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Abstract
Despite the fact that the Netherlands has one of the highest potato yields per hectare worldwide,
there is still a substantial yield gap. Therefore, potentially higher yields could be achieved. In addition,
the variability in both yield and yield quality among potato fields in the Netherlands is very large. Water
is an essential source for plant growth and can therefore possibly explain part of this variation.
Especially in view of climate change, the effect of water availability on the yield could increase.
A study was done to evaluate the effect of water availability on crop senescence, yield and yield
quality. For this analysis, a crop model based on global radiation was used to calculate potential yield
and potential evapotranspiration. The water availability is shown in percentages of potential
evapotranspiration. Because, besides water availability, other factors also play a role in the various
parameters, this has been included in the analysis. The planting date was used as a covariable for the
length of the growing season and the tuber number per square metre for the tuber size distribution
and tuber length.
The results showed that a 10% increase in water availability results in a 5-day increase in season
length until the start of senescence. This was the case for both Fontane on sandy soil and Innovator on
clay soil. Furthermore, such an increase in water availability resulted in a longer growing season to
mortality of 7 days for Fontane on sandy soil and of 5 days for Innovator on clay soil. A longer growing
season enables the crop to capture more sunlight and thus achieve higher yields under good growing
conditions. In addition, planting the potatoes earlier resulted in both a longer growing season till crop
senescence and mortality. This effect was greater for Fontane on sandy soil than for Innovator on clay
soil.
Fresh matter yield gaps, as a percentage of potential yield, varied from 0.0% to 51.6% for Fontane
on sandy soil and from -2.8% to 37.3% for Innovator on clay soil and were, on average, 24.1% and
16.1%, respectively. The yield gap became 6.7% smaller for Fontane on sandy soil and 8.7% smaller for
Innovator on clay soil with a 10% increase in water availability. This percentage corresponds to
respectively 5.7 and 6.8 tonnes per hectare yield increase at average potential yield.
Tuber size distribution was also positively influenced by higher water availability. For Fontane on
sandy soil, a 10% increase in water availability resulted in a 7.8% greater share of tubers in the larger
than 50 mm size. The proportion of tubers in the larger than 40 mm size was not affected by higher
water availability. For Innovator on clay soil, the share of tubers in the larger than 40 mm size increased
by 0.9% with the same increase in water availability. Here, no relationship was found in the proportion
of tubers larger than 50 mm. For both Fontane on sandy soil and Innovator on clay soil, tuber length
was not influenced by water availability. Also no effect of water availability on underwater weight was
found for both. A higher number of tubers per square metre means that the assimilates must be
distributed over more tubers. This was also found in this study because a higher tuber number reduced
the proportion of tubers larger than both 40 and 50 mm in both variety*soil type interactions and was
higher for Fontane on sandy soil than for Innovator on clay soil. On the other hand, the tuber length
effect was greater for Innovator on clay soil.
Based on this study, the growing season increases with increased water availability, which is most
easily achieved with irrigation, resulting in higher yields and in some aspects, higher quality.
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1 Introduction
1.1 Potato production
1.1.1 Importance of potatoes
Potato (Solanum tuberosum L.) is the fifth most produced agricultural product worldwide, with a
production quantity of almost 374 million tonnes fresh weight in 2017 (FAOSTAT, 2020a). Yearly, the
Netherlands produces 7.4 million tonnes of potatoes, of which 3.95 million tonnes are ware potatoes,
used for the fries industry (CBS, 2020). This makes the Netherlands the fourth largest potato producer
in Europe. In addition, the Netherlands is the country with the highest potato export value worldwide
(FAOSTAT, 2020b).
The global demand for processed potato products increases by 4% annually since 2007 (Pennings,
2019). The potato processing industry in North West Europe wants to maintain its strong market
position by continuing this growth. In order to grow, it is important for the Dutch industry that the
average potato yield increases, since the total area of arable land in the Netherlands decreased from
2000 - 2019 by 100,000 ha to 531,933 ha (-16%; CBS, 2020). However, it should be noted that the
presence of the COVID-19 virus had a major negative impact on the sales of fries, due to the
cancellation of events and the closing of restaurants. Both the processing industry and the potato
growers are hit hard. The extent of the consequences for potato cultivation in the Netherlands
depends on how long the crisis continues.

1.1.2 Yield gaps and yield variability
Potential yield (Yp) is the
theoretical maximum yield of a
given cultivar in a well-defined
biophysical environment (i.e.
the crop is optimally supplied
with water and nutrients and is
completely protected against
growth-reducing factors). Yp is
determined
by
CO2
concentration
in
the
atmosphere, radiation and
temperature (Van Ittersum &
Fig. 1. Potential, water- and nutrient limited and actual yield. Retrieved from: Van
Rabbinge, 1997; Fig. 1). Water Ittersum & Rabbinge (1997).
limited yield (Yw) is defined as the yield that is limited by the amount of water that is available. Actual
yield (Ya) depends on the interaction between genetics, environment and management. A yield gap is
defined as the difference between Yp and Ya of a crop.
Yp of Dutch ware potatoes has been estimated at an average of 73 tonnes per hectare in the period
2008-2012 (Silva et al., 2017; Wolf et al., 2010). Ya of Dutch ware potatoes averaged 51.3 tonnes per
hectare in the period 2008-2012 (Silva et al., 2017). Therefore, the yield gap is ±22 tonnes per hectare,
which equates to 29% of Yp. In Flevoland, Yw was estimated at on average 54.4 tonnes per hectare
(Wolf et al., 2010). The gap between Yp and Yw in Flevoland is ±18 tonnes per hectare, showing the
dependence on water supply for successful potato cultivation. As Flevoland has mainly clay soils, the
water-limitation will be larger in other regions with sandy soils. Yan (2015) simulated and compared Yp
and Yw for a potato grower on sandy soil in the south of the Netherlands. It showed that simulated Y w
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of fields without irrigation in 2013 was 18.7 to 31 t ha-1 lower than Yp, in 2014 it ranged from 0.6 to
10.7 t ha-1. In addition, field observations suggest that Yp is much larger than estimated with current
crop models (Brouwer, 2020; Rietema, 2015) suggesting that also water-limitation may be larger.
In addition to the large average yield gap for potatoes in the Netherlands, there is also a large
variation in yield gaps among fields, even when these are from the same grower in the same area. For
one farmer in the south of the Netherlands a yield variability of 20 to 103 tonnes per hectare was found
(Mulders et al., 2021; Rietema, 2015). On the one hand, this shows that potential yield in the
Netherlands may be higher than 73 tonnes, since this has already been achieved in practice. On the
other hand, this shows that there is a large variation in the yield gap from 0 to 80%. Because there are
no major differences among these fields in terms of inputs, differences in efficiency of this input is
large.

1.2 Water availability
In the previous section it was shown that there is a difference of ±18 tonnes/ha between potential
and water limited yield for potatoes in Flevoland. This indicates that water management is important
for successful potato cultivation.

1.2.1 Soil and water
Water is essential for plants to grow. Plants
depend on the amount of water they can
absorb. Water always moves from a place with
a high potential to a place with a low potential.
A plant can absorb water as long as its own
potential is lower than that of the soil
(Harbinson, 2019). The soil type determines the
amount of plant available water the soil can
hold and is reflected in a pF-curve (Fig.2). A pF
of 2.0 represents field capacity (FC), which is
the maximum amount of water the soil can
hold. If precipitation is higher it will drain to
deeper soil layers. pF 4.2 indicates wilting point
(WP). At this point the soil still contains water, Fig. 2. pF curve of three different soil types, showing the amount
but the plant cannot take up this water. The of plant available water the soil can retain, retrieved from:
amount of water between these two values Vittucci (2015).
indicates the amount of plant available water in the soil. As the amount of plant available water
decreases, it takes more and more effort for the plants to absorb water from the soil and growth
inhibition can occur. It depends on the type of plant at which pF value these inhibitions occur
(Harbinson, 2019).
Soil organic matter (SOM) increases water holding capacity of the soil (Groenendijk et al., 2019;
Johnston, 1986). An increase of the organic matter by 1% ensures that the top soil layer can contain
0.5% and 0.6% more moisture for respectively clay soil and sandy soil with an initial organic matter
percentage of 3%. However, this also depends on the initial situation; the lower the initial organic
matter percentage, the greater the increase (Groenendijk et al., 2019). This makes it important that
there is sufficient SOM in the soil and that this amount is also retained. After potato cultivation it is
important to supply the soil with organic matter such as compost, solid manure or cultivation of cover
crops, to compensate for the low return of crop residues after harvesting (Wilson et al., 2018).
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Furthermore, the thickness of the rooted layer is important for water availability. The deeper the
roots, the greater the rooted volume and thus the more water potentially is available. Potato is a rather
shallow rooting plant, with a rooting depth of about 60 cm; it root clearly shallower than other
agricultural crops such as wheat and sugar beet (Vos & Groenwold, 1986). Shallow rooting can be a
genetic trait of potato. However, root depths of potatoes up to 1 meter below the ridge have been
observed in several studies (Vos & Groenwold, 1986). Thus, the comparatively shallow rooting of
potatoes may also reflect a greater sensitivity to unfavourable subsoil conditions, such as soil
compaction, than other crops (Vos & Groenwold, 1986). Root growth can potentially be limited when
a cone index profile value of more than 2.0 MPa is measured (Copas et al., 2009). In addition to
potentially limited root growth, soil compaction could decrease soil water holding capacity, infiltration
and drainage and can increase runoff and erosion, both resulting in excessively wet and dry areas in
the field (Stark et al., 2020). Compaction increases the amount of energy required for plant emergence
and root extension and reduces the plant’s ability to absorb water and nutrients. This makes these
potatoes more sensitive to stress. Reduced root growth and uneven soil moisture distribution can
hasten the onset of early crop senescence.
Regarding soil and water, maximum potential potato water availability is thus dependent on soil type,
soil structure, organic matter, rooting depth, soil compaction, rainfall and capillary rise.

1.2.2 Potato and water
Potatoes close their stomata already at relatively low soil moisture deficits. Reduced transpiration
already takes place at a Leaf Water Potential (LWP) of -3.5 bars (pF: ±3.5). Other agronomic crops, such
as soybean, only do this at an LWP of -11 bars (pF: ±4.1; van Loon, 1981). Furthermore, Burrows (1969)
showed that with increasing soil water deficit, the relative transpiration rate of potatoes decreases
faster than that of sugar beet. So, under the same conditions, a potato is more likely to show reduced
growth than some other crops. This means that photosynthesis and transpiration rates decrease fast
under increasing soil moisture stress. For optimal growth, irrigation for the potato crop is therefore
necessary sooner.

1.2.3 Water availability and tuber initiation
The potato processing industry prefers large potatoes. Therefore, size sorting of tubers is
important for a ware potato grower. However, potatoes should not become too large, as this can result
in hollow potatoes, green potatoes and other quality losses. The number of tubers per plant is
important to grow to the correct size. Too many results in tubers that are too small and too little in
tubers that are too large. This is partly determined early in the season at the time of tuber initiation.
Multiple studies show that water stress during this phase causes a lower amount of tubers per stem
for most varieties (Haverkort et al., 1990; MacKerron & Jefferies, 1986; Ojala et al., 1990; van Loon,
1981). Different criteria are used to estimate the number of tubers per stem. For example, Haverkort
et al. (1990) looked at the amount of precipitation in mm in the first 40 days after planting, while
MacKerron & Jefferies (1986) looked at number of days with a soil water potential of <-25kPa. In
addition to tuber initiation, the tuber size is also determined by the plant performance during the
growing season.

1.2.4 Irrigation
Maintaining soil water content within specified limits throughout the growing season to maximize
potato yield and quality, regardless of the climatic circumstances, is the purpose of irrigation
management (Stark et al., 2020). Both over- and under-irrigation reduces the potato yield. Under-
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irrigation causes the soil moisture to drop below the critical value, which will reduce or stop canopy
and tuber growth and can result in quality losses. Over-irrigation can result in restricted plant
physiological activity and nutrient uptake and can increase disease susceptibility (Stark et al., 2020).
Despite the relative humid climate in the Netherlands, water limitation during some parts of the
growing season is likely to occur (Silva et al., 2020). In the future, it is likely that we will be exposed
more often to longer dry periods during the growing season (Klein Tank et al., 2015). In all climate
scenarios for 2050 developed by the Royal Dutch Meteorological Agency (KNMI, in Dutch), the average
and highest precipitation deficit during the growing season will increase; in some scenarios up to 30
and 25%, respectively (Klein Tank et al., 2015). In the future, management of water will be even more
important for successful potato cultivation, resulting in greater dependence on irrigation water
application. Irrigation in the Netherlands is not yet a standard everywhere (Silva et al., 2017). However,
the share of agricultural land that can be irrigated in the Netherlands is increasing, and expansion is
still possible, particularly in sea clay areas (CBS, 2011). Irrigation in the Netherlands is mostly done with
gun irrigation. There are also places in the Netherlands were irrigation is not possible due to salinity.

1.3 The importance of water availability during potato development
The potato growing season can be divided into five main developmental stages (Stark et al., 2020;
Fig. 3), starting with the sprout development stage. The length of this period depends on soil
temperature and planting depth, but lasts about 30 days in most cases. Planting the tubers in a dry soil
will impede or even inhibit emergence and root growth resulting in both a shortened vegetative and
tuber formation period. Evenmore, it causes a limited number of stems per tuber (van Loon, 1981).
The second period is the plant establishment period. This is the period between plant emergence
and tuber initiation. In this period, all energy is used for vegetative growth of both roots and shoots.
Both temperature and moisture conditions play a key role in the plant development rate during this
period (Stark et al., 2020). The length of this period depends on the variety and lasts between 10 and
20 days.
The third growth stage is known as tuber initiation, defined as the moment the stolon stops
growing and the end swells to twice the diameter of the stolon (Stark et al., 2020). Tuber initiation
normally occurs over a relative short period of less than two weeks (Ojala et al., 1990; Stark et al.,
2020). The result of water shortage in this period is described above. On the other hand, a high soil
moisture content during the beginning of the growing season, followed by dry conditions, hastens
senescence of the crop (van Loon, 1981). Tuber initiation is faster at temperatures below 20°C than at
above 20°C (Kooman, 1995).
The fourth period is the tuber bulking period where tuber size and weight will increase by a
constant rate unless a limited factor is present. Any interruption in growth can result in reduced tuber
yield and quality. In this period, yield loss is mainly due to a shortage of water. The duration of this
period is usually between 60 and 120 days but is influenced by the length of the growing season,
variety, and presence of (Ojala et al., 1990). Dry soil conditions during this phase of growth hastens
senescence of the crop (Celis-Gamboa, 2002). Secondary growth, such as chain tuberization, can also
arise if sufficient water is available after a dry period, which results in quality problems (van Loon,
1981). Optimum growth temperature during this period is between 14 and 22°C (Kooman, 1995).
The last period is known as the maturation period. It begins with canopy senescence where older
leaves on the bottom of the plant start to senesce, become yellow and will fall off. Tuber bulking will
slow down and increase in tuber dry matter is mainly by translocation of photosynthates of the canopy

4

into the tubers. Evapotranspiration rates are very low in this period resulting in little requirement of
water (Ojala et al., 1990). Furthermore, high temperatures will shorten this last period (Kooman, 1995).

Fig. 3. Growth stages of potato, retrieved from: Western Regional IPM Project (U.S.), (1986). Stage 1: sprout development
stage, stage 2: plant establishment period, stage 3: tuber initiation, stage 4: tuber bulking period and stage 5: maturation
period.

