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Abstract

In the Netherlands, the potato is a high value crop that serves as a cash crop for farmers
and is economically important for the value chain. Average ware potato yield is high, with a
reported mean fresh matter yield around 52 t ha™. Despite its high mean productivity, large
yield variability is observed among fields and farms. This implies that there is potential to
increase production and hence farmers’ revenues. Moreover, when relatively low yields
come with similar input levels, resources are not well utilised leading to low resource use
efficiency and larger emissions to the environment. This provides scope to reduce the
environmental impact of ware potato production in the Netherlands. This thesis aims to
quantify and explain variability in vyield, yield gaps, resource use efficiency and
environmental impact of ware potato production at field level in the Netherlands. It
complements earlier studies by using frequent on-farm monitoring along with datasets at
different levels, questionnaires and experiments to better understand variability among
fields, and provide solutions towards more sustainable potato production.

The research was approached in three steps: (1) to quantify spatio-temporal yield variability
using existing data sources, (2) to identify different productivity levels and assess factors
that explain yield (gap) variability using questionnaires, frequent on-farm monitoring and
experiments, and (3) to quantify and explain variability in resource use, use efficiency and
environmental impact of ware potato production in the Netherlands using on-farm
observations.

It was found that spatial yield variability was largest among fields and within fields, while
spatial yield variability was lower at higher aggregation levels. Temporal yield variability
explained 10 — 55% of the total observed variation in crop yield and its magnitude was equal
or larger than the spatial yield variability for almost all datasets. The average yield gap
ranged from 20 — 31% depending on the year and soil type. The yield gap of individual fields
ranged from 0 — 51%. On clayey soils, the yield gap was mostly attributed to oxygen stress.
On sandy soils, the yield gap was mostly attributed to drought stress in 2020, a relatively
dry year, and to reducing factors (pests, diseases and poor agronomic practices) in 2021, an
average year in terms of precipitation. On both soil types, potential yield could be increased
by planting earlier or harvesting later. An assessment of the effect of increasing P and K
application rates and the effect of seed potato origin on yield revealed that improving these
factors will likely not narrow the potato yield gap and improve potato yield quality in the
Netherlands.

Variability in environmental impact of ware potato production was mostly explained by
variability in input use. Mean performance across several environmental indicators showed
that it was possible to achieve relatively high yields with relatively low N surplus, high water
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productivity and low crop protection product use. Yet, in the best performing fields N
surplus was still above the environmental threshold for nitrate concentration in the
groundwater. In addition, crop protection product use would not meet the 50% reduction
(as targeted in the European Union Farm to Fork strategy) compared to the average
pesticide use of all fields. Hence, this means that further reduction in input use will be
needed to meet environmental targets for N surplus or crop protection product use.

Overall, it was concluded that yields could be increased for individual fields through
improved irrigation on sandy soils, better drainage on clay soils, earlier planting and
improved disease control. However, there are additional environmental and socio-
economic constraints that play a role at farm level and that prevent farmers from obtaining
higher yields. Therefore, there is limited scope to increase average actual ware potato yields
in the Netherlands. Nevertheless, in particular fields a yield gain could be achievable, which
would then result in decreased vyield variability. The observed variability among fields
suggests that it is possible to maintain high yields while reducing the environmental impact
of ware potato production. There is a need to further evaluate how far and under which
conditions input reduction is possible without yield loss.



Table of Contents

(@0 F=Y o =T g R oY 4 o o [¥ 1 1 o TP SRS 1

Chapter 2: Yield variability across spatial scales in high input farming: Data and farmers’
perceptions for potato crops in the Netherlands.........cccceeeeeciiiiiee e, 15

Chapter 3: Field monitoring coupled with crop growth modelling allows for a detailed yield
gap assessment at field level: a case study on ware potato production in the Netherlands

Chapter 4: Current phosphorus and potassium fertiliser application rates do not limit tuber
yield and quality in potato production systems in the Netherlands ...........cccooecieiiiiiennnns 67

Chapter 5: Effects of planting date and field type on yield outweigh effect of seed potato

(o] g 711 ISP PP P PP PPPPPUPPPPPI 87
Chapter 6: Field monitoring shows scope for reducing environmental impact of ware potato
cultivation in the Netherlands without compromising yield ..........ccccccoeeiiiiiiiiiiiiiiiiccnnnn, 105
Chapter 7: General diSCUSSION .....cciiicuiiiiiee ettt e e e e e e scarrre e e e e e e s sararaeeeeeeeennnnnns 131
REFEIENCES ...ttt ettt e st e st e e bt e me e e et e saneesareesneeeane 151
Y o o X1 g Yo [ Tol 3N 171
APPENIX A CHAPLEE 2ttt ettt e et e e s rte e e s s aeaeessanteeesanaeeenn 172
ApPeNndixX B Chapter 3 ..ottt e e et e e e e e e st e e e e e e e e s naaaaeeeeeennnnnans 175
APPENAIX CCRAPLEI 4 oottt e e e e st e e e e e e s saataaee e e e e e s nsaaaeeeeeensnnnens 209
APPENIX D CRAPLEI Bttt ettt e e et e e st e e s sae e e e ssabeeeesanaeeens 218
SUMIMIAIY 1ttt e ettt s e e e ettt eaaa s e e s e e e eettaaa s eeeeeastsnsssssseeaesssnnnsnsseeeesnsnnnnnnssees 227
SAMENVATEING ettt e e et et e et e e et e e e e eeeeearaaeaaas 231
ACKNOWIEAZEMENTS ..ottt ettt e et e e e sttt e e e bt e e e e aneeeens 237
ADOUL The QULRON ...ttt e s aea e 241
[ o] i o YU o] [ToF=1 o ] o -3 PRSPPI 242
PE&RC Training and Education Statement ........coovciiiiiiiiiiiiiiiicec e 244






Introduction

Chapter 1: Introduction



Chapter 1

1.1 Background

The potato (Solanum tuberosum L.) began its journey in the Netherlands at the end of the
16 century when it was introduced as an ornamental plant in botanical gardens (van Loon
et al., 1993). One century later, the potato emerged as a food crop and developed into a
staple crop taking a prominent role in Dutch agriculture. In the 19" century, potato
consumption was estimated to range between 100 to 200 kg per person per year (Knibbe,
2007). During that time, potatoes were mostly consumed as boiled potatoes. In the previous
century, an increased use of fertilisers and crop protection products as well as the
introduction of improved varieties led to a 65% production increase from 1955 to 1980 (van
Loon et al., 1993), making ware potato yields per ha in the Netherlands one of the highest
in the world (FAOSTAT, 2022). Nowadays, Dutch potato yields are still high, but the potato
consumption per capita per year has decreased and the type of products consumed and
produced have diversified (Berkhout et al., 2022). It is estimated that in Northwest Europe
and North America one to two-thirds of the consumed tubers are in the form of processed
products such as french fries (Keijbets, 2008).

