert.ToString(0.109);
tbRs810.Text = Convert.ToString(0.175);
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"Valkenburg"));
"De Kooy"));
"Schiphol"));
"Berkhout"));
"Hoorn Terschelling"));
"Wijk aan Zee"));
"De Bilt"));
"Soesterberg"));
"Stavoren"));
"Lelystad"));
"Leeuwarden"));
"Marknesse"));
"Deelen"));
"Lauwersoog"));
"Heino"));
"Hoogeveen"));
"Eelde"));
"Hupsel"));
"Nieuw Beerta"));
"Twenthe"));
"Vlissingen"));
"Westdorpe"));
"Wilhelminadorp"));
"Hoek van Holland"));
"Rotterdam"));
"Cabauw"));
"Gilze-Rijen"));
"Herwijnen"));
"Eindhoven"));
"Volkel"));
"Ell"));
"Maastricht"));
"Arcen"));
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tbRs560.Text
tbNsoil.Text
tbDOE.Text =
tbDOS.Text =

= Convert.ToString(0.079);
= Convert.ToString(60);
Convert.ToString(120);
Convert.ToString(173);

}
private void button1_Click(object sender, EventArgs e)
{
//Select weather station.
WeatherStationItem wsi = (tbweatherstation.SelectedItem as WeatherStationItem);
int stationnumber = wsi.number;
// Convert input GUI to sideDressing for calculations.
sideDressing.rv810 = Convert.ToDouble(tbRv810.Text);
sideDressing.rv560 = Convert.ToDouble(tbRv560.Text);
sideDressing.rs810 = Convert.ToDouble(tbRs810.Text);
sideDressing.rs560 = Convert.ToDouble(tbRs560.Text);
sideDressing.Nsoil = Convert.ToDouble(tbNsoil.Text);
sideDressing.buffer = Convert.ToString(tbSoiltype.Text);
sideDressing.doe = Convert.ToDouble(tbDOE.Text);
sideDressing.dos = Convert.ToDouble(tbDOS.Text);
sideDressing.typepotato = Convert.ToString(tbtypepotato.Text);
tbwdvigreen.Text = string.Format("{0:F2}", sideDressing.wdvigreen);
tbnapplication.Text = string.Format("{0:F2}", sideDressing.nadvice);
// Get weather data.
WeatherData w = new WeatherData();
w.ReadData(stationnumber, Convert.ToInt32(tbcompareyear.Text));
// Run the growth simulation model 'qmsPotato'.
PotatoModel m = new PotatoModel();
m.SetWeatherData(w);
m.SetCultivar("Fontane");
// example - function not yet operational
m.SetSoil("Sand");
// example - function not yet operational
m.FirstDay = 85;
m.DayEmObs = Convert.ToInt16(tbDOE.Text);
m.LastDay = 250;
// Run simulation model.
m.Run();
// Draw nitrogen uptake graph with corresponding point of current nitrogen
content.
nuptakecurve.Series.Add("npotential");
nuptakecurve.Series.Add("nseedpotential");
nuptakecurve.Series["npotential"].ChartType =
System.Windows.Forms.DataVisualization.Charting.SeriesChartType.Line;
nuptakecurve.Series["nseedpotential"].ChartType =
System.Windows.Forms.DataVisualization.Charting.SeriesChartType.Line;
nuptakecurve.ChartAreas[0].AxisX.Minimum = 100;
nuptakecurve.ChartAreas[0].AxisX.Maximum = 230;
nuptakecurve.ChartAreas[0].AxisY.Minimum = 0;
nuptakecurve.ChartAreas[0].AxisY.Maximum = 300;
//DataTable table1 = new DataTable("data");
//table1.Columns.Add("DOY");
//table1.Columns.Add("Ncontent");
Console.WriteLine("dag\tLAI\tbiomassa (kg/ha)\tknollen (kg/ha)\tTDM (kg/ha)");
for (int i = 110; i < 230; i++)
Console.WriteLine("{0}\t{1}\t{2}\t{3}\t{4}"
, i
, m.LAI[i]
, m.AbovegroundFreshBiomass[i]
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, m.TuberFreshWeight[i]
, m.TotalDryMatter[i]
, nuptakecurve.Series["npotential"].Points.AddXY(i, (5.36 *
Math.Pow((m.TotalDryMatter[i] / 1000), -0.46) / 100) * m.TotalDryMatter[i])
);
if (Convert.ToString(tbtypepotato.Text).Equals("Seed potatoes"))
for (int s = 110; s < 208; s++)
Console.WriteLine("{0}\t{1}\t{2}\t{3}\t{4}"
, s
, m.LAI[s]
, m.AbovegroundFreshBiomass[s]
, m.TuberFreshWeight[s]
, m.TotalDryMatter[s]
, nuptakecurve.Series["nseedpotential"].Points.AddXY(s,
(m.TuberFreshWeight[s] / 1000) * 3.0)
);
sideDressing.greenwood = Convert.ToDouble(m.TotalDryMatter[240]); // Potential
yield for ware potatoes reached at day of year 240 (is maximum of growth curve).
sideDressing.seedpotatoes = Convert.ToDouble(m.TuberFreshWeight[208]); //
Potential yield for seed potatoes based on tuber fresh weight at day of year 208 (average
time of killing the seed potatoes).
sideDressing.Go();
// Shows output in textbox
tbwdvigreen.Text = string.Format("{0:F2}", sideDressing.wdvigreen);
tbnapplication.Text = string.Format("{0:F2}", sideDressing.nadvice);
// Draw current nitrogen content in the graph.
nuptakecurve.Series.Add("ntotal");
nuptakecurve.Series["ntotal"].ChartType =
System.Windows.Forms.DataVisualization.Charting.SeriesChartType.Point;
nuptakecurve.Series["ntotal"].Points.AddXY(Convert.ToDouble(tbDOS.Text),
sideDressing.ngraph);
}