1.4

Research objectives

Despite the fact that the Netherlands has one of the highest potato yields in the world, the yield
gap is still considerable (29%; FAOSTAT, 2020a; Silva et al., 2017). Furthermore, large yield variability
is observed between different fields of the same grower in a certain area (Mulders et al., 2021;
Rietema, 2015). In many fields potentially a higher yield can be obtained. A higher yield, with little or
no increase in input, can be a way toward more sustainable production. Besides, since potatoes make
an important contribution to the operation result of the Dutch farmer, the grower may also benefit
from it. This variation in yield can have many causes and water availability may explain part of this yield
variation. In view of climate change, it is likely that the yield variation explained by water availability
will increase. To gain more insight into the role of a water shortage in potatoes, the following research
question with corresponding sub research questions have been formulated (hypotheses in italics):
What is the effect of water availability throughout the growing season on among field variability in
crop senescence, yield and yield quality of ware potatoes?
Variability in crop senescence, yield and yield quality of ware potatoes can partly be explained by a
water deficit during part of the growing season. This mainly depends on soil type and irrigation
management of the farmer. Soil compaction is expected to have a major impact on the rooting of
potato and thus the amount of plant available water, which will affect yield under dry conditions.
Irrigation management can also have a major impact on the amount of plant available water, which
can affect yield.
1. What is the effect of the amount of plant available water during the growing season on the
time of senescence and mortality of the potato plant?
Hypothesis 1.1: A reduced amount of plant available water is expected to result in early senescence.
Hypothesis 1.2: A reduced amount of plant available water is expected to result in early mortality.
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2. What is the effect of total plant available water throughout the season on the yield gap of ware
potato in the Netherlands?
Hypothesis 2.1: A lower amount of plant-available water is expected to result in a larger yield gap.
3. What is the effect of total plant available water throughout the season on yield quality (i.e.
underwater weight, size distribution, and length) of ware potatoes in the Netherlands?
Hypothesis 3.1: A greater amount of plant-available water is expected to result in a higher proportion
of large tubers
Hypothesis 3.2: A greater availability of plant-available water is expected to result in longer potatoes.
Hypothesis 3.3: A higher amount of plant available water is expected to result in a lower underwater
weight (Carli et al., 2014).

6

2 Methodology
This chapter elaborates on the methods used in this study. First, the study site is described and it is
described how it was selected. Then, the experimental setup is discussed. After this, the cultural
practices and weather conditions are discussed. In chapter 2.4 the used crop model is explained with
all calculations. In chapter 2.5 the measurements, which were used as input for the model, are
presented and explained. In the last section, the statistical analysis carried out is described.

2.1 Study site selection
This study was conducted on 43 ware potato fields in
six clusters across the Netherlands. In three of these
clusters the variety Fontane was planted in sandy soils:
centre of North-Brabant, Limburg and Drenthe. The other
three clusters were in areas with clay soils with the variety
Innovator: Tholen/west of North-Brabant, South-Holland
and Flevoland (Fig. 4). The fields within each cluster are
similar in terms of soil type and climate. The study sites
were purposefully selected to cover a wide range of potato
growing conditions in the major potato production areas
in the Netherlands.

2.2 Experimental setup

Fig. 4. Map of the Netherlands with cluster
locations. Orange triangles for individual fields,
yellow circles for clusters with Fontane on sandy
soils, red circles for clusters with Innovator on clay
soils. 1: Centre of North-Brabant; 2: Limburg; 3:
Drenthe; 4: Tholen/West of North-Brabant; 5:
South-Holland; 6: Flevoland. X axis is the longitude,
Y axis latitude. Blue dots for used weather stations.

For this research, data were collected in each of the 43
fields from April till October 2020. The aim of the research
was to follow farmers’ practice. No treatments were
added to the studied fields, hence there was no
interference with farmers’ management. Each field was
managed as the farmer intended to do so.
In each field, a site of 13 meters long and 20 potato ridges wide was chosen as study area (Fig. 5).
The study area was selected based on the following three conditions: the area should be easily
accessible (1), there should be no influence of the headland (2), and based on satellite imagery the
area should appear to be rather homogeneous (3). The study area in each field was divided into four
plots. Each plot was seven meters long and six meters wide (8 ridges; Fig. 5). The first two ridges next
to the spray track were used as border rows, to reduce the influence of extra sunlight radiation, water
and nutrients, and were therefore not included in the study area. There was a walkway in the middle
of plots AB and CD to walk back and forth in between the different plots.
Measurements of the above ground biomass were taken in each plot every other week. In the
beginning of the growing season measurements were taken in row 4 and 5 till 4 meters from the
walkway. From the moment the plants from different rows started touching each other and it was no
longer possible to walk through them without causing damage, one row was skipped each time to
ensure there was no effect of crop damage on the measurements. Yield measurements were taken
from August onwards. Yield was always measured in a part of the plot which remained untouched
during the growing season. There was 1.5 meters between each yield measurement to compensate
for the edge effect within the rows. The soil moisture sensors were placed in line with the walkway at
a depth of 30 and 60 cm from the top of the ridge. The rain gauge was placed in the second border
row (Fig. 5).

7

Fig. 5. Overview of the study area per field. Plots A, B, C and D are the four repetitions. Each plot was 8 ridges wide (6m) and
7m long. Next to the spraying path, 2 border ridges were used and between the plots AB and CD 1 m walkway was used. Rain
gauge and soil moisture sensors are indicated with circles. The place where the yield measurements were taken are shown
with different colours.

2.3 Cultural practices and weather conditions
Weather conditions during the 2020 growing season
Temperature
The winter prior to the 2020 growing season was mild. At 6.4 degrees Celsius, the average
temperature was 3 degrees higher than normal in the winter, making it the second warmest winter
ever recorded. During the winter of 2020, only 15 frost days, days of which the minimum temperature
was less than 0.0 degrees, were registered in De Bilt. Ice days, days when the maximum temperature
did not exceed 0.0 degrees, were not recorded at all (Table 1).
The spring temperature, averaging 10.4 degrees, was about 1 degree higher than average. The
temperature was lower in Flevoland and Drenthe compared to the other clusters.
The summer was warmer than normal with average temperatures ranging from 15.5 to 18.6
degrees and was again lower in Drenthe and Flevoland compared to the other clusters. A total of 28
summer days and 11 tropical days were measured in De Bilt, both 7 more than usual in summer. The
summer days ranged from 28 to 50 days among the clusters, tropical days from 9 to 17. Both were
higher in the centre of North Brabant and Limburg compared to the other clusters (Table 1).
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Table 1. Weather features growing season 2020.
Cluster1
Variable

1

2

3

4

5

6

Mean2

LTA3

Mean winter temperature (°C)

-

-

-

-

-

-

6.4

3.4

Frosty days (minimum temperature <0.0°C)

-

-

-

-

-

-

15

38

Ice days (maximum temperature <0.0°C)

-

-

-

-

-

-

0

7

Winter precipitation (mm)

-

-

-

-

-

-

245

195

Spring temperature (°C)

12.9

12.8

10.1

12.8

12.3

11.8

10.4

9.5

Spring precipitation (mm)

75

124

112

118

179

87

94

172

796

781

781

819

817

800

799

517

Summer temperature (°C)

18.6

18.6

15.5

18.5

18.3

17.8

18.3

17.0

Summer precipitation (mm)

155

106

282

161

195

233

173

225

Hours of sunshine in summer4

675

643

631

702

680

668

666

608

Summer days (maximum temperature of
>25°C)
Tropical days (maximum temperature of
>30°C)

48

50

30

36

30

28

28

21

17

16

9

13

11

9

11

4

Hours of sunshine in

spring4

1

1: Centre of North-Brabant; 2: Limburg; 3: Drenthe; 4: Tholen/West of North-Brabant; 5: South-Holland; 6: Flevoland
Mean values of the 2020 growing season among all KNMI’s weather stations
3 LTA = Long Term Average (1980-2010)
4 Calculated from global radiation
(KNMI, 2020b, 2020c)
2

Precipitation
Spring precipitation ranged from 75 mm to 179 mm among clusters and was lowest for the centre
of North-Brabant and highest for South-Holland (Fig. 6). The average spring precipitation across the
Netherlands was 94 mm. The long term average is 174 mm, indicating that spring was very dry (Table
1).
During the summer, precipitation ranged from 106 mm and 282 mm among clusters and was the
lowest for Limburg and the highest for Drenthe (Fig. 6). Especially in August, the difference in
precipitation deficit increased considerably among clusters (Fig. 7). The average precipitation in the
summer across the Netherlands was 173 mm, normally 225 mm. The summer was therefore slightly
drier than normal but not extremely dry (Table 1), but this varied across the Netherlands.
Cumulative seasonal precipitation (mm)

450
400
350
300

1: Centre of North-Brabant
2: Limburg
3: Drenthe
4: Tholen/West of North-Brabant
5: South-Holland
6: Flevoland

250
200
150
100
50
0
15-mrt

15-apr

15-mei

15-jun

Date

15-jul

15-aug

15-sep

Fig. 6. Seasonal cumulative precipitation per cluster during the 2020 growing season.
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Fig. 7. Continuous potential precipitation surplus in the in the Netherlands on: July 1 (a), August 1 (b), August 15 (c) and
September 15 (d) respectively. Retrieved from KNMI, (2020a).

Radiation
Global radiation in the spring of 2020 was the highest ever since measurements started. On
average, during the spring the sun shone for 799 hours, whereas the normal amount is 517 hours. The
variation was very small and ranged from 781 hours to 819 hours (Table 1).
During summer, global radiation was also higher than average but was less extreme at 666 hours
compared to 608 normal. The variation here was greater among clusters and ranged from 631 hours
in Drenthe to 702 hours in Tholen/West of North-Brabant (Table 1).
Field conditions
Most fields included in the study were ploughed before cultivation. On sandy soils and light clay
soils this was often done in spring, on heavier clay soils in the autumn. Some growers used reduced
tilling techniques. The last crop grown was different among the fields. On the sandy soils this was
usually grass or maize, on the clay fields usually wheat. After this main cultivation, in some fields a
cover crop was sown. The planting date of the fields varied from March 26 to May 7, which resulted in

10

a difference of emergence. The row distance between the potato ridges was 75 cm in all fields, the
planting distance varied from 24 cm to 39 cm and depended on the seed size, the variety and the
grower's preference. Irrigation was possible on most fields. On 76.7% of the fields analysed, irrigation
was carried out during the previous growing season, ranging from 25 to 150 mm in total. Many growers
used organic manure in the spring. For cattle manure, the range was from 25 to 58 tonnes per hectare,
for pig manure from 15 to 40 tonnes per hectare. On other fields the entire fertilization was done with
artificial fertilizer. The total amount of nutrients added in effective kg per hectare varied from 109 to
473 for nitrogen, 0 to 170 for phosphate and 85 to 628 for potassium. Haulm killing was carried out
between August 15 and October 12. The potatoes were harvested between early September and late
October. An overview of the most important field conditions are shown in Appendix 1.

2.4 Modelling
The crop modelling approach used in Silva et al. (2020), who adapted it from Sadras et al. (2017)
was used to estimate the potential yield (Yp), crop water requirements and soil water losses of each
field (Fig. 8). In this approach Yp is defined as a function of solar radiation and crop characteristics.
Global radiation (RADGLOBAL, MJ m-2 day-1) and a number of crop specific parameters were the basis of
this approach. The calculations and the values of the crop specific parameters will be explained in this
section. It starts by the description of the development of the crop coefficient values, then the
calculation of the Yp, after which the crop water requirement and soil water losses are explained. The
field-specific input values for this crop model are listed in Appendix 2.
Fig. 8. Crop modelling approach
used to simulate Yp, crop water
requirements and soil water
losses for ware potato. The crop
coefficients (kc**) used were
adjusted to the length of the
growing season of each field - see
text for further explanation. Rate
equations and parameters are
provided in the main text. See also
(Sadras et al., 2017) for further
details. Abbreviations: P% =
protein content, F% = fat content,
HI = harvest index, RUEp =
potential radiation use efficiency,
RUEc = reference RUE, f_PAR =
fraction of intercepted PAR.
Retrieved from: Silva et al. (2020).

2.4.1 Crop coefficients
The growing season of the potato crop is described by a curve divided into 4 periods (Fig. 9). Period
A represents the initial development between planting and ca. 20% ground cover. Period B represents
the period of rapid growth where the potato field reaches 80% ground cover. Period C covers the
period of maximum production and lasts until the ground cover becomes less than 80% again. Period
D represents the period of senescence of the crop and lasts until the crop is sprayed or reaches
physiological maturity. The course of the curve is represented by crop coefficient values (kc). The kc is
defined as the ratio between the actual evapotranspiration of a given crop (ETc, mm) and the reference
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crop evapotranspiration (ET0, mm).
The value of kc changes during the
growing season based on the different
developmental stages. The values of
thee were estimated according to
Doorenbos & Pruitt (1977), which
represents the kc curve as a set of
straight lines (Fig. 9). The kc value
increased during period A in a linear
line from 0 to 0.15. During period B it
increased in a linear line to 1.15 Fig. 9. The kc values and f_PAR values for potato during the growing season.
(kc_max). The kc value during period
C was 1.15. During period D the kc value decreased linearly from 1.15 to 0.7.
The length of the different periods are unique for each field and depend on their planting and
haulm killing dates. On the basis of the measured ground cover (described in chapter 2.5
measurements), the duration of each period was calculated. Because the initial development mainly
depends on the (soil) temperature, the measured length of period A and B was plotted against the
planting date. A line was plotted through this data with a quantile regression analysis for the 10% best
fields (see Appendix 3). With the generated formulas, the length of periods A (Eq. 1) and B (Eq. 2) could
be calculated. This length was seen as the potentially fastest crop development of each field.
𝐿𝑒𝑛𝑔𝑡ℎ𝐴 (𝑑𝑎𝑦𝑠) = 75.182 − 0.364𝑥

(Eq. 1)

𝐿𝑒𝑛𝑔𝑡ℎ𝐵 (𝑑𝑎𝑦𝑠) = 42.059 − 0.235𝑥

(Eq. 2)

x in these formulas stands for planting date with x=1 on 1-1-2020. Period C and D were dependent
on either the maximum length of the growing season (165 days for Fontane, 150 for Innovator), or
latest haulm killing date for harvest security (1 October for Fontane, 15 September for Innovator). The
sum of periods C and D was calculated as the total length of the growing season minus the length of
period A end B. 2/3 of this period was assigned to period C (Eq. 3 for Fontane, Eq. 4 for Innovator) and
1/3 of this period was assigned to period D (Eq. 5 for Fontane and Eq. 6 for Innovator).
2

(165 − (𝐿𝑒𝑛𝑔𝑡ℎ𝐴 + 𝐿𝑒𝑛𝑔𝑡ℎ𝐵 )) ∗ 3 , 𝐻𝑎𝑢𝑙𝑚 𝐾𝑖𝑙𝑙𝑖𝑛𝑔 < 1 𝑜𝑐𝑡
𝐿𝑒𝑛𝑔𝑡ℎ𝐶𝐹𝑜𝑛 (𝑑𝑎𝑦𝑠) = {
2
(1 𝑜𝑐𝑡 − (𝐿𝑒𝑛𝑔𝑡ℎ𝐵 + 𝐿𝑒𝑛𝑔𝑡ℎ𝐵 )) ∗ 3 , 𝐻𝑎𝑢𝑙𝑚 𝑘𝑖𝑙𝑙𝑖𝑛𝑔 ≥ 1 𝑜𝑐𝑡

(Eq.3)

2

(150 − (𝐿𝑒𝑛𝑔𝑡ℎ𝐴 + 𝐿𝑒𝑛𝑔𝑡ℎ𝐵 )) ∗ 3 , 𝐻𝑎𝑢𝑙𝑚 𝐾𝑖𝑙𝑙𝑖𝑛𝑔 < 15 𝑠𝑒𝑝
𝐿𝑒𝑛𝑔𝑡ℎ𝐶𝐼𝑛𝑛𝑜 (𝑑𝑎𝑦𝑠) = {
(Eq.4)
2
(15 𝑠𝑒𝑝 − (𝐿𝑒𝑛𝑔𝑡ℎ𝐵 + 𝐿𝑒𝑛𝑔𝑡ℎ𝐵 )) ∗ , 𝐻𝑎𝑢𝑙𝑚 𝑘𝑖𝑙𝑙𝑖𝑛𝑔 ≥ 15 𝑠𝑒𝑝
3