In the Netherlands, the potato is an economically important crop for farmers and the value
chain. It is a high value crop that serves as a cash crop for farmers (Devaux et al., 2021;
Goffart et al., 2022; Schaap et al., 2013). It is cultivated on 50% of the arable farms and
occupies in total 30% of the cropped land (CBS, 2022). Revenue largely depends on output
price and yield (Goffart et al., 2022) as input costs are relatively low (Neeteson, 1990) and
do not change much with an increasing yield. A large industry value chain exists around
potato production in the Netherlands. The country is a leading exporter of certified seeds,
with 65% of the produced seeds being exported (Goffart et al., 2022). The processing
industry adds value to the potato by processing raw material into a wide variety of
processed products (Haverkort et al., 2023). Some 28% of the ware potatoes produced in
the Netherlands are exported, of which the export of frozen products is an important
component (Goffart et al., 2022).

Potato as a crop has three different production purposes: (1) as a ware crop for
consumption of fresh potatoes and processed products, (2) as a starch crop with multiple
industrial purposes and (3) as a seed crop to produce seed potatoes that will be planted in
the next growing season. Potatoes are cultivated across the country, but it depends on the
region which type of potato crop is most dominant (CBS, 2022). Starch potatoes are mostly
cultivated in the northeast of the Netherlands in an area called the ‘Veenkolonién’. Seed
potatoes are mostly cultivated in the northern coastal regions of the Netherlands. Ware
potatoes are cultivated across the country, although its dominance is less in the areas where
also seed and starch potatoes are cultivated. This thesis focusses on ware potato cultivation
as it is the most important production purpose in terms of land area (Fig. 1.1A), and because
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it is cultivated throughout the country on all three main soil types in the Netherlands, clay,
sand and loess.

Average ware potato yield in the Netherlands is high, with a reported mean yield around 52
t ha (Silva et al., 2020, 2017). Despite its high mean productivity, yield variability is also
high with reported yields ranging from 30 to 90 t ha™ among fields (Mulders et al., 2021;
Silva et al., 2020) and from 30 to 80 t ha™* among farms (Silva et al., 2017). This implies that
there is potential to increase production and hence farmers’ revenues. In addition, when
lower yields come with similar input levels, resources are not fully utilised leading to lower
resource use efficiency and larger emissions to the environment. There is a societal need
for cleaner production using less resources while maintaining yields. This is for instance
expressed in the European Commission’s Farm to Fork strategy, with the ambition to reduce
fertiliser use and losses and pesticide use (European Commission, 2020). Also, as part of EU
legislation, the Dutch government is bound to reduce nitrate leaching to groundwater and
eutrophication of surface water (LNV, 2021). This thesis explores factors that explain
variability in vyield, resource use efficiency and environmental impact to promote
sustainable potato production in the future.

1.2 Ware potato compared to other important arable crops in the
Netherlands

In the Netherlands, ware potato is cultivated in rotation with other crops. In a typical
rotation, ware potato is grown once every four years in rotation with sugar beet and cereals,
often winter wheat, but also spring barley. Seed potatoes are cultivated once every three
(or four) years, also in rotation with sugar beet and cereals. Rotations with starch potatoes
are most intensive as these potatoes are typically grown in a two-year rotation with sugar
beet or cereals. Spring onion is another important crop in Dutch agriculture and is often a
substitute for cereals. The seven mentioned crops have been studied recently (e.g., Silva et
al., 2017, 2020, 2021; van Oort et al., 2023), allowing the comparison of ware potato with
other crops in terms of land use, crop productivity and environmental impact (Fig. 1.1).

Together with sugar beet, ware potato (14% of cropped land) is second after winter wheat
(22% of cropped land) in terms of cultivated land area (Fig. 1.1A). Seed and starch potato
cover each half of the arable land that is cultivated with ware potato (roughly 8% of cropped
land). Of the seven crops, spring barley and spring onion are grown on the smallest
proportion of the cropped land (5%). Gross profit (excluding labour and machinery) of ware
potato production is around 3100,- € ha, which is 500 € ha lower than spring onion and
almost double the gross profit of starch potato and sugar beet (Fig. 1.1B). Gross profit is
highest for seed potato, which is around 6200,- € ha and lowest for the cereals (750 — 1000
€ hal).
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Figure 1.1. Production and resource use efficiency of seven important arable crops in the Netherlands: (A) average cultivated area (in 1000
ha), (B) gross profit (in € ha), (C) average crop yield (in t dry matter ha), (D) average yield gap (in % of potential yield), (E) coefficient of
variation of crop yield (in %), expressing spatial yield variability, (F) average applied active ingredients (in kg active ingredients ha), (G)
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water productivity (kg DM mm hal). Panel A is based on data from CBS (average of 2011 — 2020). Panel B is based on data from (van der
Voort, 2022). Panel C, D and E provide averages based on Silva et al. (2017) (data from 2008 — 2012) and Silva et al. (2020) (data from 2015 -
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from Silva et al. (2021), and panel J refers to data obtained from Silva et al. (2020).
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Ware potato is among the highest yielding crops with an average dry matter yield of 11.1 t
DM ha (Fig. 1.1C). It yields similar to spring onion and starch potato, but 3 — 6 t DM ha™
higher than seed potato and cereals. Sugar beet has the highest productivity per ha with a
yield of 14.1t DM ha. The yield gap (i.e., the difference between theoretical potential yield
and actual farmers’ yield, Section 1.3) of ware potato has been estimated at 29% and is
similar to the yield gap of starch and seed potato, although for the latter marketable yield
(i.e., yield of smaller size classes) is more important than gross yield, compromising the
suitability of yield gap as a productivity indicator (Fig. 1.1D). The yield gap is smallest for
sugar beet, whilst it is highest for spring onion and cereals.

Spatial yield variability of ware potato, expressed as a coefficient of variation, is roughly
20% of the mean crop yield and is similar to spatial yield variability of seed potato and spring
barley (Fig. 1.1E). Only for spring onion, spatial yield variability is notably larger with a
coefficient of variation of almost 25%, whilst starch potato, sugar beet, and winter wheat
show the lowest spatial yield variability ranging from 10 to 15%. Temporal yield variability
is another important constituent of yield variability. It was found that the 5% lowest ware
potato yields yielded 21% below average, whilst for sugar beet and winter wheat this was
only 14% and 15%, respectively (van Oort et al., 2023). Only spring onion had greater yield
extremes (28% reduction) than ware potato. Yield reductions of ware potatoes were for
73% related to an extremely wet growing period, whilst spring onion was equally sensitive
to extremely dry and wet conditions (van Oort et al., 2023).