Sidedressing.cs - Code with calculations
using
using
using
using

System;
System.Collections.Generic;
System.Linq;
System.Text;

namespace libSidedressing
{
public class Sidedressing
{
public double rv810;
public double rv560;
public double rs810;
public double rs560;
public double Nsoil;
public string buffer;
public double doe;
public double dos;
public double greenwood;
public string typepotato;
public double seedpotatoes;
public
public
public
public
public
public
public
public

double
double
double
double
double
double
double
double

wdvigreen;
min;
buf;
nabove;
ntotal;
napplication;
npotential;
clay;
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public double sandy;
public double nadvice;
public double ngraph;
public bool Go()
{
// Calculate WDVI green with reflectance measurements of vegetation and bare
soil at wavelengths of 560 and 810 nm.
wdvigreen = rv810 - (rs810 / rs560) * rv560;
// Calculate aboveground nitrogen content (kg/ha) with developed regression
model.
nabove = 162.4 * wdvigreen*wdvigreen + 132.45 * wdvigreen + 4.5394;
// Calculate total nitrogen content, based found relationship between
aboveground and total nitrogen content (kg/ha).
ntotal = (nabove / 0.7614);
// Calculate nitrogen mineralisation in the soil, 1 kg per hectare per day.
min = (dos - doe) * 1;
// If type soil is clay, buffer is 80 kg N/ha and if type soil is sandy, buffer
is 60 kg N/ha.
if (Sidedressing.Equals(buffer,"Clay"))
buf = 80;
else
buf = 60;
// Calculate the nitrogen uptake curve with Greenwood relation.
if (Sidedressing.Equals(typepotato, "Ware potatoes"))
npotential = (5.36 * Math.Pow((greenwood / 1000), -0.46) / 100) *
greenwood;
else
npotential = (seedpotatoes / 1000) * 3.0; // Calculate potential nitrogen
content in the tubers (3.0 kg N / ton at harvest).
buf = 0;
// Calculate the amount of nitrogen should be used for sidedressing
napplication = (npotential - ntotal) - Nsoil + buf - min; // Formula for
calculate the nitrogen application in kilograms per hectare.
// Calculate the point of the current nitrogen content
ngraph = npotential - napplication;
if (napplication < 0)
nadvice = 0;
else
nadvice = napplication;
return true;
}
}
}
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Appendix D Graphical User Interface of simulations with NSAS
Simulation 20-06-1997 Bintje N100 with buffer, Nmin and mineralization

Simulation 20-06-1997 Bintje N100 without buffer, Nmin and mineralization

Simulation 20-06-1997 Bintje N200 with buffer, Nmin and mineralization
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Simulation 20-06-1997 Bintje N200 without buffer, Nmin and mineralization

Simulation 29-06-1999 Bintje N0 with buffer, Nmin and mineralization

Simulation 29-06-1999 Bintje N0 without buffer, Nmin and mineralization
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Simulation 21-06-2010 Mondial N0 with Nmin and mineralization

Simulation 21-06-2010 Mondial N0 without Nmin and mineralization

Simulation 21-06-2010 Mondial N100 with Nmin and mineralization
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Simulation 21-06-2010 Mondial N100 without Nmin and mineralization
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