1

𝐿𝑒𝑛𝑔𝑡ℎ𝐷𝐹𝑜𝑛 (𝑑𝑎𝑦𝑠) = {

(165 − (𝐿𝑒𝑛𝑔𝑡ℎ𝐴 + 𝐿𝑒𝑛𝑔𝑡ℎ𝐵 )) ∗ 3 ,

𝐻𝑎𝑢𝑙𝑚 𝐾𝑖𝑙𝑙𝑖𝑛𝑔 < 1 𝑜𝑐𝑡
1

(1 𝑜𝑐𝑡 − (𝐿𝑒𝑛𝑔𝑡ℎ𝐵 + 𝐿𝑒𝑛𝑔𝑡ℎ𝐵 )) ∗ 3 , 𝐻𝑎𝑢𝑙𝑚 𝑘𝑖𝑙𝑙𝑖𝑛𝑔 ≥ 1 𝑜𝑐𝑡
1

𝐿𝑒𝑛𝑔𝑡ℎ𝐷𝐼𝑛𝑛𝑜 (𝑑𝑎𝑦𝑠) = {

(150 − (𝐿𝑒𝑛𝑔𝑡ℎ𝐴 + 𝐿𝑒𝑛𝑔𝑡ℎ𝐵 )) ∗ 3 ,

𝐻𝑎𝑢𝑙𝑚 𝐾𝑖𝑙𝑙𝑖𝑛𝑔 < 15 𝑠𝑒𝑝
1

(15 𝑠𝑒𝑝 − (𝐿𝑒𝑛𝑔𝑡ℎ𝐵 + 𝐿𝑒𝑛𝑔𝑡ℎ𝐵 )) ∗ 3 , 𝐻𝑎𝑢𝑙𝑚 𝑘𝑖𝑙𝑙𝑖𝑛𝑔 ≥ 15 𝑠𝑒𝑝

(Eq.5)

(Eq.6)
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2.4.2 Yield
This section describes how Yp of the potato fields was calculated. The kc values from 2.4.1 crop
coefficients were used. The calculation of the actuarial dry matter yield is also shown. It was assumed
that all parameters in the model are the same for both cultivars. This means that differences in Yp
depend on planting date and length of growing season (described above).
Potential yield
Total aboveground biomass production (TAGP, g DM m-2; Eq. 7) under potential conditions was
defined as a linear function of the PAR intercepted during the growing season (PARINT, MJ PAR m-2).
Because ware potatoes have below-ground storage organs, they were also included in the TAGP. In
this calculation, the crop specific radiation use efficiency of ware potato was also included (RUEp, g
DM MJ PAR m-1).
𝑇𝐴𝐺𝑃(𝑔 𝐷𝑀 𝑚−2 ) = 𝑃𝐴𝑅𝐼𝑁𝑇 ∗ 𝑅𝑈𝐸𝑝

(Eq. 7)

PARINT was calculated as the product of the daily global radiation (RADGLOBAL) and the fraction of
intercepted PAR by green leaves on a given day (f_PAR). f_PAR was integrated between the sowing
and haulm killing date as reported by the farmers (Eq. 8; Fig. 9). The crop development stage was
reflected in f_PAR by defining it as a function of kc (Eq. 9). Incident PAR was assumed to be 0.45 of
RADGLOBAL (Sinclair & Muchow, 1999).
𝑃𝐴𝑅𝑖𝑛𝑡 (𝑀𝐽 𝑃𝐴𝑅 𝑚−2 ) = ∑ℎ𝑎𝑟𝑣𝑒𝑠𝑡
𝑖=𝑠𝑜𝑤𝑖𝑛𝑔 0.45 ∗ RAD𝐺𝐿𝑂𝐵𝐴𝐿𝑖 ∗ 𝑓_𝑃𝐴𝑅𝑖
0.1,
𝑓_𝑃𝐴𝑅 = {0.1 +

(Eq. 8)
𝑃𝑒𝑟𝑖𝑜𝑑 𝐴

(𝑘𝑐𝑚𝑎𝑥 −0.4)
𝐿𝑒𝑛𝑔𝑡ℎ𝐵

∗ (𝐷𝑂𝑌 − 𝐷𝑂𝑌 𝑃𝑒𝑟𝑖𝑜𝑑 𝐴_𝑒𝑛𝑑),

𝑘𝑐 − 0.3,

𝑃𝑒𝑟𝑖𝑜𝑑 𝐵

(Eq. 9)

𝑃𝑒𝑟𝑖𝑜𝑑 𝐶 𝑎𝑛𝑑 𝐷

Crop specific RUEp for dry matter production was defined in relation to a reference value RUEc
(assumed as 3.20g DM MJ PAR-1 for potato; Sadras et al., 2017) considering the crop-specific harvest
index (HI, 0.80), protein content (P%, 0.108%) and fat content (F%, 0.005%; Eq. 10), resulting in a RUEp
of 3.08 g DM MJ PAR-1 (Sadras et al., 2017).
𝑅𝑈𝐸𝑝 (𝑔 𝐷𝑀 𝑀𝐽 𝑃𝐴𝑅 −1 ) =

𝑅𝑈𝐸𝑐
(1−𝐻𝐼)+𝐻𝐼∗(1+0.4∗𝑃%+1.5+𝐹%)

(Eq. 10)

Yp (t FM ha-1) was calculated based on TAGP, HI and DM% (22.0%; Eq. 11). The yield gap was
calculated as the ratio between Ya and Yp (Eq. 12).
𝑌𝑝 (𝑡 𝐹𝑀 ℎ𝑎 −1 ) =
𝑌𝑖𝑒𝑙𝑑 𝑔𝑎𝑝 = (1 −

𝑇𝐴𝐺𝑃∗𝐻𝐼
100
𝑌𝑎
𝑌𝑝

∗

1
𝐷𝑀

) ∗ 100%

(Eq. 11)
(Eq. 12)

Actual dry matter yield
Actual dry weight was calculated using the measured underwater weight. The procedure of the
underwater weight measurement is measured is shown in chapter 2.5. The formula used to calculate
the actual dry weight was adapted from Ludwig (1971) and is given below (Eq. 13).
𝑌𝑎𝑑𝑟𝑦 = (0.05 ∗ 𝑈𝑊𝑊 + 1.5)/100 ∗ 𝑌𝑎𝑓𝑟𝑒𝑠ℎ

(Eq. 13)
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2.4.3 Soil water balance
In this section the soil water balance is described. For the soil water balance in this thesis, the
same methodology was used as in (Silva et al., 2020), which adapted it from Steduto et al. (2009). The
lengths of the periods A, B, C and D and thus the used kc values were the same as described earlier in
chapter 2.4.1 crop coefficients. To make the soil water balance field specific, it is first shown how the
root depth and the volume fraction of soil water were determined. Then, the calculation of the
potential evapotranspiration is shown, followed by the total soil water availability. Finally, the
calculation of the water surplus is shown.
Rooting depth
The rooting depth has been determined on half of the fields; how this was done is shown in chapter
2.5. It was assumed that roots could not grow any further if the soil was heavily compacted. A soil layer
with a penetration resistance larger than two MPa was considered as a heavily compacted soil layer
(Copas et al., 2009). In order to provide all fields with a suitable rooting depth, a linear regression
analysis was performed for the measured root depth versus the depth of heavily compacted soil layer
(i.e. cone index value of >2MPa; Copas et al., 2009). For the fields on sandy soils, a strong correlation
emerged between measured root depth and the depth of the heavily compacted soil layer (see
Appendix 4; p<0.001). The regression line (0.779x + 10.945; x is depth from field level in cm of the
heavy compacted layer) was used to determine the rooting depth on the sandy fields. For the fields
with clay soil, no strong correlation could be found between measured root depth and any of the other
measurements. Because the spread of the rooting depth on the clay soil was very small, it was decided
to use the average rooting depth in all fields. Because the ridge height is an important factor for the
total rooted volume of the soil, the rooting depth has also been corrected for this. By subtracting 3/5th
of the ridge height from the rooting depth, the rooting depth was seen as a rooting depth in a flat field.
Volume fraction of soil moisture
The volume fraction of soil moisture at field capacity (fc) and wilting point (wp) could be
determined on the basis of the pf curve on the soil analyses. Not all growers had an extensive soil
analysis. The volume fraction of moisture was shared by four growers on sandy soil and seven growers
on clay soil. The averages were used for the other fields, whereby a distinction was made between
light, moderate and heavy clay soil. No distinction was made for sandy soil.
The amount of moisture that the soil could retain at field capacity was corrected for by the amount
of organic matter in the soil. The average quantity per soil type was determined (5.03% for sand, 5.21%
for clay). If a field had more or less organic matter, 0.6% and 0.5% per percent organic matter was
corrected for sand and clay soil respectively (Groenendijk et al., 2019).
Potential evapotranspiration
It was assumed that the amount of water a potato crop needs to achieve potential yield was equal
to the cumulative potential crop evapotranspiration (PCETP, mm). The PCETP during the growing
season was calculated based on crop development (the daily kc) and weather conditions (ET0; Eq. 14).
The PCETP was equal to the sum of potential crop transpiration (TRP, mm; Eq. 15) and total
evaporation from soil and canopy (SEV, mm; Eq. 16). In addition to crop development and weather
conditions, both were also dependent on the fraction of intercepted radiation on a given day (f_PAR).
ℎ𝑎𝑟𝑣𝑒𝑠𝑡
𝑃𝐶𝐸𝑇𝑃(𝑚𝑚) = ∑ℎ𝑎𝑟𝑣𝑒𝑠𝑡
𝑖=𝑠𝑜𝑤𝑖𝑛𝑔 𝑘𝑐𝑖 ∗ 𝐸𝑇0𝑖 = ∑𝑖=𝑠𝑜𝑤𝑖𝑛𝑔 (𝑇𝑅𝑃𝑖 + 𝑆𝐸𝑉𝑖 )

(Eq. 14)
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𝑇𝑅𝑃 (𝑚𝑚) = ∑ℎ𝑎𝑟𝑣𝑒𝑠𝑡
𝑖=𝑠𝑜𝑤𝑖𝑛𝑔 𝑘𝑐𝑖 ∗ 𝐸𝑇0𝑖 ∗ 𝑓_𝑃𝐴𝑅𝑖

(Eq. 15)

𝑆𝐸𝑉 (𝑚𝑚) = ∑ℎ𝑎𝑟𝑣𝑒𝑠𝑡
𝑖=𝑠𝑜𝑤𝑖𝑛𝑔 𝑘𝑐𝑖 ∗ 𝐸𝑇0𝑖 ∗ (1 − 𝑓_𝑃𝐴𝑅𝑖 )

(Eq. 16)

Total soil water available
Total soil water available (TSWA, mm; Eq. 17) was calculated by summing the amount of water
present at the beginning of the growing season (θsowing, mm), precipitation (RAIN, mm), irrigation
(IRRIG, mm) and capillary rise (CapR, mm). Thereafter, the amount of water lost through deep
percolation (DP, mm) was subtracted.
𝑇𝑆𝑊𝐴 (𝑚𝑚) = 𝜃𝑠𝑜𝑤𝑖𝑛𝑔 (𝑚𝑚) + 𝑅𝐴𝐼𝑁(𝑚𝑚) + 𝐼𝑅𝑅𝐼𝐺(𝑚𝑚) + 𝐶𝑎𝑝𝑅(𝑚𝑚) − 𝐷𝑃(𝑚𝑚)

(Eq. 17)

Amount present at beginning growing season
The amount of plant-available water present at the beginning of the growing season (θsowing, mm;
Eq. 18) was calculated by multiplying the rooting depth (Z; m) with the difference in volume fraction
of soil moisture (VFOSM; %) at field capacity and wilting point. It was assumed that at the time of
planting, the field capacity was at 70%. This was done because it was assumed that the profile was
fully replenished during the winter, but due to the dry spring, a lot of water evaporated before
planting.
θ𝑠𝑜𝑤𝑖𝑛𝑔 (𝑚𝑚) = (70% ∗ 𝑉𝐹𝑂𝑆𝑀𝐹𝐶 (%) − 𝑉𝐹𝑂𝑆𝑀𝑊𝑃 (%)) ∗ 𝑍(𝑚) ∗ 1000

(Eq. 18)

Rain
The amount of rainfall per field was monitored by farmers' and KNMI weather stations. In addition, a
rain gauge was placed in each field; both measurements are explained in chapter 2.5. If the rain
measured by the rain gauge and by the weather stations did not match, a correction was made and
the rain gauge was leading. This allowed the regional precipitation differences within clusters to be
displayed.
Irrigation
Irrigation times and quantities were recorded and shared by the growers. Because this irrigation water
also fell into the rain gauge, this was taken into account in the rainfall correction.
Capillary rise
The simulated depth of groundwater at the site: Farmmaps.awacc.nl (2020) and the soil type were
used to determine the amount of capillary rise. In all clay fields, the depth of the groundwater was
approximately 1.2 meters below field level during the growing season. It has been assumed that the
capillary rise (including recirculation of percolation water) on clay soils was 115 mm per growing
season, based on data from Kroes et al. (2017). The sandy fields were divided into 3 groups where it
was assumed that a groundwater level of deeper than 85 cm resulted in no capillary rise. If it was
shallower than 85 cm during the entire growing season, it was assumed that 23 mm of capillary rise
went to the rooted profile. In fields that were groundwater was partly above and partly below 85 cm
during the growing season, 11 mm capillary rise was calculated. Table 2 provides information about
the amount of capillary rise, which also includes the recirculation of the percolation water (i.e. a part
of the downward flux past the root zone was redirected upward to the root zone as a result of gradient
driven flow).
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Table 2. Capillary rise and recirculation of percolation water per variable.
Variable
Capillary rise (mm)
Recirculation of
percolation water
(mm)

Total between
planting and harvest
(mm)

Clay
Sandy soil no capillary rise1
Sandy soil capillary rise for part of the season1
Sandy soil with capillary rise1

115
37
48
60

47
37
37
37

68
0
11
23

1

No capillary rise when the groundwater was deeper than 85 cm, with capillary rise when it was shallower than 85 cm and
partial capillary rise when it was partly deeper and partly shallower than 85 cm.
(Kroes et al., 2017)

Deep percolation
Deep percolation was calculated using a ‘tipping bucket’ approach (Eq. 19). When the amount of
available soil water was larger than the amount the soil could hold at field capacity (θFC) a fraction of
this surplus was lost through deep percolation. This fraction is represented by SWCON and was 0.53
and 0.80 for clay and sandy soils respectively. Z (m) represents the measured rooting depth of the crop.
0,
𝜃𝑖−1 ≤ 𝜃𝑓𝑐
𝐷𝑃𝑖 (𝑚𝑚 𝑑𝑎𝑦 −1 ) = {
𝑆𝑊𝐶𝑂𝑁 ∗ 𝑍 ∗ (𝜃𝑖 − 𝜃𝐹𝐶), 𝜃𝑖−1 > 𝜃𝑓𝑐

(Eq. 19)

Water surplus
Water surplus was calculated by subtracting the potential evapotranspiration from the total soil
water available, dividing it by the potential evapotranspiration and multiplying by 100% (Eq. 20). A
negative value indicates a water shortage.
𝑊𝑎𝑡𝑒𝑟 𝑠𝑢𝑟𝑝𝑙𝑢𝑠 (%) =

𝑇𝑆𝑊𝐴(𝑚𝑚)−𝑃𝐶𝐸𝑇𝑃(𝑚𝑚)
𝑃𝐶𝐸𝑇𝑃(𝑚𝑚)

∗ 100%

(Eq. 20)

2.5 Data collection
This section describes how the data were collected. Much of these data were used as input for the
model described in chapter 2.4 modelling. First of all, the data from external sources are described.
Then the measurements taken to obtain the data for this study are shown. First in this row, the
measurements concerning the calculation of water availability are shown. Then, the data collected for
the three research questions are presented in the order of crop senescence, yield and yield quality.