Use of crop protection products in ware potato cultivation is high. Per year, approximately
11 kg of active ingredients in crop protection products ha are applied to the ware potato
crop (Fig. 1.1F). Per ha, this amount is half of the use in seed potato and one-third less than
in spring onion. Compared to sugar beet, application of active ingredients per ha is more
than twice as high and compared to the cereals application is seven times higher. When
total application of crop protection product use is considered, application of active
ingredients in ware potato comprises 14% of the total use of all applied crop protection
products in all crops (Fig. 1.1G). This makes ware potato the second largest user of crop
protection products, after seed potatoes (16%). Relative total application of active
ingredients in the other crops is 10% for starch potato, 7% for spring onion, and 6% or less
for sugar beet and the cereals. Lilies and tulips are two other crops with high total
application of active ingredients with 12 and 7% of total application, respectively (CBS,
2022).

Nutrient and water use are other important environmental indicators to evaluate the
environmental impact of crop production. Median nitrogen (N) use efficiency of ware
potato was estimated to be 67% and similar to starch potato and the cereals (Fig. 1.1H). N
surplus for ware potatoes was reported at almost 80 kg ha?, which is together with winter
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wheat the highest surplus of all crops and three to four times higher compared to seed
potato, sugar beet, and spring onion (Fig. 1.11). The high N surplus observed in ware potato
and winter wheat is related to high average N input rates of 260 kg N ha* (Silva et al., 2021).
Ware potato uses water efficiently with a water productivity of 23.5 kg DM mm™ ha (Fig.
1.1)). Compared to other crops, its water productivity is similar to starch potato and sugar
beet, but at least 50% higher compared to spring onion and cereals.

1.3 Yield gap and yield gap explaining factors

The yield gap concept is useful to analyse productivity of a cropping system per unit area. It
is defined as the difference between potential or water-limited potential yield and actual
farmers’ yield (van Ittersum et al., 2013; van Ittersum and Rabbinge, 1997). Potential yield
is determined by radiation, CO2 concentration, temperature, and cultivar characteristics
and can be obtained when diseases are effectively controlled, and nutrients and water are
non-limiting. Water-limited potential yield is limited by water stress caused by drought
stress due to insufficient rainfall or irrigation, or oxygen stress as a result of excess water.
Actual farmers’ yield is further limited by nutrients and/or reduced by the impact of pests
and diseases or other yield reducing factors. In addition to quantifying crop productivity,
yield gap analyses can be used to assess yield gap explaining factors, and can be coupled to
resource use efficiency assessments to reveal opportunities to reduce the environmental
impact of cultivating crops (Getnet et al., 2016; Rong et al., 2021; Tittonell et al., 2008).

Factors that potentially explain yield (gap) variability vary with the spatial scale at which
analyses are done. Yield (gap) variability can be analysed among regions, farms, fields and
within a single field (Fig. 1.2). Potentially more factors explain yield (gap) variability at higher
aggregation levels than at lower levels. Within a field, yield (gap) variability can be
influenced by different soil properties such as soil texture, soil water content, soil organic
matter and soil N concentration (Allaire et al., 2014). Other factors such as planted varieties
and crop management are expected to be the same within a field (if precision agriculture
techniques are not applied). Within a farm, cultivated crops are part of farming systems
where yields can be constrained by suboptimal allocation of resources among fields (Beza
et al., 2017; van lttersum et al., 2013), which could explain yield (gap) variability among
fields. Nonetheless, within a farm the same farmer makes decisions on crop management
and weather conditions will be largely similar. In contrast, differences in climate and farmer
preferences are also expected to play a role in explaining yield (gap) variability when
zooming out even further, to the regional scale.

Studying potato yield variability in itself is not new. Already in the 1980’s the issue was
raised that large variability in yield quantity and quality was observed among farms and
fields (Bus et al., 1983). Also recently, attention was given to understanding yield variability
in ware potato production in the Netherlands. In these recent studies, yield variability was
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Figure 1.2. Yield variability and factors explaining yield variability can be analysed at different
aggregation levels. At the lowest level, within a single field, mainly biophysical factors influence
yield variability. Comparing multiple fields within a single farm, not only biophysical conditions, but
also management factors become important to explain yield differences. At the highest aggregation
level, comparing multiple farms, differences among farmers and climates are added to the
complexity of explaining yield variability.

attributed to differences in sowing and harvesting dates (Mulders et al., 2021; Silva et al.,
2020), irrigation (Mulders et al., 2021; Silva et al., 2020), variety (Mulders et al., 2021; Silva
et al., 2020), fungicide use (Silva et al., 2017) and preceding crops (Mulders et al., 2021).
Effects of soil properties and fertiliser application on yield showed less clear or contradicting
effects (Mulders et al., 2021; Silva et al., 2021; Vonk et al., 2020).
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There are various limitations of the mentioned studies that provide uncertainties in the
outcomes or that limit wider applicability of the results. The mentioned studies were
performed on a single farm only (Mulders et al., 2021), for single production parameters
such as soil organic matter content (Vonk et al., 2020), at farm level neglecting the variation
that exists within a farm (Silva et al., 2017), or using farmer reported data which contain
uncertainties about data accuracy (Silva et al., 2021, 2020). In addition, data was collected
after the growing season, limiting the possibility of ground truthing observations, especially
in relation to the effect of yield reducing factors. Hence, there is a need to evaluate yield
(gap) variability across a wide variety of conditions. In addition, the previously used data are
insufficient to test specific hypothesis that require testing under controlled conditions or to
evaluate factors that are not commonly reported on farm level. For instance, it is
hypothesised that current ware potato yields are limited by insufficient phosphorus (P) and
potassium (K) fertilisation (Dekker and Postma, 2008; Lépez-Porrero, 2016; van Rotterdam,
2021) and that origin of seed potatoes can influence yield (Mulders et al., 2021; van der
Zaag and van Loon, 1987). On-farm experiments under controlled conditions need to be
performed to evaluate the effect of these factors.