2.5.1 External data sources
Daily weather data were obtained from the Royal Dutch Meteorological Agency (KNMI, in Dutch)
weather stations. These contained complete records of global solar radiation (MJ m-2), precipitation
(mm) and reference evapotranspiration (ET0, mm). Weather stations of growers on or near the field
were used for more accurate precipitation data. For each field the closest KNMI weather station was
used for the global radiation and reference evapotranspiration (Appendix 2). The closest weather
station was used for the precipitation.
Growers shared the potato planting and haulm killing date, as well as the information on irrigation
dates and amounts. In addition, if available, they provided us with information on soil properties from
the soil analysis used for the volume fraction of soil moisture.
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2.5.2 Measurements
2.5.2.1 Water availability
The measurements taken to collect the data for water availability
are shown below. These are all measurements taken once during the
growing season as soil properties cannot change during the growing
season. The root depth was determined at the time of maximum rooting
depth.
Soil penetration resistance
Soil compaction was measured early in the season by using a
penetrometer (Fig. 10). This device registered the penetration resistance
per centimetre to a depth of 80 cm or until the resistance was too high
to measure at deeper layers. Penetration resistance was measured from
the top of the ridge with 12 repetitions per field. If the ridge had not yet
been grounded, the depth was corrected by 10 cm. Average values were
used to determine the depth from which the soil was heavily compacted
(>2.0 MPa).
Fig.

10. Soil penetration
resistance measurement

Root measurements
The rooting depth of the potato plants was determined using a root
auger (Fig. 11). This root auger was placed on the top of a plant on top
of the ridge. By rotating this drill, a column of soil with a diameter of 8
cm could be removed from the ridge. Subsequently, this column was
analysed in the field for the presence of roots. The rooting depth of the
bulk of the roots was determined by breaking open the column of soil
lengthwise and checking whether roots were clearly visible on the
breaking surface. As soon as this was no longer the case and roots were
not clearly visible in the soil anymore, the bulk of the roots stopped and
the depth was measured with a folding ruler. To make sure that no roots
were overlooked, after the first column without roots on the surface, at
least two more columns were removed from the profile and analysed.
The root measurements were performed on half of the fields due to time
considerations. In order to obtain the widest possible spread of the root
depth, four fields were selected per cluster, which at that time were
expected to give a large spread in the final yield. The root measurements
were carried out between the 6th and 16th of July in four repetitions per Fig. 11. Root auger used for root
measurements.
field. The potato plants were planted at least 70 days before the root
measurement and were thereby considered to be at maximum root
depth (Lieshout, 1956).
Soil layer determination
To determine how much water the soil could hold, the type and thickness of the soil layers were
determined with a soil sample drill (Fig. 12). With this device a column of soil up to a depth of 60 cm
from the profile could be removed. The drill was inserted into the ground the lowest point in between
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the ridges so that the soil type could be determined as deep as possible.
The soil type was determined by sight and by feeling the structure. The
first layer was always the top soil layer. The soil analysis could then be
used to determine how much plant-available water this soil could
contain. In case the root depth was deeper than the top soil layer, the
water holding capacity could be corrected for this. However, in none of
the fields the root depth was deeper than the top soil layer thickness.
The height of the potato ridge was measured to determine the field
level. It was assumed that 2/5 of the height of the ridge was field level.
This because in practice the potatoes were often planted at a depth of
15 cm, and the potato ridge is 25 cm high, so when the ridge is flattened,
the potato is exactly at field level.
Soil Organic Matter
At the start of the season, a soil sample was taken from each field.
Fig. 12. Soil sample drill used for
For each field a mixed soil sample was composed of four subsamples, the soil layer determination.
one from each plot. The soil was first dried for 48 hours at 40 degrees
Celsius. The organic matter content in the soil was determined with the loss on ignition method (UC
Davis Analytical Lab, 2021). The amount of organic matter was used to correct volume fraction of
moisture at field capacity.
Rain gauge
As there can be large regional differences in the amount of precipitation, a rain gauge was installed
in each field. This was placed just above the crop so that the plants did not have any influence on the
amount of water falling in. During each field visit every 2 weeks, precipitation was recorded and the
rain gauge was emptied. To prevent evaporation of the fallen rainwater, a thin layer of olive oil was
put in the rain gauge. The rain gauge data were used to correct the recorded rainfall at KNMI or
farmers’ weather stations.
2.5.2.2 Crop senescence
This section gives an explanation to the measurements with which the data were obtained for the first
sub-question about the senescence of the crop. These data were also used to determine the crop
coefficients (kc), described in chapter 2.4.1.
Above ground plant characteristics
The canopy cover during the growing season was measured with the Canopeo app (Oklahoma
State University, 2020). This app quantifies the percentage canopy cover of green vegetation based on
downward-facing photos taken with a mobile device. This app has been used every other week from
the moment of emergence to the moment of full ground cover and from the moment of crop
deterioration to the end of the growing season. The photos were taken on a constant height of
approximately 1.2 m, so each photo had the same surface area. Per plot four photos were taken.
To see if early crop senescence can be explained by a shortage of water, the seasonal length till
start of senescence was calculated. This was done by counting the number of days between planting
and a decline to 80% soil cover. This corresponds with the crop coefficient periods A, B and C together.
In addition, the length of the growing season was considered. This was calculated by counting the
number of days between planting and a reduction to 20% soil cover.
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2.5.2.3 Yield
Yield was measured three times during the growing season. One
final harvest and two intermediate yield samples were collected. The
final measurement was done after haulm killing or natural mortality.
Intermediate harvests were measured in week 32 and 34 for clay fields
and in week 33 and 35 for sandy fields.
Yield was measured in four repetitions; in each plot, two times
1.33m was set out and harvested on each field, resulting in a harvested
area of 2m2. This was done by cutting the ridge in between two potato
plants and then cutting the ridge exactly 1.33m further (Fig. 13). As a
result, it was not necessary to choose which potatoes did and which did
not belong to the 1.33m. The harvested potatoes were cleaned in the
field and weighed there.
The final yield was determined in four repetitions over two times
2m, and it was measured in the same way as the intermediate yield Fig. 13. Plotting the harvest area
measurement was performed. Hence, 3m2 was harvested. From the final
yield measurement, approximately 6 kilograms of potatoes from each
repetition were included for the quality determination.
2.5.2.4 Yield quality
Quality characteristics were determined in the lab. First of all, the
potatoes were washed. The washed potatoes were then sorted by size in
three groups, namely 0-40mm, 40-50mm and 50+ mm (Fig. 14). The
weight for each size was written down as well as the number of tubers.
Subsequently, the smallest size class was not used after this. The length
Fig. 14. Potato size sorting.
of the potatoes in the 50+ mm size was determined by randomly taking
10 potatoes and placing them together in the longitudinal direction. The
total length was written down. The underwater weight was determined
for the potatoes in the two largest sizes together (Fig. 15). The proportion
of green and malformed tubers was also determined for these potatoes.

2.6 Statistical analysis
This chapter contains the statistical analysis carried out to test the
hypothesis of the research questions. The output of the statistical model
runs is shown in Appendix 8.
Calculations to the data, obtained from the measurements in the
field and in the lab, were performed in Excel. These data were entered
and analysed in R studio version 3.6.3(R Core Team, 2020) using the lme
function. Treatments were assumed to be significantly different when p
< 0.05.
Fig. 15. Underwater weight
Normally distributed residuals are a necessary part of regression measurement
analyses. For this purpose, a Shapiro Wilk test was performed for all
statistically significant interactions. The residuals were considered to be normally distributed when
p>0.05. If the residuals were not normally distributed, this is indicated in the text.
The varieties have been analysed separately from each other because the variety differences were
considered too great to be comparable with each other.
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The statistical method used and the variables used as input for each hypothesis are shown below.
Hypothesis 1.1: A reduced amount of plant available water is expected to result in early senescence.
A linear mixed-effects model regression was performed in which the length of the growing season until
start of senescence was compared to the degree of water surplus.
Model: Period_ABC ~ water_surplus + planting_doy, random=~ 1 | fcluster/ ID
In this formula, Period ABC represents the number of days from planting to the start of senescence
(measured soil cover of <80%), water surplus is in % of PCETP, Planting doy represents the day of
planting with 1 on 1-Jan, fcluster represents which cluster the field was in and ID is the field code.
Hypothesis 1.2: A reduced amount of plant available water is expected to result in early mortality.
A linear mixed-effects model regression was performed in which the length of the growing season until
crop death was compared to the degree of water surplus.
Model: season length ~ water_surplus + planting_doy, random=~ 1 | fcluster/ ID
In this formula, season length represents the number of days between planting and crop death (<20%
measured ground cover or haulm killing date).
Hypothesis 2.1: A lower amount of plant-available water is expected to result in a larger yield gap.
A linear mixed-effects model regression was performed in which both the fresh and dry matter yield
gap was compared to the degree of water surplus.
Model: Yield_gap_fresh ~ water_surplus, random=~ 1 | fcluster/ ID
Model: Yield_gap_dry ~ water_surplus, random=~ 1 | fcluster/ ID
In these formulas, the yield gap between Yp and Ya is given as a percentage of Yp.
Hypothesis 3.1: A greater amount of plant-available water is expected to result in higher proportion
of large tubers
A linear mixed-effects model regression was performed in which the percentage of tubers >40mm and
>50mm were compared to the degree of water surplus and the amount of tubers per square meter
(Stark et al., 2020). The two sizes (>40mm and >50mm) were analysed separately.
Model: forty_mm_up ~ water_surplus + tubers_per_square_meter, random=~ 1 | fcluster/ ID
Model: fifty_mm_up ~ water_surplus + tubers_per_square_meter, random=~ 1 | fcluster/ ID
In these formulas, forty mm up and fifty mm up represent the percentage of the weight of tubers larger
than 40 and 50 mm respectively. Tubers per square metre stands for the number of tubers counted
per square metre.
Hypothesis 3.2: A greater availability of plant-available water is expected to result in longer potatoes.
A linear mixed-effects model regression was performed in which length was compared to the degree
of water surplus and the amount of tubers per square meter.
Model: Length ~ water_surplus + tubers_per_square_meter, random=~ 1 | fcluster/ ID
In this formula, length represents the average length of the tubers in the >50 mm size and is given in
cm.
Hypothesis 3.3: A higher amount of plant available water is expected to result in a lower underwater
weight (Carli et al., 2014).
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A linear mixed-effects model regression was performed in which the underwater weight was compared
to the degree of water surplus.
Model: UWW~ water_surplus, random=~ 1 | fcluster/ ID
In this formula, UWW stands for the measured underwater weight.
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3 Results
This chapter describes the results. First of all, the water availability of the various fields and the
differences among them are shown. These data on water availability can be found in all three parts
crop senescence, yield and yield quality as an explanatory variable.

3.1 Water availability
Water surplus, as percentage of potential evapotranspiration, ranged from -41.6% to 3.3% for
Fontane on sandy soil and from -9.9% to 25.3% for Innovator on clay soil (Fig. 16). This means that for
Fontane on sandy soil, all but one of the fields experienced water shortage. In the fields with clay soil
and the variety Innovator, this was the other way round. Here, almost all fields had more water
available than was actually needed to meet the potential evapotranspiration.
30%

Water surplus (% of potential evapotranspiration)

Fontane on sandy soil

Innovator on clay soil

20%

10%

0%

-10%

-20%

-30%

-40%

-50%

Field

Fig. 16. Field specific water surplus. Sorted from low to high per variety. Left Fontane on sandy soil, right Innovator on clay
soil. Each bar is an individual field.

Appendix 5 contains a figure showing, per soil type, the average share of available water compared
to the potential evapotranspiration per source. It is shown that the greatest difference between fields
on sand and clay was due to capillary rise.
Furthermore a day-specific water balance has been created for each field. Based on this, it was
determined how many days during the growing season and during which period each field endured
water stress. In addition, the data were compared with the crop senescence, yield and yield quality
parameters, but no clear trends were visible. The number of days that a field experienced water
shortage is shown in Appendix 6.
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3.2 Crop senescence
The season length till start of senescence was on average 114 days for Fontane on sandy soil and
varied from 89 to 139 days. The season length till mortality was 144 days on average with a variation
from 108 to 174 days. For Innovator on clay soil, the season length till start of senescence was on
average 122 days with a variation from 110 to 137 days. The season length till mortality averaged 139
days with a variation of 130 to 150 days (Fig. 17).
An analysis was done for the relationship between season length, planting date and water surplus.
Using a linear mixed-effects model, a significant interaction was found between season length till start
of senescence, planting date and water surplus for Fontane on sandy soil. Delaying planting date by
one day resulted in an earlier start of senescence by 0.66 days (p=0.0018). In addition, it indicates that
for the same planting date every percentage of water shortage led to an earlier start of senescence of
0.48 days (p=0.0074; Fig. 17A).
For season length till mortality such a relationship with planting date and water surplus was also
found. Here, a later planting date of one day resulted in an earlier mortality of 0.72 days (p=0.0221).
In addition, every percentage of water shortage resulted in 0.70 days earlier mortality (p=0.0136; Fig.
17C).
For Innovator on clay soil, the same relationship was found. Here, delaying planting by one day
resulted in 0.47 days earlier start of senescence and 0.42 days earlier mortality (p=0.0015 and p<0.001,
respectively). In addition, each percent water deficit resulted in 0.50 days earlier start of senescence
and 0.49 days earlier mortality (p=0.0015 and p<0.001, respectively; Fig. 17B and 17D).

Fig. 17. Relationship between season length till start of senescence (A&B), season length till mortality (C&D), water surplus
and planting date. The colour of the dots indicates the planting date (doy). The linear trend lines show the relationship between
the season length and water surplus. The different trend lines run parallel to each other and the colour indicates the number
planting date and corresponds to the legend in the figure.
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The percentage of soil cover at the moment of haulm killing is shown in Appendix 7. This was done
to see if there was a relation between the amount of ground cover at the moment of haulm killing and
the amount of water surplus. For Fontane on sandy soil, it appeared that the soil cover at the time of
haulm killing was 0.41% higher for every percent increase in water availability (p=0.04). This was not
the case for Innovator on clay soil (p=0.37).