1.4 Environmental impact of ware potato production

Arable farming in the Netherlands is intensive. Fertiliser and crop protection product use is
high and heavy machinery is used for farming operations. Their use is indispensable to
obtain a high productivity. However, overuse or inefficient use of inputs comes at a cost of
the environment. In the Netherlands, arable farming contributes substantially to different
environmental issues (Ros et al., 2023). Nitrate leaching poses a threat to groundwater
quality, particularly in sandy soils (de Vries et al., 2021; Oenema et al., 2005). The use of
crop protection products puts pressure on the groundwater quality and organisms
(Schipper et al., 2008). Drought extremes that have been observed in recent years result in
yield limitation and lower nutrient utilisation (Ros et al., 2023). Use of heavy machinery
under unfavourable (wet) conditions poses a threat to soil compaction (Alakukku et al.,
2003; van den Akker and Hoogland, 2011). Lastly, high concentrations of P in the
groundwater are a cause of lower surface water quality (Chardon and Schoumans, 2007).

An often used argument to keep using large amounts of inputs, is the risk that crop
productivity may decline when inputs are reduced or that the cost of overapplication is
lower compared to the cost of underapplication, because of a risk to loose income as a
result of lower yields (Meyer-Aurich and Karatay, 2019; Rajsic and Weersink, 2008).
However, reducing input use and thereby increasing efficiency is essential to move towards
a more circular and sustainable agriculture that has a lower environmental impact
(Dobermann et al., 2022). Also, society demands a cleaner production, such as is expressed
in the Farm to Fork strategy, which aims to reduce nutrient losses by 50% which should
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reduce fertiliser use by at least 20% and to reduce chemical pesticide use by 50% (European
Commission, 2020).

In ware potato production in the Netherlands, large variability is observed in N surplus,
pesticide use and water productivity (De Jong and De Snoo, 2002; Silva et al., 2021, 2020).
In addition, very low responses to input rates are observed (Mulders et al., 2021; Silva et
al., 2021, 2017). These results indicate that in part of the production fields input rates are
higher than necessary to attain current yield levels and suggest there is scope to reduce
input use in part of the ware potato production fields, while maintaining similar yield levels.
Indeed, this would reduce the impact of ware potato cultivation on the environment.

1.5 Assessing and addressing variability

Yield gaps have been estimated for various crops in different environments (Caldiz and
Struik, 1999; Dadrasi et al., 2022; Espe et al., 2016; Gobbett et al., 2017; Rattalino Edreira
et al.,, 2017; Vanongeval and Gobin, 2023; Wang et al., 2018). In these yield gap
assessments, actual yield levels are usually based on national or regional statistics data
(Dadrasi et al., 2022; Espe et al., 2016; Gobbett et al., 2017; Vanongeval and Gobin, 2023;
Wang et al., 2018) or farmer reported survey data (Caldiz and Struik, 1999; Rattalino Edreira
etal., 2017). This provided useful information on productivity levels and yield gap explaining
factors at higher aggregation levels, but were insufficient to understand yield gap variability
and causes of the yield gap at individual fields. To better understand variability among
fields, there is a need to zoom in further, which will require additional data collection at
field level.

Detailed explanations of yield gaps at field level can be useful in various crop production
systems, but are particularly important for highly productive cropping systems with large
field-to-field variability. While a relatively high average yield in such systems suggests
limited scope for improving yield at regional level, yield gains can still be made for particular
fields and resource use efficiency can be improved when resource utilisation is inefficient.
Relatively low yields, associated with large yield variability, are undesirable because they
translate into lower resource use efficiency and lower profitability if inputs are not adjusted
to target yield levels (Silva et al., 2021). Addressing yield variability could thus increase crop
production, while reducing the impact of crop production on the environment and
improving farmers’ income.

1.6 Objectives

This thesis aims to quantify and explain variability in yield, yield gaps, resource use efficiency
and environmental impact of ware potato production in the Netherlands. The results can
be used to provide recommendations on how to increase yields, improve resource use
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efficiency and reduce the environmental impact of ware potato production. The following
research questions are addressed:

1. What is the spatiotemporal ware potato yield variability across different spatial
scales? (Chapter 2)

2. What do farmers currently perceive as the yield gap and yield gap explaining
factors in ware potato cultivation? (Chapter 2)

3. What is the ware potato yield (gap) variability among fields and how can it be
explained? (Chapter 3)

4. Are phosphorus and potassium fertiliser application rates (Chapter 4) and seed
potato origin (Chapter 5) important explanatory variables of variability in potato
yield and quality?

5. What is the variability among fields in resource use efficiency and environmental
impact of ware potato production and how can this be explained? (Chapter 6)

1.7 Methodological approach

In the digitised era we nowadays live in, numerous data collection methods and
methodological approaches have become available providing a multitude of opportunities
for data analyses. For instance, crop modelling has proven a useful tool to benchmark
cropping systems (Boote et al., 1996; van Ittersum et al., 2003). Also, use of digital
technologies by farmers has taken off, providing opportunities to collect data in an
automated way (Wiseman et al., 2019). Overall, much more data is being collected at a
much larger scale, allowing to do for example yield variability analyses for a larger quantity
of data at once (Mourtzinis et al., 2018) or at low aggregation levels, taking into account not
only variability among fields, but also within fields (Maestrini and Basso, 2018).

An analysis of yield variability and its causes starts with the availability of data. Different
data sources with information on yield and crop management are already available.
Statistics Netherlands (CBS) provides national statistics on yield per province. Data from the
European Farming Accountancy Data Network contain information on yield and crop
management information at farm level. The potato processing industry also collects yield
data to monitor yield development throughout the growing season. Farmers collect yield
and crop management data at field and within-field level. Yield data is thus available at
multiple scales and sometimes these data are coupled with crop management data. The
available data provided opportunity for a spatiotemporal yield variability analysis across
multiple scales for a longer period of time and at large scale (Chapter 2). However, available
data has proven insufficient for a detailed understanding of yield gap variability and its
explaining factors at field level and for a large number of farms. In addition, existing farmer
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reported data can contain inaccuracies, providing uncertainty about reported findings
(Fraval et al., 2019; Steinke et al., 2017).

To better understand yield variability and its causes, there is a need to collect data from
farmers’ fields. Hence, a large part of the methodological approach in this thesis involved
collecting and analysing new data. To this end, a questionnaire was disseminated among
farmers and three on-farm trials were set up. The questionnaire aimed at understanding
farmers’ perspective on the yield gap and yield gap explaining factors (Chapter 2). The first
trial was a large scale on-farm observational study, where 96 fields were closely monitored
throughout two growing seasons to assess yield (gap) variability and its causes. This
observational study provided insight in the effect of several yield gap explaining factors and
variability in resource use efficiency (Chapter 3 and 6). However, it was insufficient to study
the effect of specific factors on potato yield. Hence, two additional trials in the form of on-
farm experiments were set up. In the first experiment, additional P and K fertilisers were
applied on top of farmers fertiliser application rates to assess the added effect of increased
fertiliser rates (Chapter 4). This was analysed across 46 different ware potato fields, in two
growing seasons. In the second experiment, the effect of seed potato origin on yield was
analysed in interaction with growing conditions and planting date, in two fields of one farm
(Chapter 5).