3.3 Yield
Yield gaps variability
Potential fresh matter yield, calculated with the crop model based on global radiation and fieldspecific planting dates, ranged from 76.6 to 88.5 t ha-1 for Fontane on sandy soil and from 70.0 to 84.3
t ha-1 for Innovator on clay soil (Fig. 18 and 19, respectively) Yp averaged 84.4 and 78.5 t ha-1 ,
respectively. Potential dry matter yield was 22% of potential fresh matter yield in all cases, so the
variation among fields was similar (Fig. 20 and 21). Actual gross fresh matter yields, measured at the
end of the growing season, varied from 40.8 to 84.5 t ha-1 for Fontane on sandy soil and from 49.4 to
79.5 t ha-1 for Innovator on clay soil (Fig. 18 and 19, respectively). Actual gross dry matter yields,
calculated using field-specific underwater weights, ranged from 9.2 to 18.8 t ha-1 for Fontane on sandy
soil and from 9.9 to 16.3 t ha-1 for Innovator on sandy soil (Fig. 18 and 19, respectively). The average
gross actual fresh matter yield was 64.1 and 65.8 tonnes per hectare, for Fontane on sandy soil and
Innovator on clay soil, respectively. For gross dry matter yield, this averaged 13.1 and 12.9 tonnes per
hectare, respectively.
Fresh matter yield gaps, as a percentage of potential yield, varied from 0.0% to 51.6% for Fontane
on sandy soil and from -2.8% to 37.3% for Innovator on clay soil and were, on average, 24.1% and
16.1%, respectively. Dry matter yield gaps varied from -1.2% to 50.3% for Fontane on sandy soil and
from 3.4% to 45.7% for Innovator on clay soil and were, on average, 29.3% and 25.1%, respectively.
The water limiting yield has also been added to Figures 18, 19, 20 and 21. The calculation is
explained under the heading 'water productivity' in this chapter and can be seen in Fig. 23. By adding
Yw to these figures, it is easy to make a comparison between Yw and Ya. For Fontane on sandy soil, Yw
averaged 69.2 t ha-1 and ranged from 38.5 to 86.1 t ha-1. For Innovator on clay soil, the Yw averaged
77.4 t ha-1 and the variation was much smaller with 70 to 83.5 t ha-1.
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Fig. 18. Field specific potential, water-limited and actual fresh matter yield for Fontane on sandy soil. Sorted from highest to
lowest Ya. Actual fresh matter yield in open bars, potential fresh matter yield in black, and water-limited in patterned grey.
No solid black bar means 100% yield gap closure.
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Fig. 19 Field specific potential, water-limited and actual fresh matter yield for Innovator on clay soil. For legend see Fig. 18.
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Fig. 20 Field specific potential, water-limited and actual dry matter yield for Fontane on soil. For legend see Fig. 18. Sorted in
the same order as the fresh matter yield (Fig. 18).
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Fig. 21 Field specific potential, water-limited and actual dry matter yield for Innovator on clay soil. For legend see Fig. 18.
Sorted in the same order as the fresh matter yield (Fig. 19).
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Yield gap
When the yield gap of Fontane on sandy soil was plotted against the water surplus, a negative
relationship was found. Every percentage of water shortage led to a 0.67% increase of the fresh matter
yield gap and a 0.52% increase of the dry matter yield gap (p=0.0198 and p=0.0447, respectively; Fig.
22). Also, the variety Innovator showed a negative relationship between the water surplus of a field
and the yield gap. Here, every percentage of water shortage led to a 0.87% increase of the fresh matter
yield gap and a 1.04% increase of the dry matter yield gap (p<0.001 for both; Fig. 22).
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Innovator fresh matter
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Linear (Fontane fresh matter)
Linear (Fontane dry matter)
Linear (Innovator fresh matter)
Linear (Innovator dry matter)
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Fig. 22. Relationship between Yield gap as percentage of Yp in fresh (solid symbols) and dry (open symbols) matter and water
surplus for Fontane on sandy soil (circles) and Innovator on clay soil (triangles). Lines indicates regression lines of significant
correlations between yield gap and water surplus. Formulas of the significant regression lines are shown in the figure.

Water productivity
To represent water productivity, the yield as a percentage of the Yp was plotted against the water
availability as a percentage of the PCETP (Fig. 23). In this graph, the solid line represents the maximum
yield relative to the Yp that can be achieved with a given amount of water availability and can therefore
be seen as Yw. The x-intercept indicates the soil water losses due to evaporation without any yield. The
slope indicates the maximum water productivity and increases by 1.31% of the Yp for each additional
percent of water availability. The plateau indicates the potential yield and the breakpoint, shown with
the dotted line, indicates the minimum water requirement to achieve this potential yield. Using the
formula for Yw in Fig. 23 and the plot-specific Yp, the Yw could be calculated which is shown in Figs. 18,
19, 20 and 21.
The data points to the right of the dotted line have had enough water to reach Yp, but other factors
were the cause of not reaching it. It is not expected that more water during the growing season has
any effect on yield for those fields. However, as we saw in Fig. 22, it is also possible that yield gap
closure only occurs between 20 and 30% water surplus (120-130% water availability). In that case, it
could be that an increase in yield can be expected with an increase in water availability.
The points left of the dotted line above the solid line have had too little water to reach Y p.
However, with the amount of water they received, they did achieve a higher yield than expected from
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the solid line. It is expected that these fields could have achieved a higher yield if more water had been
given. Based on this data, one could argue that these fields should be able to achieve their Yp if they
had sufficient water available. This was only the case with Fontane on sandy soil. An additional yield
ranging from 0.1% to 51.6% of Yp, corresponding to 0.1 to 43.5 tonnes per hectare, could be achieved.
On average over 8 fields this could be 16.1 tonnes per hectare, provided that there are no other yield
limiting or reducing factors.
The data points to the left of the dotted line below the solid line had sufficient water to achieve a
higher yield, but too little to achieve Yp. So there was a yield gap due to factors other than water, but
also one due to water. More water during the growing season is expected to result in higher yields but
not such that they can reach Yp. Assuming that the yield gap remains the same in percentage terms
with an increase in water availability, it was possible to calculate how much yield these fields were
missing due to a water shortage. For Fontane on sandy soil, an additional yield ranging from 5.6% to
23.7% of Yp, corresponding to 4.8 to 19.6 tonnes per hectare, could be achieved. On average, over 12
fields this could be 9.6 tonnes per hectare, corresponding to a decrease in yield gap of 11.3%. For
Innovator on clay soil, an additional yield ranging from 0.4% to 12.9%, corresponding to 0.3 to 10.9
tonnes per hectare, could be achieved. On average, over 5 fields this could be 5.8 tonnes per hectare,
corresponding to a decrease in yield gap of 5.9%.
Over all the Fontane fields that were followed for this study, an average extra yield of 11.7 tonnes
per hectare could be achieved by adding more water. For the Innovator fields this was 1.2 tonnes per
hectare.
Fontane

100%

Innovator
Yw = 1.307x - 30.719, x<100%
Yp = 100%, x>100%
Water requirement for Yp

Yield (% potential yield)
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Fig. 23. Yield as percentage of potential yield plotted against water availability as percentage of potential evapotranspiration.
The solid line shows the maximum yield relative to Yp for a certain water surplus and can therefore be seen as Yw. The xintercept indicates the soil water losses due to evaporation. The slope indicates the maximum water productivity and increases
with 1.31% of Yp for each additional percentage of water availability. The plateau indicates Yp and the dotted line the minimum
water requirement to achieve this potential yield. According to the model, the data points to the right of the dotted line have
had sufficient water to achieve Yp. Additional irrigation is not expected to lead to additional yield. The data points to the left
of the dotted line have had too little water to reach Yp. Additional watering could result in a higher yield.
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3.4 Yield quality
Size sorting
For Fontane on sandy soil, 84.3% to 97.7% of the tuber weight were tubers larger than 40 mm and
41.6% to 89.0% of the tubers were larger than 50mm. The number of tubers per square meter varied
from 37 to 105. For Innovator on clay soil, 92.7% to 98.7% of the tubers were larger than 40 mm and
49.0% to 95.9% of the tubers were larger than 50 mm. The number of tubers per square meter varied
from 24 to 59 (Fig. 24).
An analysis was done for the relationship between tuber size distribution, water surplus and tubers
per square meter. Using a linear mixed-effects model, it was found that for Fontane on sandy soil there
was a correlation between tubers larger than 50mm, water surplus and tubers per square meter
(p=0.0079). The proportion of tuber weight in the larger than 50 mm size increased by 0.79% for each
percent increase in water surplus. In addition, this percentage decreased by 0.66% for each additional
tuber per square metre (Fig. 24C). For tubers larger than 40 mm, such a relationship with number of
tubers per square meter and water surplus was not found (p=0.127, Fig. 22A). However, a negative
effect of the number of tubers per square metre on size sorting was found (p=0.023). Each additional
tuber per square metre resulted in a decrease of 0.13% in the share of the weight of tubers larger than
40 mm (Fig. 24A).
For Innovator on clay soil, number of tubers per square meter and water surplus had a significant
effect on the percentage of the weight of tubers larger than 40 mm (P=0.0042). This percentage
became 0.09% higher for each additional percent of water surplus and 0.11% lower for each additional
tuber per square metre (Fig. 24 B). This was also found for the proportion of the weight of tubers larger
than 50 mm. However, the residuals of these data were not normally distributed (p value of 0.003).
Therefore, the field that deviated the most was filtered out of the analysis (Appendix 9). This new
analysis showed that there was no significant effect of water surplus and tubers per square metre on
the proportion of the weight of tubers larger than 50 mm (p = 0.278). However, a negative effect of
tuber number on this percentage was found (p < 0.001) and each extra tuber per square metre resulted
in a decrease of 0.46% (Fig. 24D).
Length
Tuber length varied from 7.5 cm to 9.6 cm for Fontane on sandy soil and from 9.6 cm to 12.6 cm
for Innovator on clay soil (Fig. 25). Using a linear mixed-effects model, an analysis was done for the
relationship between tuber length, water surplus and tubers per square meter. For Fontane on sandy
soil, no significant interaction was found between water surplus and tuber length (p=0.1875).
However, a significant interaction was found between the number of tubers per square metre and
tuber length (p=0.0186). This indicates that the length of the tubers decreased by 0.022 cm when there
was 1 more tuber per square meter (Fig. 25A). For Innovator on clay soil, no significant interaction was
found between water surplus and length (p=0.2335). However, a significant interaction was found
between the number of tubers per square metre and tuber length (p=0.0099). The tuber length
decreased by 0.053 cm when there was 1 more tuber per square metre (Fig. 25B).
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Fig. 24. Relationship between percentage of the weight of the tubers bigger than 40mm (>40mm; A&B), percentage of the
weight of the tubers bigger than 50mm (>50mm; C&D) and water surplus. Fontane on sandy soil left, Innovator on clay soil
right. The colour of the dots indicates the number of tubers per square metre. The linear trend lines show the relationship
between the size and the water surplus. The different trend lines run parallel to each other and the colour indicates the number
of tubers per square metre and corresponds to the legend in the figure. The formulas of these trend lines are shown in the
graph where x stands for the percentage of water surplus and z for the number of tubers per square metre.

y = -0.022z + 10.281
y = -0.053z + 13.150

Fig. 25. Relationship between tuber length of tubers with a diameter larger than 50mm and water surplus. Fontane on sandy
soil left (A), Innovator on clay soil right (B). The colour of the dots indicates the number of tubers per square metre. The linear
trend lines show the relationship between the size and the water surplus. The different trend lines run parallel to each other
and the colour indicates the number of tubers per square metre and corresponds to the legend in the figure. The formulas of
these trend lines are shown in the graph where z stands for the number of tubers per square metre.
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Underwater weight
Underwater weight, which represents the starch content in potatoes, ranged from 343.3 to 432.4
for Fontane on sandy soil and from 346.2 to 394.8 for Innovator on clay soil (Fig. 26). The French fries
industry requires a minimum underwater weight of 360 to be able to process the potatoes into good
quality fries. Therefore, there are a number of fields of both varieties that do not meet this
requirement. With a linear mixed-effects model, no significant interaction was found between water
surplus and underwater weight for both Fontane on sandy soil and Innovator on clay soil (p=0.114 and
p=0.524 respectively; Fig. 26).
450

Fontane
Innovator
Minimum required

Under water weight

425
400
375
350
325
300
-50% -40% -30% -20% -10% 0%

10% 20% 30% 40%

water surplus (% of potential evapotranspiration)
Fig. 26. Relationship between underwater weight and water surplus for the Fontane on sandy soil (solid circles) and Innovator
on clay soil (open triangles). The dashed line shows the minimum value of the underwater weight of the French fry potatoes
required to be accepted in the factory.
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4 Discussion
This chapter discusses the methodologies used and the implication of the obtained results. First of all,
it discusses the used crop model approach and the adjustments to the model. Secondly, it discusses
on what water availability depends and what it can mean in practice. Then the effect of this water
availability on the senescence of the potato fields is discussed. Following this, the effect of water
availability on the yield is discussed and how, in practice, this could be used to explain the yield. Finally,
the influence of water availability on the quality parameters is discussed.

4.1 Crop model adjustments and performance
Crop model adjustments
The crop growth model used in Silva et al. (2020) was used for this thesis. However, some changes
have been made to make the model more realistic (Table 3). For example, the capillary rise, volume
fraction of moisture in the soil and the root depth have been made field-specific. These are parameters
that could easily be changed based on measured values.
In addition, the length of the different periods has been changed. For example, the duration of
period A, the period between planting and ca. 20% soil cover, was in Silva et al. (2020) 25 days and was
corrected on the basis of the length of the total growing season. However, in practice, it usually takes
30 days before the crop even emerges and it is not dependent on the length of the growing season but
on the temperature during this period (van Loon, 1981). Because the temperature during spring
increases on average, the correction of period A is now based on the planting date. The same has been
done for period B, the period between 20% and 80% ground cover, because the duration of this period
also mainly depends on the temperature. In addition, the length of period C and D was adjusted. In
Silva et al. (2020), the length of the growing season (i.e. number of days between planting and haulm
killing) determined the length of these periods. However, in practice, fields are also killed earlier
because the plant has started to die prematurely due to other factors, such as water shortage. This
would mean that the potential yield is underestimated. On the other hand, there are growers who only
carry out haulm killing weeks after the ground cover has already declined considerably and production
is no longer increasing, which would overestimate the potential yield. To prevent this, it has been
assumed that all fields of the same variety can potentially have an equally long growing season. Periods
C and D are therefore determined on the basis of this maximum length of the growing season minus
the sum of the lengths of periods A and B. In addition, a maximum haulm killing date has been entered
per variety/soil type. This has been done because in practice haulm killing has to be carried out
eventually in order to build in harvest security.
The formula for the period determination of A and B is based on the measured ground cover of all
fields in the study. The disadvantage of this method is that the dataset used for the crop model was
also used for the validation of the crop model. It would be better to use a separate datasets for the
validation.
Crop model performance
To check whether the potential yield from this simple crop model was realistic, the data from a
trial field in which the potatoes always grew under the most ideal conditions in Lelystad (Innovator on
clay soil) and Vredepeel (Fontane on sandy soil) were also included in the simulation (Appendix 8). This
showed that the model came up with a simulated Yp of 82.1 t ha-1 for the Fontane at Vredepeel, while
Ya was 96.0 t ha-1.This could mean that the Yp of Fontane on sandy soil in reality could be higher than
indicated by the model and that therefore the yield gap could also be larger. However, this cannot be
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determined with certainty on the basis of one calculation. At Innovator in Lelystad, the Ya was below
the Yp and therefore the above does not apply.
As shown in Figs. 17 and 18, only a single plot has a yield gap closure of 100%. However, Fig. 23
shows that, with Fontane on sandy soil, quite a few fields achieved higher yields than expected on the
basis of water availability. One reason for this could be the simplicity of the crop model, in which only
the amount of sunlight is taken into account for the calculation of Yp. Therefore it is possible that Yp
is underestimated. However, the simulated ware potato yields in this study (70.0-88.5 t ha-1)
corresponded to earlier simulations of Yp in Brouwer (2020) of 74-104 t ha-1 and of Yan (2015) for the
year 2013 (78-86 t ha-1). Compared to the simulations of Yan (2015) for the year 2014 (88-94 t ha-1),
the results in this thesis were lower. This is probably due to the parameters in the model, as this model
is based only on global radiation and there was a record amount of radiation last year. In Silva et al.
(2020), the average simulated ware potato yield (72.2 t ha-1) was lower than in this thesis. Since the
adjustments in the crop model did not show large differences in Yp (Table 4), this also shows that the
difference is mainly due to the large amount of radiation in 2020. In addition, the calculation of the
amount of water available may have influenced Fig. 23. More on this in chapter 4.2 below.
Table 3. Values of used parameters in this study compared to Silva et al. (2020)
Parameter
Silva et al. (2020)
This thesis
Haulm killing date

Three weeks before recorded harvest date

Duration period A and B
Duration period C and D

Based on season length
Based on season length

Capillary rise

60mm on sandy soil, 115 mm on clay soil

Volume fraction of water2

Sandy soil: sat: 31%; fc: 21%; wp: 10%
Clay soil: sat: 37%; fc: 27%; wp: 12%
50 cm

Rooting depth

<20% measured soil cover or recorded haulm
killing date
Based on planting date1
Based on planting date and season length or
latest harvest date1
37, 48 or 60 mm on sandy soil, based on
groundwater table. 115 mm for clay soil1
Sandy soil: sat: 44%; fc: 22.8%; wp: 3.9%1,3
Clay soil: sat: 47.5%; fc: 33.6%; wp: 11.5%1,4
Fontane on sandy soil: based on depth of heavy
soil compaction; Innovator on clay soil: Mean of
measured root depth1