A last important step in the methodological approach was to compare field measurements
with a benchmark to assess production levels and yield gaps. To this end, crop growth
modelling was used. The crop growth model WOFOST (De Wit et al., 2019; De Wit et al.,
2020), recently calibrated for modern potato cultivars (ten Den et al., 2022), was combined
with the soil hydrological model SWAP to estimate potential and water-limited potential
yield (Kroes et al., 2017). In addition, crop growth modelling was used to assess drought and
oxygen stress in farmers’ fields. Several statistical techniques were applied to analyse yield
(gap) variability and its explaining factors.

1.8 Outline

The analyses in this thesis are done in three steps and presented in five research chapters
(Fig. 1.3). In the first step, an overview of spatial and temporal yield variability across
different spatial scales is provided. In Chapter 2, yield data from five different sources are
combined to quantify spatial and temporal yield variability across regions, across farms,
across fields within a farm and within fields.

In the second step, the yield gap is quantified and causes of yield (gap) variability are
explored. Chapter 2 describes the outcome of a questionnaire aimed at understanding
farmers’ perception with regards to the existing yield gap and yield gap explaining factors
at their farm. In Chapter 3, yield (gap) variability among fields is further explored. In this
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chapter, the results of a large-scale observational study across 96 different farmers’ fields
are described. First, different production levels are quantified, followed by a statistical
analysis that aims to explain the variability in yield and yield gaps among fields. To further
explore causes of yield variability, the results of two detailed on-farm experiments are
presented that examine the effect of additional P and K fertiliser application on potato yield
(Chapter 4) and the effect of seed potato origin on yield, in interaction with growing
conditions and planting date (Chapter 5).

Steps

Quantify spatial
and temporal
yield variability
across scales:
Ch.2

Frequency

Crop yield

@ =
Explain yield (gap)

Yw variability:
Ya Ch.2,3,4&5

Production level

w_/
Quantify production

levels:Ch.2 &3

Quantify and explain
variability in resource
use efficiency:

Ch.6

Crop yield

Inputs

Figure 1.3. Outline and methodological approach of this thesis. The figure highlights the approach
addressed in each chapter. Different curves in step 1 indicate different spatial scales, for which the
dotted curve is expected to represent a higher aggregation level and the solid curve a lower
aggregation level. Yp in step 2 refers to potential yield, Yw to water-limited potential yield, and Ya
to actual yield. Different curves in step 3 indicate different levels of resource constraints, for which
in the dotted curve crop yield is constrained by a second input variable.
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In the third and final step (Fig. 1.3), variability in resource use, use efficiency and
environmental impact of ware potato production is quantified and explained. Chapter 6
employs the same dataset as Chapter 3 and presents an analysis on other production
indicators than yield that are relevant to assess environmental performance of ware potato
production. This thesis concludes in Chapter 7 with a general discussion that presents the
key findings and explores opportunities for future improvement of ware potato production
in the Netherlands.
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Chapter 2: Yield variability across spatial scales in high
input farming: Data and farmers’ perceptions for potato
crops in the Netherlands

This chapter has been published as:

Ravensbergen, A. P. P., van Ittersum, M. K., Silva, J. V., Maestrini, B., Kempenaar, C., &
Reidsma, P. (2023). Yield variability across spatial scales in high input farming: Data and
farmers’ perceptions for potato crops in the Netherlands. European Journal of
Agronomy, 150, 126925
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Abstract

Crop vyields are determined by the biophysical environment and by farm management
decisions, which in turn depend on socio-economic conditions of the farm(er). The
interaction of these factors results in spatial and temporal yield variability. We assessed
ware potato yield variability in the Netherlands across four agronomically relevant scales
(among provinces, farms and fields and within fields) using five datasets with data on potato
yield across space and time. Furthermore, we disseminated an online questionnaire among
farmers to identify the perceived yield gap and the key yield gap explaining factors at farm
level. Spatial yield variability was largest among fields, with a standard deviation of 8.5 —
11.1 t ha, and within fields, with a standard deviation of 7.7 — 8.7 t ha™l. Spatial yield
variability decreased at higher aggregation levels, i.e., the standard deviation of among-
farm yield variability was 4.0 — 6.1 t ha and that of among-provinces 1.6 — 3.5 t ha’. Mean
yields of the datasets ranged from 46 to 52 t ha™. Temporal yield variability explained 10 —
55% of the total observed variation in crop yield and its magnitude was equal or larger than
the spatial yield variability for almost all datasets. Farmers estimated the ware potato yield
gap at 13 — 18 t hal, corresponding to 20 — 24% of estimated yield potential, depending on
the soil type and variety. Water deficit and water excess were considered the most
important yield gap explaining biophysical factors. In addition, soil structure was an
important biophysical factor on clayey soils and diseases on sandy soils. Irrigation and
fertilisation were identified as the most important yield gap explaining management
factors, whereas legislation and potato prices were identified as the key socio-economic
factors influencing potato yields. However, the perceived yield gap explaining factors varied
with soil type, variety and year. We conclude that reducing potato yield variability in the
Netherlands can be achieved best at the field and within-field level, rather than at farm or
regional level. When reducing yield variability is not feasible and/or desirable, inputs should
be adapted to actual yield levels to achieve optimal environmental and economic
sustainability.

Keywords

Solanum tuberosum | climate variability | linear mixed effects models | long-term yield data
| weather extremes | yield gap

16



Yield variability across spatial scales in high input farming

2.1 Introduction

Crop vyields are determined by the biophysical environment and by farm management
decisions, which in turn depend on the socio-economic conditions of the farm(er) (Beza et
al., 2017; van Ittersum et al., 2013). These factors affect crop yield differently over time and
space resulting in temporal and spatial yield variability (Grassini et al., 2015). Analysing yield
variability across different scales can be useful to determine at which scale addressing yield
variability is most impactful. Yield variability analyses can be used to prioritise policies at
regional scale (van Dijk et al., 2020), tailor management advices to specific farms, or justify
the promotion of precision agriculture technologies to manage vyield variability at field or
within-field scale. Examples of policy measures are to stimulate irrigation in regions that are
more severely affected by drought or to use variable rate application of fertilisers in
heterogeneous soils. Relatively low yields, associated with large yield variability, are
undesirable because they translate into lower resource use efficiency and lower profitability
if inputs are not adjusted to target yield levels (Silva et al., 2021). Addressing yield variability
could thus increase crop production, while reducing the impact of crop production on the
environment and improving farmers’ income.