1

For field specific data see Appendix 2
sat for saturation; fc for field capacity; wp for wilting point
3 based on 4 soil analysis
4 based on 7 soil analysis, distinction made between light, moderate and heavy clay
2

Table 4. Comparison of Yp of approach from Silva et al. (2020) and in this thesis.
Approach of Silva et al. (2020)
Approach in this thesis
Yp variation
Yp mean

69.0 – 90.6 t ha-1
80.5 t ha-1

70.0 – 88.5 t ha-1
81.4 t ha-1

4.2 Water availability
In the results, it could be seen that there was a large variation in water availability (Fig. 16). In
general, the fields with Fontane on sandy soil had a water deficit compared to the potential
evapotranspiration. The Innovator fields on clay soil had more water than potentially needed. A major
difference between the two is the amount of capillary rise. Because clay soil consists of smaller soil
particles, the suction effect is greater here and therefore a greater quantity of water is brought in from
the groundwater. In addition, this groundwater can also bridge a greater distance, so that deeper
groundwater still contributes to the water availability (Harbinson, 2019; Kroes et al., 2017). Since
capillary rise cannot be measured within the current experimental design, an estimated value was
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used. However, it could be that this value was estimated too high for clay soils and/or too low for most
sandy soils. This would reduce the difference between the two soil types.
In addition, the water holding capacity of clay soil is greater than that of sandy soil (Appendix 1).
Also, the average root depth in clay soil is deeper than in sandy soil (Appendix 1). Together, this results
in less water being lost in clay soils than in sandy soils after heavy rainfall.
Also, the amount of water available in the rooted profile at the start of the growing season is
slightly larger in clay soil than in sand soil. Since the moisture content was not measured at the time
of planting, it was assumed that at the start of the growing season the moisture content on all fields
was 70% of field capacity. However, it is doubtful whether this is realistic. Since the planting date varied
from 26 March to 7 May and it hardly rained during this period, it would seem obvious that this content
would decrease the later planting takes place.
In addition, the amount of moisture that was still present in the soil at the time of haulm killing
was not taken into account. This value was not measured at that time either and there can be a large
field to field variation in these values, due to the large variation in haulm killing date and rainfall
amounts late in the season. In practice, water is still present and so the amount of water surplus is
slightly lower on all fields.
Also important for the amount of water the soil can hold is the depth of the roots. For Fontane in
sandy soil, a relationship was found between the depth at which soil compaction started and the root
depth (Appendix 4). The deeper the compact layer was, the deeper the plants took root and thus the
greater the water availability. Soil compaction can be caused, among other things, by the use of heavy
agricultural machinery. By preventing this, the grower can influence the amount of available water.
However, on sandy soil another layer of sand was often found where the heavy soil compaction started
and so the influence of the grower is limited.
Rainfall had the largest contribution to total water availability (Appendix 5) and was measured by
weather stations and corrected with the rain gauge in the field. However, sunflower oil was used
instead of olive oil at the beginning of the season. This sometimes clumped together so that there was
no sealed layer and rainwater may have evaporated. In addition, the rain gauge had a maximum
capacity of 75 mm and it happened a number of times that it was filled to the brim and therefore too
little was recorded. In general, rain gauges do a good job of indicating variation within a cluster, but
this is not always the most reliable way of measuring. Especially if you want to make a day-specific
water balance.
To increase water availability, the biggest gain can be made by adding water through irrigation.
Irrigation has taken place on sandy soil, but apparently not enough to be able to achieve complete
evapotranspiration. Since the growers have managed the field in the way they think will lead to the
best result, the extra application of water is apparently not seen as a result-enhancing action. This may
be because extra watering leads to higher costs. Especially in the past year when the corona crisis has
led to lower potato prices far below cost price level, this can have an influence. On the other hand, it
is possible that the grower considers the total water availability to be sufficient and therefore
underestimates the evapotranspiration of the potato crop.
Unfortunately, no useful data emerged from the daily water balance (Appendix 6). This may be
explained by the fact that the drought started very early this year. The model is based on the water
availability in the soil at maximum rooting depth. However, this was not yet the case in the first 70
days. Because of this, the water availability in this period according to the model is larger than in reality.
By adjusting this, more useful data may be obtained. Furthermore, for the day-specific water balance,
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use has been made of the evapotranspiration based on the measured soil cover and not on potential
evapotranspiration, as was done for the total water availability.

4.3 Crop senescence
As shown in Fig. 17, each percent of lower water availability for both Fontane on sandy soil and
Innovator on clay soil resulted in an earlier start of potato crop senescence and earlier mortality by
about 0.5 days. Only for Fontane on sandy soil was this even more pronounced for the length of the
growing season until mortality by 0.7 days. Moreover, a later planting date led to a shorter season
length everywhere and this effect was greater for Fontane on sandy soil than for Innovator on clay soil.
In practice, the results can mean that if the water availability is increased, for example by irrigation,
the growing season becomes longer and the crop can therefore absorb more solar radiation. Since this
is the starting point for a higher yield, it can also be increased in this way. In addition, these results
could mean that planting the potatoes at an early stage can also result in more solar radiation being
absorbed. This is especially interesting for Fontane on sandy soil, because Fontane is seen as a variety
with a relatively long growing season and therefore planting early does not automatically mean that
the crop dies sooner. This is less applicable for Innovator because this variety is known as an earlier
maturing variety. This is reflected, among other things, in the small variation in length of the growing
season for Innovator on clay soil compared to Fontane on sandy soil. Therefore, early planting may not
result in a much longer growing season. However, late planting might result in a shorter growing
season or a higher harvest risk by late haulm killing.
At haulm killing, fields with less water shortage during the season were greener on average
(Appendix 7). This could mean that these fields could have had a longer period until crop mortality,
which would have increased the difference and made the regression line steeper. At the end of the
season growers choose to spray the crop to death, because of the increasing harvesting risks. This
means that not much can be gained at the end of the season. Therefore, it is necessary to plant the
potatoes earlier, so they can absorb extra radiation. This is also shown with the results of planting date.

4.4 Yield
The results showed that there was a large variation in yield (gap) among the fields. For Fontane on
sandy soil this was over 40 t ha-1 (Fig. 18) and for Innovator on clay soil 30 t ha-1 (Fig. 19). There was a
clear relationship found between this yield variation and water availability, with each percent increase
in water availability resulting in a decrease in the fresh matter yield gap of 0.67% for Fontane on sandy
soil and 0.87% for Innovator on clay soil (Fig. 22). For the dry matter yield gap, this relationship was
also present, although less strong for Fontane on sandy soil (0.52%) but stronger for Innovator on clay
soil (1.04%; Fig. 22).
Yield gap variation
In Innovator, the dry matter yield gap was larger than the fresh matter yield gap (Figs. 19 and 21),
in Fontane on sandy soil the difference between the two was very small (Figs. 18 and 20). To this end,
one could say that the 22.0% DM parameter used in the model was good for Fontane but too high for
Innovator. In practice, a lower dry matter content is also assumed for Innovator than for Fontane
(20.8% and 23.0%, respectively; Meijer potato, 2020). However, by adjusting this parameter in the
model, the Yp also changes and becomes higher for Innovator (See Eq. 11). To prevent this, other
parameters such as HI should also be adjusted variety-specifically. Reliable data for these adjustments
is currently lacking.
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Yield gap explanation
The fact that a relationship was found between increasing water availability and decreasing yield
gap, shows that applying water can be an important measure for gaining yield. Moreover, this was also
the case in the Innovator fields, where generally more water was available than potentially needed.
This can have three causes. Firstly, the potential evapotranspiration in practice may be higher than in
the model and could therefore be underestimated. However, evidence for this is lacking and so more
research should be done to test this hypothesis. Secondly, the water availability of Innovator on clay
soil may have been overestimated. This is discussed in chapter 4.2 and could be due to the assumed
amount of capillary rise or the amount of recorded rainfall. Thirdly, the fields with a larger water
surplus may have had fewer moments of water shortage during the season. This cannot be deduced
from the total water availability as that does not show the distribution of water. Silva et al. (2020),
suggested earlier that the total water availability in the Netherlands is large enough to prevent major
water shortages in ware potatoes, but that the application of water at key moments in the growing
season can result in a reduced yield gap. As indicated before, an attempt was made to include this dayspecific water balance in this thesis, but accurate data for this is lacking. In the context of climate
change, the variation in rainfall is expected to increase in the future, therefore this water shortage in
key periods may become increasingly important (Wolf et al., 2010).
Water productivity
Looking further into the water productivity, we see that for many fields other issues than water
availability have influenced the yield gap (Fig. 23). Which factors these are exactly has not been
included in this research. However, based on the water productivity, it has been calculated that on
average across all fields with Fontane on sandy soil, an extra yield of 11.7 t ha-1 could be achieved if
sufficient water were added, given that there were no other yield limiting factors. For Innovator on
clay soil, the average was 1.2 t ha-1. Although there is no hard evidence that adding extra water can
realise this additional yield, it gives a good indication of the yield that can potentially be gained by a
better water supply.
The very small increase in yield by adding extra water for Innovator on clay soil in Fig. 23
contradicts the result from Fig. 22, where an increase in water availability even above the potential
evapotranspiration resulted in a higher yield. As mentioned earlier, there may be a difference between
the water availability according to the model and the water availability in reality. As mentioned earlier,
there may be a difference between the water availability according to the model and the water
availability in reality. In addition, over the whole growing season, a water surplus on top of the
potential evapotranspiration may be needed to prevent drought during key moments.

4.5 Yield quality
The effect of water availability on yield quality was very variable. The proportion of tubers larger
than 50 mm in Fontane on sandy soil became 0.79% higher for each percent increase in water
availability (Fig. 24). On the other hand, the share of tubers larger than 40 mm for Innovator on clay
soil increased by 0.09% for the same increase in water availability (Fig. 24). The number of tubers per
square metre affected both the size and the length of the tubers negatively (Figs. 24 and 25). No
correlations were found for the underwater weight (Fig. 26).
The fact that there was not always an effect of water availability on the tuber size distribution,
such as for example the share of tubers larger than 40 mm for Fontane on sandy soil, can be explained
by the fact that the size sorting is influenced by many factors. For example, plant density and plant
uniformity have an influence on tuber size (Stark et al., 2020). However, for a good analysis of this,
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more data is needed, which should be included simultaneously in the analysis. In addition, certain
pesticides, such as Maleine Hydrazide (MH), can have an influence on the number of tubers and thus
tuber size. The influence of the aforementioned has been tried to compensate for in the analysis by
taking into account the number of tubers per square metre. With this, a negative effect was found on
all tuber sizes. As Fontane is generally a high tuber setting variety, clearly higher than Innovator, a
grower could choose to take measures to get fewer tubers per square metre. One of the possibilities
is to plant out smaller tubers as seed potatoes. These generally have fewer eyes, which means fewer
stems and ultimately fewer tubers under the same conditions (Haverkort et al., 1990; Stark et al.,
2020). In addition, the grower could avoid irrigation around the time of tuber setting, as drier
conditions can result in reduced tuber setting (Haverkort et al., 1990; MacKerron & Jefferies, 1986;
Ojala et al., 1990; van Loon, 1981). However, not watering around the time of tuber setting can also
have negative effects on other aspects of crop growth and is therefore advisable in some cases.
A larger size is positive for both the grower and the processing industry. Many processors have 40
mm as their minimum processing size. All tubers smaller than 40 mm are considered tare and therefore
not paid for. Therefore, as we have seen in the previous chapter, a larger water content not only
increases the gross yield, but can also increase the net yield. For the processing industry, a coarser
sizing is also fine. Because there is less waste from large potatoes, more fries can be made from the
same quantity of product. Wang et al. (2020) found that a higher yield accompanies higher quality by
potato production in China. Based on the results in this thesis, the same cannot be said, at least not
related to water.
As with the size sorting, also the length is dependent on several factors such as plant density and
seed potato size. There was no interaction found with the amount of water shortage. However, a
negative interaction was found with the number of tubers per square metre (Fig. 23). Because the
length of the potatoes can provide a bonus in the price at many processors, it can be valuable for a
grower to try to increase the length of the potatoes. This can be done in the same way as described
for size sorting above.
The results showed that water availability did not have an effect on the underwater weight. As
with many quality characteristics, the underwater weight is also dependent on many other factors.
These different factors influence each other and are therefore very complex (Loon et al., 1993). For
example, the fertilisation situation affects the underwater weight (Loon et al., 1993), and both nitrogen
and potassium are known to have a negative influence on the underwater weight. The chloride in, for
example, chloride potash also has a negative influence on the underwater weight.
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5 Conclusion
This study showed that water availability affects several aspects within the potato growing season
for both Fontane on sandy soil and Innovator on clay soil.
The length of the growing season until the start of senescence increased by 0.5 days for every
percent increase in water availability relative to potential evapotranspiration. This was the case for
both Fontane on sandy soil and Innovator on clay soil. In addition, the length of the growing season till
mortality also increased with an increase in water availability. This increase was 0.7 days for Fontane
on sandy soil and 0.5 days for Innovator on clay soil with the same increase in water availability. Besides
an effect of water availability, the planting date also influenced the length of the growing season. This
effect was greater for Fontane on sandy soil than for Innovator on clay soil. An increase in the length
of the growing season allowed the crop to absorb more radiation, thus increasing production under
good growing conditions.
This increased production with an increase in water availability was also reflected in the fresh
weight yield gap. This yield gap decreased with each percent increase in water availability by 0.67% for
Fontane on sandy soil and 0.87% for Innovator on clay soil, corresponding to 0.57 and 0.68 tonnes per
hectare yield increase at average potential yield.
Yield quality was also influenced by water availability. Every percent increase in water availability
resulted in a 0.79% larger share of the weight of the tubers in the greater than 50 mm size class of
Fontane on sandy soil. For the greater than 40 mm size class and the length, no effect of water
availability was found. For Innovator on clay soil, the same increase in water availability resulted in a
0.09% larger share of the weight of tubers in the greater than 40 mm size class. No effect of water
availability was found for the greater than 50 mm size class and the length. The number of tubers per
square metre had a negative effect on both size and length. This effect was greater in the greater than
50 mm size class than the greater than 40 mm size class and larger for Fontane on sandy soil than for
Innovator on clay soil. In addition, the effect of the number of tubers per square metre on tuber length
was greater for Innovator on clay soil than for Fontane on sandy soil.
Since a grower cannot influence precipitation and the amount of capillary rise, water availability
must be increased by being able to store more plant-available water in the soil and by irrigation. More
water available to plants in the soil can be achieved on sandy soils by increasing root depth and rooting
volume. A correlation was found between the depth of heavy soil compaction and the depth of the
roots, which increased as the heavy soil compaction went deeper into the soil. Because soil compaction
in sandy soil, and therefore root depth, is often accompanied by the transition to another sandy layer,
preference in field selection should be given to fields with a thick top soil layer. The greatest benefit,
however, can be achieved through irrigation.
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7 Appendices
7.1 Appendix 1: Main field conditions
Table A1. Main field conditions.
Cluster, Planting Haulm killing
Field
date
date

Harvesting
date

Potato
previous

Previous crop

Cover crop ‘19

Plant distance
(cm)

Seed
size

11
12
13
14
15
18

3-apr
21-apr
10-apr
25-apr
15-apr
4-apr

12-sep
7-okt
11-sep
2-sep
27-aug
31-aug

24-oct
14-okt
24-okt
26-okt
26-sep
30-sep

2017
2016
2016
2009
2014
2010

Maize
Grass
Grass
Carrot
Grass
Strawberry

Yes
None
None
None
None
None

31
38
25
33
36
34

22
23
24
25
26
27
28

2-mei
7-mei
4-apr
25-apr
20-apr
17-apr
9-apr

16-sep
16-sep
5-sep
12-sep
4-sep
7-sep
7-sep

20-okt
12-okt
24-okt
27-okt
10-okt
22-okt

2016
2014
2016
2014
2015
2017
2015

Maize
Leek
Sugar beet
Maize
Maize
Maize
Maize

Yes
None
None
Yes
Yes
Yes
Yes

31
32
33
34
35
36
37
38

18-apr
2-apr
16-apr
14-apr
8-apr
8-apr
8-apr
13-apr

7-sep
7-sep
not killed
22-sep
not killed
not killed
12-okt
8-sep

4-okt
6-okt
18-okt
19-okt
7-okt
16-oct
29-okt
19-okt

2017
2018
2018
2015
2012
2015
2017
2018

Carrot
Sugar beet
Sugar beet
Grass
Onions
Onions
Maize
Maize

41
42
43
44
45
46
47

24-apr
8-apr
20-apr
26-mar
8-apr
12-apr
15-apr

10-sep
27-aug
10-sep
15-aug
2-sep
2-sep
16-sep

7-nov
17-sep
7-nov
9-sep
18-okt
30-sep
14-okt

2016
2016
2015
2016
2016
2009
2016

51
52
53
54
55
56
57
58

6-apr
11-apr
10-apr
6-apr
29-apr
10-apr
4-apr
14-apr

25-aug
27-aug
27-aug
2-sep
7-sep
27-aug
not killed
3-sep

18-sep
21-sep
22-sep
19-sep
16-sep
17-sep

61
62
63

15-apr
11-apr
26-apr

31-aug
8-sep
14-sep

18-sep
14-okt

Fertilisation spring ’20
(amount (t ha-1))

N total
(kg)

N eff1
(kg)

P total
(kg)

K total
(kg)

50/60 sliced
50/60
28-40
35/50
35/45
40/50

Cattle slurry (32)
Cattle slurry (35)
Cattle slurry (37)
Cattle slurry (40)
Pig slurry (35)
Cattle slurry (35)

311
293
226
310
293
284

248
224
154
232
230
215

24
26
27
30
64
26

357
271
273
196
287
235

35
28
36
38
37
32
38

35/50
28/35
36
50/55
35+
35/45
45-50

Cattle slurry (25)
Cattle slurry (30)
Cattle slurry (30)
Cattle slurry (25)
Pig slurry (15)
Pig slurry (40)
Cattle slurry (58)

194
252
258
158
245
367
319

145
193
199
109
218
295
204

19
22
22
19
27
73
44

272
309
271
222
85
390
287

None
None
None
None
None
Yes
Yes
Yes

36
38
27
37
32
39
35
33.5

45/50
45/50
28/35
45/50
40/45
45/50
45/50
35/50

Cattle/pig slurry (23)
Cattle/pig slurry (23)
Pig slurry (26)
Cattle slurry (25)
Cattle slurry (50)
Cattle slurry (35)
Digistat (35)
Cattle slurry (34)

287
287
360
228
313
355
309
361

193
193
254
178
215
257
272
294

28
28
59
19
43
39
73
26

279
279
313
160
345
387
390
262

Grass seed
Grass seed
Alfalfa
Rapeseed
winter wheat
Sugar beet
Grass seed

Yes
None
None
Yes
Yes
None
None

27.5
34
27.5
31
28
28
29

50/60 sliced
35/45
50/60 sliced
50/60 sliced
35/45
35/45
35/45

Pig slurry (32)
Cattle slurry (42)
Pig slurry (38)
Cattle slurry
Pig slurry (23)
Cattle slurry (50)
Mineral

557
749
371
416
474
417
319

438
448
314
351
374
319
319

121
170
59
67
64
37
5

373
628
181
205
425
432
249

2016
2016
2016
2016
2016
2017
2016

Brussel sprout
Winter wheat
Winter wheat
Winter wheat
Winter wheat
Spring wheat
Winter wheat

None
Yes
Yes
Yes
Yes
Yes
Yes

30
30
30
27
28
26
30

35/55
45/50
45/50
35/45
35/50
35/45
45/50

Pig slurry (30)
Mineral
Mineral
Mineral
Mineral
Pig slurry (30)
Mineral
Cattle slurry (30)

336
385
380
353
440
590
280
369

282
308
303
353
440
420
256
312

55
61
61
21
40
116
50
68

319
398
443
292
241
568
242
293

2017
2016
2017

Winter wheat
Tulip bulbs
Winter wheat

Yes
Yes
Yes

24
34
35

35/50
45/50
55-60 sliced

Cattle slurry (25)
Pig slurry(30)
Pig slurry (25)

300
387
563

252
333
473

51
54
92

199
237
357

tuber

I

65
26-apr
2-sep
2016
Onions
66
10-apr
4-sep
20-sep
2017
Onions
68
5-mei
not killed
3-okt
2016
Spring barley
1 NPK contents from organic manure according to Starmans et al. (2015).

Mineral
None
27
35/45
Pig slurry (30)
None
28.5
35/45
Mineral
2 Nitrogen that was effectively available during the season.

194
388
305

194
334
305

29
55
0

131
269
169

7.2 Appendix 2: Field specific crop model input
Table A2. Field specific crop model input.
Field Rooting
Soil organic Cap. Rise
depth (cm)
matter (%)
(mm)

Irrigation
(mm)

Saturation
(%)

Field
capacity (%)

Wilting point
(%)

Length Period A
for Yp (days)

Length Period
B for Yp (days)

Length Period
C for Yp (days)

Length Period D
for Yp (days)

Closest weather
station 1

11
12
13
14
15
18

32.442
40.532
29.892
44.456
33.942
43.348

4.15
4.13
3.55
3.26
3.92
3.87

37
48
48
37
48
37

75
125
100
75
150
90

44.00
43.65
43.30
44.00
43.65
43.65

22.27
22.16
21.81
18.24
25.43
22.00

3.87
3.9
3.9
2.5
5.3
3.9

41
35
39
34
37
37

20
16
19
15
17
18

69
75
71
74
74
73

35
37
36
37
37
37

Bladel (F)
Reusel (F)
Reusel (F)
Bladel (F)
Bladel (F)
Gilze-Rijen

22
23
24
25
26
27
28

30.492
33.666
32.408
33.187
36.245
43.735
43.764

3.95
3.87
2.78
4.48
3.03
6.78
8.15

37
37
37
37
37
37
60

60
125
130
50
50
100
100

43.65
43.65
43.65
43.65
43.65
43.65
43.65

22.05
22.00
21.35
22.37
21.50
23.75
24.57

3.9
3.9
3.9
3.9
3.9
3.9
3.9

31
29
41
33
35
36
39

13
12
20
15
16
17
19

72
71
69
74
75
75
71

36
35
35
37
38
37
36

Grashoek (F)
Grashoek (F)
Grashoek (F)
Grashoek (F)
Grashoek (F)
Griendtsveen (F)
Griendtsveen (F)

31
32
33
34
35
36
37
38

30.76
36.10
30.73
29.12
26.81
29.26
27.83
26.51

9.43
9.55
5.64
7.49
4.69
7.16
3.69
8.43

37
37
37
60
48
37
37
37

0
0
45
0
0
30
115
30

43.65
43.65
43.65
43.65
43.65
48.00
43.65
43.65

25.34
25.41
22.92
24.18
22.50
28.88
21.90
24.74

3.9
3.9
3.9
3.9
3.9
5.60
3.9
3.9

36
42
37
37
40
40
40
38

17
20
17
18
19
19
19
18

75
69
74
73
71
71
71
73

37
34
37
37
35
35
35
36

Klazienaveen (F)
Klazienaveen (F)

41
42
43
44
45
46
47

39.55
39.25
37.30
38.95
39.70
40.45
41.35

4.84
5.47
5.24
3.42
5.61
7.31
6.29

115
115
115
115
115
115
115

55
58
48
70
30
65
131

47.77
47.30
48.70
46.00
47.77
46.90
48.70

35.08
34.13
37.42
27.41
35.47
32.15
39.84

12.67
11.60
15.40
6.30
12.67
8.20
18.10

34
40
35
44
40
38
37

15
19
16
22
19
18
17

67
61
66
56
61
63
64

28
30
31
28
30
31
32

S. Maartensdijk(F)
S. Maartensdijk(F)
S. Maartensdijk(F)
S. Maartensdijk(F)

51
52
53
54
55
56

38.35
40.45
40.00
38.35
38.50
38.05

4.42
5.11
4.09
3.74
4.39
3.53

115
115
115
115
115
115

40
50
50
90
65
0

46.90
47.77
47.77
47.30
48.70
47.77

30.70
35.22
34.71
33.67
38.89
34.42

8.20
12.67
12.67
11.00
18.10
12.67

40
38
39
40
32
39

19
18
19
19
14
19

61
63
61
61
62
61

30
31
31
30
31
31

Rotterdam
Rotterdam
Rotterdam
Rotterdam
Rotterdam
Rotterdam

Hoogeveen
Eelde
Marknesse
Marknesse
Heino
Hoogeveen

Gilze-Rijen
Gilze-Rijen

II

57
58

41.80
41.05

8.45
9.98

115
115

45
0

48.70
47.77

40.92
37.65

18.10
12.67

41
37

20
18

59
63

30
32

Rotterdam
Schiphol

61
36.40
5.18
62
38.95
3.82
63
37.15
3.15
65
42.40
5.52
66
38.35
5.36
68
38.65
4.89
1 (F) for farmers station

115
115
115
115
115
115

25
0
0
75
0
75

46.87
47.30
47.30
48.70
48.70
48.70

39.29
33.21
30.17
39.46
39.37
39.14

8.20
9.50
8.80
18.10
18.10
18.10

37
38
33
33
39
30

17
18
15
15
19
13

64
63
63
63
61
60

32
31
31
31
31
30

Ens (F)
Ens (F)
Ens (F)
Lelystad
Lelystad
Ens (F)

III

7.3 Appendix 3: Quantile regression analysis for period defining
A quantile regression analysis was performed to allow the length of periods A and B to depend on the
planting date rather than the seasonal length. This was done by plotting the measured lengths of these
periods against the planting date. Next, a line was plotted through the 10% best fields. This analysis
was carried out in R Core Team (2020) and the input is shown below with the formula.
Quantile regression A
>
>
t
>
>

## quantile regression
qrA <- rq(length_period_A ~ planting_date, data = df, tau = 0.10) # selec
factors of interest
cfA <- coef(qrA)
cfA
(Intercept) planting_date
75.1818182
-0.3636364
Formula for starting at 1-1-2020:
75.1818182-0,3636364X (X=1 at 1-1-2020)

Quantile regression B
>
t
>
>

qrB <- rq(length_period_B ~ planting_date, data = df, tau = 0.10) # selec
factors of interest
cfB <- coef(qrB)
cfB
(Intercept) planting_date
42.0591458
-0.2352941
Formula for starting at 1-1-2020:
42.0591458-0,2352941X (X=1 at 1-1-2020)

7.4 Appendix 4: Rooting depth defining by soil compaction for Fontane on sandy soil
Rooting depth by soil compaction
Below, the depth of the heavily compacted soil layer is plotted against the rooting depth for Fontane
on sandy soil (Fig. A1). The formula was used to provide all fields with Fontane on sandy soil with a
good rooting depth. Below the figure are the statements used in R studio.
80

rooting depth (cm)

70
60

y = 0.779x + 10.945

50
40
30
20
10
0
0

10

20

30

40

50

60

70

80

depth of heavy compaction (cm)
Fig. A1. Correlation between rooting depth of the bulk of the roots and depth of heavy compaction on sandy fields.

Call:
lm(formula = rooting_depth ~ heavy_compaction, data = df)
Residuals:
Min
1Q Median
-5.348 -2.893 -1.011

3Q
Max
2.988 10.536

Coefficients:
(Intercept)
heavy_compaction

Estimate Std. Error t value Pr(>|t|)
10.9448
9.2324
1.185 0.26323
0.7790
0.1878
4.148 0.00199 **

IV

--Signif. codes:
0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Residual standard error: 4.872 on 10 degrees of freedom
Multiple R-squared: 0.6324, Adjusted R-squared: 0.5956
F-statistic: 17.2 on 1 and 10 DF, p-value: 0.001987

7.5 Appendix 5: Mean water availability per source

100%
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400
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Rain-DP
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200
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clay soil

Fig. A2. Mean water availability per source for sandy soil and clay soil. The left plot shows water availability in percentage of
potential evapotranspiration, the right plot in total amounts in mm.

In both soil types, the average amount of plant-available water at the start of the growing season was
about the same (Fig. 26). Also the amount of effective rainfall (rainfall - deep percolation) did not differ
much but was slightly higher in the clay soil. The capillary rise was much higher in clay soils than in
sandy soils. Irrigation was done more on sandy soil than on clay soil.

7.6 Appendix 6: Number of days with water deficit from day specific water balance
60

Innovator on clay soil

Days with water shortage (𝜃𝑖<𝜃
Reduced growth)

Fontane on sandy soil
50
40
30
20
10

0
Fig. A3. Water shortage shown as the number of days a potato field experienced a water shortage. The order is the same as
in the main report.

V

7.7 Appendix 7: ground cover at haulm killing

Fig. A4. Season length to crop mortality for Fontane (A) and Innovator (B) plotted against the water surplus. The percentage
of ground cover the crop still had at the time of haulm killing is indicated in colour.

7.8 Appendix 8: Crop model check with trial field for Potential yield
Table A3. Potential yield check with data from trial field in which
the potatoes always grew under the most ideal conditions1.
Field
Yp (t ha-1) 2
Ya (t ha-1)
Fontane Vredepeel
82.1
96.0
Innovator Lelystad
80.4
73.0
1 Ideal growing conditions are defined as 130% of the required nitrogen
and optimal irrigation.
2
Yp according to crop model approach used in this thesis

7.9 Appendix 9: Percentage >50mm for Innovator all fields
Below is the original graph showing all the points for the relationship between the proportion of tubers
larger than 50 mm and the water surplus. However, the Shapiro Wilk test showed that the residuals of
the data were not normally distributed (p value = 0.003). Therefore, the plot that deviated the most,
the green dot in the lower left corner, was filtered out for the analysis.