In the Netherlands, ware potato was found to be more impacted by weather extremes than
other arable crops (van Oort et al., 2023), and large yield variability can be expected for this
crop as a result. A regional analysis of the effect of weather extremes on potato yield found
that the lowest yields were up to 20% lower than the average yield (van Oort et al., 2023).
At farm level, ware potato yield averaged 51 t ha', with a range from 30 to 80 t ha® (Silva
et al., 2017). At field level within a single farm, Mulders et al. (2021) found that average
potato yield ranged from 50 to 60 t ha™* with a 95% confidence interval of 30 to 90 t ha™. In
another study at field level, ware potato yield was, on average 50 to 54 t ha!, depending
on the maturity group, with a range between 30 and 90 t ha? (Silva et al., 2020). Year-to-
year variation is also an important constituent of yield variability as in 10% of the years
yields were more than 20% lower than the average long-term yield (van Oort et al., 2012).
Despite early assessments of ware potato yield variability in the Netherlands, the cited
literature does not provide consistent methodologies of yield variability analysis across
different spatial scales. The latter limits comparisons of yield variability across spatial scales,
making it difficult to devise and prioritise strategies to manage yield variability. This study
adds to the existing knowledge by quantifying yield variability across agronomically relevant
spatial scales with a consistent protocol.

Beyond quantifying yield variability across temporal and spatial scales, it is also important
to identify the factors explaining yield variability (Taylor et al., 2018). Studies on yield gaps
often rely on farm-field data with detailed information on crop management and
biophysical conditions (e.g., Hochman et al., 2016; Mourtzinis et al., 2018; Mulders et al.,
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2021; Silva et al., 2017). However, such analyses often neglect socio-economic factors (Beza
et al.,, 2017), which are important to understand farmers’ decision making. Moreover,
measuring which factors are constraining yields is time consuming (van Bussel et al., 2015)
as a wide variety of factors could explain yield gaps (Beza et al.,, 2017). Farmer-based
assessments may thus help identifying the most important yield gap explaining factors
influencing yield variability. This could provide insights in the socio-economic constraints at
farm level in addition to biophysical and crop management limitations (Kwambai et al.,
2022). Variability in ware potato yield in the Netherlands was previously associated with
planting and harvesting dates, irrigation, fungicide use, and preceding crops, rather than
with soil properties and fertiliser application rates (Mulders et al., 2021; Silva et al., 2020,
2017). Yet, the aforementioned analyses did not include farmers’ perceptions on yield gap
explaining factors.

In this study, we analysed different datasets with yield data for ware potato in the
Netherlands across multiple spatio-temporal scales. We quantified actual yield and yield
variability across years and four agronomically relevant spatial scales using a consistent
protocol. Despite inconsistencies across datasets, our approach was helpful to understand
and draw numerical conclusions on how yield levels and variability are affected by different
scales of observation and analysis. We also identified the yield gap explaining factors for
ware potato based on farmers’ expert knowledge. We hypothesised that (1) yield variability
increases from regional to farm, field, and within-field levels, and that (2) ware potato
production in the Netherlands is more constrained by water stress and yield-reducing
factors, particularly pests and diseases, than by nutrient limitations.

2.2 Materials and methods

2.2.1Yield variability analysis across spatial scales
Spatial scales

Yield variability is conditional on the spatial scale at which data are analysed. Therefore, we
considered spatial scales that are relevant for targeting policies, extension services or
management interventions. The four spatial scales considered in this study were thus
region, farm, field, and within-field (Table 2.1). At the regional scale (i.e., 2000 — 5000 km?),
we compared yield variability across provinces (i.e., administrative boundaries) in the
Netherlands as such information is commonly available in yield datasets. At the farm scale
(i.e., 10—1000 ha), different farms were compared within a province. At the field scale (i.e.,
1 - 20 ha), we compared different fields within a single farm. At the within-field scale (90
m?), yield variability was assessed within a single field.
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Ideally one single dataset should be used to compare yield variability from within-field to
regional level. Yet, to the best of our knowledge such a dataset is not available. Therefore,
we analysed multiple datasets in this study (Table 2.1). The first dataset contained average
yield per year per province collected by Statistics Netherlands (CBS, Dutch governmental
organisation) (CBS, 2022) and was used to analyse yield variability among provinces. The
second dataset consisted of yield data measured by the potato processing industry and was
also used to analyse yield variability among provinces. The third dataset was derived from
the Farm Accountancy Data Network (FADN; cf. Silva et al., 2017) to analyse yield variability
at the provincial and farm scale. The fourth dataset included yield data at provincial and
farm scale as well and was obtained through a questionnaire that was disseminated among
farmers. The last dataset was obtained from two large scale commercial farms in the
Netherlands, named ‘Van Den Borne Aardappelen’ and ‘Scholtenszathe’. This dataset was
used to analyse yield variability at the field and within-field scale. All datasets refer to ware
potato yield only and thus excluded data for seed and starch potato.

Table 2.1. Overview of different data sources and their respective spatial and temporal scales for
yield variability analysis. Resolution refers to the lowest spatial unit at which the data was available
in each dataset.

Data source Spatial scale Temporal scale Resolution

Province Farm  Field  Within-

field

CBS statistics X 1994 -2020 Province
Industry samples X 2013 -2019 Field
FADN database X X 2006 — 2020 Farm
Questionnaire X X 2020 -2021 Field
Commercial X X 2015 - 2020! Grid cell
farms (3—4m?)

! For the commercial farm ‘Scholtenszathe’ no data from 2017 were available.

Data sources and processing

Statistics Netherlands (CBS) requests Dutch farmers to report marketable ware potato
yields at farm level every year. This dataset did not report potato yield for different varieties,
which could then not be controlled for in the analysis. Yields are summarised per province
per year and made publicly available (CBS, 2022). From the dataset, we filtered out the
province of Utrecht as no yield data was available for this province in the other datasets
(see below). This resulted in 297 province x year observations from 1994 till 2020.

The industry samples dataset consisted of marketable yield data of varieties used to
produce french fries. Yield data were collected at field level by four different potato
processing companies. These companies took biweekly tuber samples from multiple potato
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fields to assess tuber weight and size distribution throughout the growing season. In our
case, samples were collected from week 30 onwards from a total harvested area of 3 —4.5
m?, which resulted in a time series of yield measurements per field. For each field with at
least three measurements, final yield estimated using regression analysis. Three regression
models were used for that purpose: linear, quadratic plateau, or linear upper plateau
models (Grassini et al., 2013). The three estimated regression models were compared based
on the Akaike Information Criterion (AIC) and the model with the lowest AIC was selected
as the best model to describe yield development for each field. Each of the three functional
forms was most appropriate for about one-third of the data. After processing, the industry
dataset contained yield observations from 1393 field x year combinations (2013 —2019).

The FADN dataset for the Netherlands contained marketable ware potato yield data at farm
level from a representative group of 1500 Dutch farms for the period 2000 — 2020, without
differentiating between varieties. After removing missing values, a dataset with 2471
observations of farm x year combinations remained. We removed data from the period
2000 — 2005, for which no information on soil type was available, and two more
observations were discarded (which was the only observation available for the province of
Utrecht and the only observation for the peat soil type) resulting in 1889 observations over
the period 2006 — 2020.

We disseminated an online questionnaire for the growing seasons 2020 and 2021
requesting farmers to report the yield obtained on their farm. In addition, farmers who
cultivated the variety Innovator on clayey soils or the variety Fontane on sandy soils were
specifically asked to report yields for these varieties as they are the most cultivated varieties
in the country, for the respective soil types. Farmers were also asked to indicate the yield
of the highest and lowest yielding fields for these two varieties. Information was specifically
requested for the two varieties to remove confounding effects of genotype and soil type in
the analysis. For the comparative analysis with other datasets (Section 2.2.1) we used the
yield data at farm level, hence yield of different varieties were pooled.

Potential respondents to the questionnaire were reached through different communication
channels (i.e., newsletters, farmers’ webpages, targeted e-mails, news article in a farmers’
magazine, and social media). In total we received 170 useful responses for the 2020 growing
season. Of the 170 responses in 2020, 41 farmers cultivated Fontane on sandy soils and 40
farmers cultivated Innovator on clayey soils. For growing season 2021, we asked the
respondents of 2020 to fill in the questionnaire once more. In this way, we received in total
62 responses in 2021 with 20 observations from farmers who cultivated Innovator on clayey
soils and twelve observations from farmers who cultivated Fontane on sandy soils.
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The last dataset consisted of yield measurements on two large commercial farms in the
Netherlands. We note that these two farms are not representative of an average Dutch
potato farm, due to their large cultivated area, specialisation towards potato production,
and large share of potato cultivation on rented land. Yet, the spatial and temporal coverage
of these datasets make it valuable to study yield variability at field and within-field scales.
The first farm, ‘Scholtenszathe’, is an arable farm in the northeast of the Netherlands in a
sandy soil region. On this farm, ca. 1000 ha are cultivated each year of which approximately
200 ha are used for ware potato cultivation. The second farm, ‘Van Den Borne Aardappelen’,
is an arable farm in the south of the Netherlands in a sandy soil region, mostly focused on
potato production (Mulders et al., 2021). On this farm, ca. 1000 ha are cultivated each year
of which approximately 600 ha are allocated to ware potato (land renting makes it possible
to grow potato on such large shares of the total area). On both farms, gross yield was
measured using a harvesting machine, resulting in yield maps per field. The resolution of
these yield maps ranged between 3 — 4 m? per grid cell, depending on the driving speed of
the harvesting machine. From these maps, all measurement points with yield values equal
to 0t ha and above 150 t hal were discarded. Values of 0 t ha! are registered when the
harvesting machine is driving on the field without harvesting. For Scholtenszathe, all
headlands and any parts of the field with irregular driving patterns (for harvesting) were
removed. For van den Borne Aardappelen, the outer 10 m of each field was removed.
Finally, from all measured values 15% tare was subtracted to represent marketable yield
(Mulders et al., 2021), consistent with the other datasets. For both farms, only fields with
the variety Fontane were selected to remove confounding effects of genotypes. Yield per
field was determined by averaging the yield of all grid cells. Yield for within-field sub-area
was determined in a similar way for grid cells of 30 x 30 m resolution, excluding grid cells
with less than 50 observations per cell. After processing, the dataset of Scholtenszathe
included 68 field x year combinations from the years 2015, 2016, 2018, 2019, 2020 with a
total cultivated area of 806 ha, resulting in an average field size of 11.9 ha. The dataset of
Van Den Borne Aardappelen included 789 field x year combinations between 2015 and 2020
with a total cultivated area of 2681 ha, resulting in an average field size of 3.4 ha.

Comparing yield variability across spatial scales

Different descriptive statistics were used to determine the average yield and yield variability
at each spatial scale because datasets differed in available variables (e.g., variety or soil
type) and resolution at which data were collected. A comparative analysis was performed
to assess yield variability across the four spatial scales using a consistent protocol, built upon
linear mixed models. When boxplots were used for visualisation, whiskers were set to
represent the 10t and 90 percentile of the data.
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At the regional scale, linear mixed models were used to estimate the average yield per
province for the CBS, industry samples, and FADN datasets using the ‘ImerTest’ package in
R version 4.2.0 (Kuznetsova et al., 2015). For all three datasets, potato yield was set as the
dependent variable, province as a fixed factor, and year as a random factor. Variety and
company were also added as fixed factors to the linear mixed model of the industry samples
dataset and soil type was added to the model of the FADN dataset. ANOVA was used for all
three datasets to test for significant yield differences among provinces, using a Tukey’s HSD
test as post-hoc test. Temporal yield variability among provinces was visualised using
boxplots for each year x dataset combination.

At the farm scale, two different approaches were used to describe among-farm yield
variability for two datasets. For the FADN dataset, yield variability was assessed by
comparing long-term average yields among farms. First, we excluded all farms with less than
5 years of yield observations. For the remaining observations, yield was rescaled as follows:
. Yij
Yijscatea = i M Eq.2.1

J

where Yijscaled is the scaled yield of farm i in year j, Yij is the actual yield of farm i in year j,
Mij is the median yield in year j, and M is the overall median yield of the whole dataset. The
long-term average yield was then calculated by taking the farm average of Yijscaied.
Furthermore, we calculated how often each farm had a higher than median yield. Finally,
boxplots were used to visualise the among-farm long-term yield variability for a given
province and to assess if a farm consistently obtained a higher or lower yield than the
median yield of the pooled data. Results are only shown for provinces with at least ten
farms, to adhere to privacy regulations. Hence, we employed data from 104 farms and 1255
farm x year combinations. For the questionnaire dataset, responses were divided into three
groups: farms with Fontane cultivated on sandy soils, farms with Innovator cultivated on
clayey soils, and farms with none of these cultivars cultivated on the respective soil types.
Among-farm yield variability was visualised for each group and for the two years separately
using boxplots.