Fig. A5. Relationship between percentage of tuber bigger than 50mm and water surplus. The colour of the dots indicates the
number of tubers per square metre. The linear trend lines show the relationship between the size and the water surplus. The
different trend lines run parallel to each other and the colour indicates the number of tubers per square metre and corresponds
to the legend in the figure.
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7.10

Appendix 10: Output statistical analysis

Below is the output of the statistical analysis for each sub-question.
First of all, the type of analysis used is indicated. Next, the output used in the graphs in the results sec
tion is displayed, along with the corresponding significance levels. Finally, the sample size is shown.
Season length till senescence Fontane (hypothesis 1.1):
Linear mixed-effects model fit by maximum likelihood
Data: df2
AIC
BIC
logLik
152.7223 158.9895 -70.36116
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev:
5.648043
Formula: ~1 | ID %in% fcluster
(Intercept) Residual
StdDev:
5.506907 2.367548
Fixed effects:

Period_ABC ~ Water_Shortage + planting_doy
Value Std.Error DF
t-value p-value
(Intercept)
189.72527 18.787378 16 10.098550 0.0000
Water_Shortage
0.48495 0.158147 16 3.066431 0.0074
planting_doy
-0.66200 0.177623 16 -3.727016 0.0018
Correlation:
(Intr) Wtr_Sh
Water_Shortage -0.099
planting_doy
-0.974 0.208
Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-0.5362055 -0.2348037 -0.1098529 0.1670434

Max
1.1226784

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

Season length till senescence Innovator (hypothesis 1.1):
Linear mixed-effects model fit by maximum likelihood
Data: df3
AIC
BIC
logLik
142.8855 149.4317 -65.44274
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 0.0001347684
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
4.738464 0.02891866
Fixed effects:

Period_ABC ~ Water_Shortage + planting_doy
Value Std.Error DF
t-value p-value
(Intercept)
165.85474 12.660061 17 13.100627 0.0000
Water_Shortage
0.50093 0.131375 17 3.813006 0.0014
planting_doy
-0.46501 0.123468 17 -3.766198 0.0015
Correlation:
(Intr) Wtr_Sh
Water_Shortage 0.184
planting_doy
-0.993 -0.268
Standardized Within-Group Residuals:
Min
Q1
Med
-0.016007151 -0.003200670 -0.001341969

Q3
0.004556180

Max
0.015133117

Number of Observations: 22

VII

Number of Groups:
fcluster ID %in% fcluster
3
22

Total season length Fontane (hypothesis 1.2)
Linear mixed-effects model fit by maximum likelihood
Data: df2
AIC
BIC
logLik
171.4466 177.7138 -79.72332
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev:
6.897164
Formula: ~1 | ID %in% fcluster
(Intercept) Residual
StdDev:
8.949784 3.670105
Fixed effects:

season_length ~ Water_Shortage + planting_doy
Value Std.Error DF
t-value p-value
(Intercept)
228.33751 29.811691 16 7.659328 0.0000
Water_Shortage
0.69861 0.252098 16 2.771174 0.0136
planting_doy
-0.72005 0.284078 16 -2.534692 0.0221
Correlation:
(Intr) Wtr_Sh
Water_Shortage -0.104
planting_doy
-0.981 0.212
Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-0.53880518 -0.26982140 -0.05775809 0.35082927

Max
0.55899547

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

Total season length Innovator (hypothesis 1.2)
Linear mixed-effects model fit by maximum likelihood
Data: df3
AIC
BIC
logLik
135.763 142.3093 -61.88152
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev:
2.395985
Formula: ~1 | ID %in% fcluster
(Intercept) Residual
StdDev:
3.391403 1.374332
Fixed effects:

season_length ~ Water_Shortage + planting_doy
Value Std.Error DF
t-value p-value
(Intercept)
178.78536 10.462880 17 17.087586
0e+00
Water_Shortage
0.49389 0.114203 17 4.324627
5e-04
planting_doy
-0.42195 0.099418 17 -4.244189
5e-04
Correlation:
(Intr) Wtr_Sh
Water_Shortage 0.026
planting_doy
-0.982 -0.125
Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-0.77696133 -0.19073069 0.04065105 0.26083351

Max
0.71752379

Number of Observations: 22
Number of Groups:
fcluster ID %in% fcluster
3
22

VIII

Fresh matter yield gap for Fontane (hypothesis 2.1):
Linear mixed-effects model fit by maximum likelihood
Data: df5
AIC
BIC
logLik
-20.73878 -15.51617 15.36939
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 1.581254e-06
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
0.1163883 0.0004935805
Fixed effects:

Yield_gap_fresh ~ water_shortage
Value Std.Error DF
t-value p-value
(Intercept)
0.1528140 0.04336522 17 3.523884 0.0026
water_shortage -0.6691412 0.26009706 17 -2.572660 0.0198
Correlation:
(Intr)
water_shortage 0.788
Standardized Within-Group Residuals:
Min
Q1
Med
-0.0068317937 -0.0034609207 -0.0006446274

Q3
0.0030936308

Max
0.0082482064

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

Dry matter yield gap for Fontane (hypothesis 2.1):
Linear mixed-effects model fit by maximum likelihood
Data: df5
AIC
BIC
logLik
-23.92782 -18.7052 16.96391
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 1.449265e-06
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
0.1078782 0.0004585563
Fixed effects:

Yield_gap_dry ~ water_shortage
Value Std.Error DF
t-value p-value
(Intercept)
0.2264228 0.04019442 17 5.633190 0.0000
water_shortage -0.5224177 0.24107920 17 -2.166996 0.0447
Correlation:
(Intr)
water_shortage 0.788
Standardized Within-Group Residuals:
Min
Q1
Med
-0.0100367316 -0.0022475731 0.0006024262

Q3
0.0035351287

Max
0.0066423206

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

IX

Fresh matter yield gap Innovator (hypohesis 2.1):
Linear mixed-effects model fit by maximum likelihood
Data: df6
AIC
BIC
logLik
-40.44809 -34.99288 25.22405
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 1.652474e-06
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev: 0.07688084 0.0003858121
Fixed effects:

Yield_gap_fresh ~ water_shortage
Value Std.Error DF
t-value p-value
(Intercept)
0.2498619 0.0242851 18 10.288691
0e+00
water_shortage -1.0410269 0.2001343 18 -5.201642
1e-04
Correlation:
(Intr)
water_shortage -0.706
Standardized Within-Group Residuals:
Min
Q1
Med
-0.0088722937 -0.0018333098 0.0003333943

Q3
0.0021662964

Max
0.0137332515

Number of Observations: 22
Number of Groups:
fcluster ID %in% fcluster
3
22

Dry matter yield gap Innovator (hypothesis 2.1):
Linear mixed-effects model fit by maximum likelihood
Data: df6
AIC
BIC
logLik
-36.42783 -30.97262 23.21392
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 1.080395e-06
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev: 0.08423661 0.0003588019
Fixed effects:

Yield_gap_dry ~ water_shortage
Value Std.Error DF
t-value p-value
(Intercept)
0.3251253 0.02660855 18 12.218828
0e+00
water_shortage -0.8658715 0.21928191 18 -3.948668
9e-04
Correlation:
(Intr)
water_shortage -0.706
Standardized Within-Group Residuals:
Min
Q1
Med
-8.753660e-03 -2.005524e-03 3.136922e-05

Q3
1.950578e-03

Max
8.850967e-03

Number of Observations: 22
Number of Groups:
fcluster ID %in% fcluster
3
22

X

Percentage >40 mm Fontane (hypothesis 3.1):
Linear mixed-effects model fit by maximum likelihood
Data: df8
AIC
BIC
logLik
115.2047 121.4718 -51.60236
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 0.000134223
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
2.82439 0.01959203
Fixed effects:

veertig_op ~ Water_Shortage + tubers_per_vierkante_meter
Value Std.Error DF
t-value p-value
(Intercept)
101.11700 3.712670 16 27.235653 0.0000
Water_Shortage
0.11997 0.074587 16 1.608500 0.1273
tubers_per_vierkante_meter -0.12829 0.051070 16 -2.512101 0.0231
Correlation:
(Intr) Wtr_Sh
Water_Shortage
0.672
tubers_per_vierkante_meter -0.957 -0.494
Standardized Within-Group Residuals:
Min
Q1
Med
-1.821088e-02 -3.812290e-03 7.884482e-05

Q3
5.319187e-03

Max
1.346826e-02

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

Percentage >40 mm Innovator (hypothesis 3.1):
Linear mixed-effects model fit by maximum likelihood
Data: df9
AIC
BIC
logLik
76.99549 83.54174 -32.49774
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 2.546124e-05
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
1.059946 0.005519047
Fixed effects:

veertig_op ~ Water_Shortage + tubers_per_vierkante_meter
Value Std.Error DF t-value p-value
(Intercept)
100.46514 1.3082530 17 76.79336 0.0000
Water_Shortage
0.09468 0.0286785 17 3.30133 0.0042
tubers_per_vierkante_meter -0.11487 0.0335947 17 -3.41938 0.0033
Correlation:
(Intr) Wtr_Sh
Water_Shortage
-0.337
tubers_per_vierkante_meter -0.965 0.160
Standardized Within-Group Residuals:
Min
Q1
Med
-0.010189245 -0.002816057 -0.000513207

Q3
0.003716289

Max
0.010959817

Number of Observations: 22
Number of Groups:
fcluster ID %in% fcluster
3
22

XI

Percentage >50 mm Fontane (hypothesis 3.1):
Linear mixed-effects model fit by maximum likelihood
Data: df8
AIC
BIC
logLik
167.6512 173.9183 -77.8256
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 0.001843581
Formula: ~1 | ID %in% fcluster
(Intercept) Residual
StdDev:
9.845069 0.1177811
Fixed effects:

vijftig_op ~ Water_Shortage + tubers_per_vierkante_meter
Value Std.Error DF
t-value p-value
(Intercept)
119.66869 12.941991 16 9.246544 0.0000
Water_Shortage
0.78871 0.260002 16 3.033466 0.0079
tubers_per_vierkante_meter -0.66089 0.178025 16 -3.712326 0.0019
Correlation:
(Intr) Wtr_Sh
Water_Shortage
0.672
tubers_per_vierkante_meter -0.957 -0.494
Standardized Within-Group Residuals:
Min
Q1
Med
-0.026027896 -0.006764170 -0.001909857

Q3
0.011367154

Max
0.021200731

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

Percentage >50mm Innovator (hypothesis 3.1):
Linear mixed-effects model fit by maximum likelihood
Data: df10
AIC
BIC
logLik
124.5886 130.8557 -56.29428
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 0.0001042079
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
3.531505 0.02091478
Fixed effects:

vijftig_op ~ Water_Shortage + tubers_per_vierkante_meter
Value Std.Error DF
t-value p-value
(Intercept)
103.95713 4.379897 16 23.735062 0.0000
Water_Shortage
0.12093 0.107636 16 1.123527 0.2778
tubers_per_vierkante_meter -0.46037 0.112945 16 -4.076024 0.0009
Correlation:
(Intr) Wtr_Sh
Water_Shortage
-0.321
tubers_per_vierkante_meter -0.954 0.095
Standardized Within-Group Residuals:
Min
Q1
Med
-0.0101886063 -0.0062041634 0.0005084352

Q3
0.0050737888

Max
0.0115642905

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

XII

Percentage >50mm Innovator with all data, residuals not normally distributed (hypothesis 3.1):
Linear mixed-effects model fit by maximum likelihood
Data: df9
AIC
BIC
logLik
161.2368 167.7831 -74.61841
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 0.0003033205
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
7.190652 0.05120646
Fixed effects:

vijftig_op ~ Water_Shortage + tubers_per_vierkante_meter
Value Std.Error DF
t-value p-value
(Intercept)
102.40158 8.875265 17 11.537862 0.0000
Water_Shortage
0.49991 0.194556 17 2.569482 0.0199
tubers_per_vierkante_meter -0.54988 0.227909 17 -2.412721 0.0274
Correlation:
(Intr) Wtr_Sh
Water_Shortage
-0.337
tubers_per_vierkante_meter -0.965 0.160
Standardized Within-Group Residuals:
Min
Q1
Med
-0.0251666533 -0.0030403270 0.0001608442

Q3
0.0042498686

Max
0.0115190128

Number of Observations: 22
Number of Groups:
fcluster ID %in% fcluster
3
22
> shapiro.test(residuals(mdlL))
Shapiro-Wilk normality test
data: residuals(mdlL)
W = 0.84719, p-value = 0.003029

XIII

Length Fontane (hypothesis 3.2):
Linear mixed-effects model fit by maximum likelihood
Data: df8
AIC
BIC
logLik
38.77162 45.03875 -13.38581
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 6.318871e-06
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
0.457706 0.001951573
Fixed effects:

length ~ Water_Shortage + tubers_per_vierkante_meter
Value Std.Error DF
t-value p-value
(Intercept)
10.280815 0.6016471 16 17.087783 0.0000
Water_Shortage
0.016642 0.0120870 16 1.376827 0.1875
tubers_per_vierkante_meter -0.021667 0.0082760 16 -2.618034 0.0186
Correlation:
(Intr) Wtr_Sh
Water_Shortage
0.672
tubers_per_vierkante_meter -0.957 -0.494
Standardized Within-Group Residuals:
Min
Q1
Med
-0.0086350449 -0.0031540211 0.0001466316

Q3
0.0031870656

Max
0.0078181698

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

Length Innovator (hypothesis 3.2):
Linear mixed-effects model fit by maximum likelihood
Data: df9
AIC
BIC
logLik
50.30296 56.84921 -19.15148
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 1.065866e-05
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
0.5778579 0.002652042
Fixed effects:

length ~ Water_Shortage + tubers_per_vierkante_meter
Value Std.Error DF
t-value p-value
(Intercept)
13.149626 0.7132268 17 18.436808 0.0000
Water_Shortage
0.019313 0.0156348 17 1.235257 0.2335
tubers_per_vierkante_meter -0.053199 0.0183150 17 -2.904693 0.0099
Correlation:
(Intr) Wtr_Sh
Water_Shortage
-0.337
tubers_per_vierkante_meter -0.965 0.160
Standardized Within-Group Residuals:
Min
Q1
Med
-0.0097751989 -0.0018801370 0.0003530718

Q3
0.0029912992

Max
0.0078149426

Number of Observations: 22
Number of Groups:
fcluster ID %in% fcluster
3
22

XIV

Underwater weight Fontane (hypothesis 3.3):
Linear mixed-effects model fit by maximum likelihood
Data: df8
AIC
BIC
logLik
202.5979 207.8205 -96.29894
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 0.0009273214
Formula: ~1 | ID %in% fcluster
(Intercept) Residual
StdDev:
23.72905 0.1675239
Fixed effects:

UWW ~ Water_Shortage
Value Std.Error DF t-value p-value
(Intercept)
369.9604
8.84137 17 41.84424 0.0000
Water_Shortage -88.4305 53.02901 17 -1.66759 0.1137
Correlation:
(Intr)
Water_Shortage 0.788
Standardized Within-Group Residuals:
Min
Q1
Med
-0.011473672 -0.003813184 -0.002418341

Q3
0.006102546

Max
0.012670806

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

Underwater weight Innovator (hypothesis 3.1):
Linear mixed-effects model fit by maximum likelihood
Data: df9
AIC
BIC
logLik
183.6782 189.1335 -86.83912
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 0.0004173203
Formula: ~1 | ID %in% fcluster
(Intercept)
Residual
StdDev:
12.5318 0.08793642
Fixed effects:

UWW ~ Water_Shortage
Value Std.Error DF t-value p-value
(Intercept)
371.4752
3.95859 18 93.84026 0.0000
Water_Shortage -21.1900 32.62287 18 -0.64954 0.5242
Correlation:
(Intr)
Water_Shortage -0.706
Standardized Within-Group Residuals:
Min
Q1
Med
-0.0150645494 -0.0036461082 0.0007255878

Q3
0.0044134117

Max
0.0135699082

Number of Observations: 22
Number of Groups:
fcluster ID %in% fcluster
3
22

XV

Soil cover at haulm killing date Fontane
Linear mixed-effects model fit by maximum likelihood
Data: df2
AIC
BIC
logLik
157.0057 162.2283 -73.50286
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev:
1.176905
Formula: ~1 | ID %in% fcluster
(Intercept) Residual
StdDev:
7.569582 2.371959
Fixed effects:

soil_cover_at_haulm_killing ~ Water_Shortage
Value Std.Error DF t-value p-value
(Intercept)
30.204762 3.0619682 17 9.864493 0.0000
Water_Shortage 0.408599 0.1800084 17 2.269889 0.0365
Correlation:
(Intr)
Water_Shortage 0.769
Standardized Within-Group Residuals:
Min
Q1
Med
Q3
-0.3456222 -0.2384567 -0.1259580 0.0822139

Max
0.7926348

Number of Observations: 21
Number of Groups:
fcluster ID %in% fcluster
3
21

Soil cover at haulm killing date Innovator
Linear mixed-effects model fit by maximum likelihood
Data: df3
AIC
BIC
logLik
185.3423 190.7975 -87.67115
Random effects:
Formula: ~1 | fcluster
(Intercept)
StdDev: 0.0005857764
Formula: ~1 | ID %in% fcluster
(Intercept) Residual
StdDev:
13.01482 0.0923033
Fixed effects:

soil_cover_at_haulm_killing ~ Water_Shortage
Value Std.Error DF t-value p-value
(Intercept)
24.849424 4.111170 18 6.044368 0.0000
Water_Shortage 0.314664 0.338803 18 0.928754 0.3653
Correlation:
(Intr)
Water_Shortage -0.706
Standardized Within-Group Residuals:
Min
Q1
Med
-0.006988929 -0.004415012 -0.002516617

Q3
0.003324887

Max
0.025097884

Number of Observations: 22
Number of Groups:
fcluster ID %in% fcluster
3
22

XVI