For the questionnaire dataset, among-field yield variability was calculated as the difference
between the highest and lowest obtained yield per field within a single farm. This was
calculated for farms with Innovator cultivated on clayey soils and farms with Fontane
cultivated on sandy soils. We used quantile regression to assess if there was a significant
relation between among-field yield variability and farm size for the 10" percentile
(‘quantreg’ package in R version 4.2.0; Koenker et al., 2018). For the commercial farms
datasets, among-field yield variability was summarised for each year using boxplots. The
range, expressed as the difference between 10™" and 90™ percentile of among-field yield
variability, was calculated for each year.
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At the within-field scale, boxplots were used to visualise the within-field yield variability for
each field x year combination. The range, expressed as the difference between 10 and 90t
percentile of the within-field yield variability per field, was calculated for each field and
averaged across all fields per year.

Finally, we compared yield variability across spatial scales and years with a random effects
model fitted with year and spatial scale as random effects (see also Silva et al., 2023).
Random effects models are a particular type of linear mixed models that consider only
random effects. Within the tested models, spatial scales were nested within each other if a
dataset contained yield data of multiple scales (Table 2.1). Year and province were used as
random effects for the CBS and industry samples dataset. Year and farm nested within
province were used as random effects for the FADN and questionnaire datasets. Finally,
year and within-field nested within fields were used as random effects for the commercial
farm datasets. Interactions between year and spatial scales were not included to ease
interpretation of the results. Spatial and temporal yield variability were expressed as a
standard deviation in t ha™l. For a fair temporal comparison across scales, we included for
this analysis data from the same growing seasons (2015 — 2020). However, there were some
exceptions due to the structure and availability of the data. We already noted that no data
were available for 2020 in the industry samples dataset and no data were available for 2017
in the Scholtenszathe dataset. Thus, these datasets miss one year for the comparative
analysis. For the questionnaire dataset, only data from 2020 and 2021 were available and
hence 2021 was included in the comparative analysis.

2.2.2 Expert-based assessment of yield gap explaining factors

The questionnaire described in Section 2.2.1 was also used to ask farmers which factors
affected potato production at their farm, which was done in two steps. First, farmers were
asked to estimate the potential yield at farm level under optimal cultivation conditions. We
indicated to farmers that potential yield refers to the maximum achievable yield under given
climatic conditions, assuming agronomically perfect crop management (van Ittersum et al.,
2013). Farmers who cultivated Innovator on clayey soils or Fontane on sandy soils were
asked to estimate the potential yield for these specific varieties. Farmers who did not
cultivate these varieties on the respective soil types were asked to estimate the average
potential yield at farm level for the varieties they cultivated. From the estimated potential
yield, the yield gap was calculated as the difference between the farmer estimated potential
yield and the reported actual yield (van Ittersum et al., 2013).

In the second step, we requested information about what farmers perceived as the most
important factors explaining the potato yield gap on their farm. The yield gap explaining
factors were divided into three categories (Table 2.2): biophysical, management, and socio-
economic factors. For each category, farmers were asked through a multiple-choice
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question which factors explained the yield gap on their farm. Farmers were then given the
opportunity to explain their selection through an open question.

Table 2.2. Possible yield gap explaining factors in relation to biophysical conditions, crop
management practices, and socio-economic conditions in the disseminated questionnaire.

Biophysical factors Management factors Socio-economic factors

Heat Planting too early Lack of irrigation guns

Frost damage Planting too late Lack of machinery

Water deficit Too little irrigation applied Lack of labour

Water excess Irrigation applied too late Farm is too large to manage
optimally

Nutrient deficit in the soil No irrigation applied Economically not interesting
to aim for potential yield

Poor soil structure Poor drainage Aim of cultivation is not
maximum yield

Hail damage Too little fertilisation Legislation

Presence of diseases Use of heavy machinery No successor

Presence of nematodes Preceding crop

Too narrow rotation
Insufficient use of crop
protection products

Crop damage due to herbicide
treatment

The questionnaire disseminated in 2021 was expanded based on the answers to the 2020
guestionnaire. For 2020, two results were striking (Section 2.3.2): (1) ‘too little fertilisation’
was an important management factor and ‘legislation’ was an important socio-economic
factor explaining the yield gap and (2) farmers indicated that low potato prices (due to the
COVID-19 pandemic) was one of the reasons to invest less in inputs, particularly irrigation.
To explore these results further, farmers were asked additional questions in 2021, based on
a Likert scale, to indicate to what extent input use was reduced due to low potato prices
and how more lenient legislation would affect soil and crop conditions and yield on their
farm.

2.3 Results

2.3.1Yield variability analysis
Among provinces

Ware potato yield was significantly different among provinces in all three datasets, with
maximum yield differences ranging from 8 to 14 t ha?, depending on the dataset. In the CBS
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dataset, average yield per province ranged from 45 to 53 t ha (Fig. 2.1A). Based on the
industry samples dataset, average yield ranged from 45 to 51 t ha (Fig. 2.1B). In the FADN
dataset, average yield ranged from 39 to 53 t ha (Fig. 2.1C). In all three datasets, yield in
Flevoland and Noord-Brabant were among the top three, indicating these were the highest
yielding provinces.

Large temporal yield variability was observed in all three datasets as well. Over time, median
yield ranged from 41 to 53 t ha! in the CBS dataset, 45 — 57 t ha! in the industry samples
dataset, and 40 — 51 ha! in the FADN dataset (Fig. 2.1D). Although average yield in the
industry samples dataset was slightly higher, yield variability among the years followed
similar patterns for the different datasets.
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Figure 2.1. Average yield (in t ha) for different provinces in the Netherlands calculated with the
CBS (1994 —2000) (A), industry samples (2013 — 2019) (B) and FADN dataset (2006 — 2020) (C). Panel
D shows variability among provinces for each year from 2006 onwards. Error bars in panels A - C
indicate standard errors. Different letters indicate significant differences between provinces.
Numbers at the bottom of the bars indicate the number of observations (number of years for panel
A, number of field x year combinations for panel B and number of farms x year combinations for
panel C) an estimate is based on. Boxplot whiskers in panel D indicate 10t and 90t percentile of the
data.
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Among farms

Large among-farm vyield variability was observed in both the FADN and questionnaire
datasets. For the FADN dataset, long-term average yield at farm level ranged from 37 to 60
t ha! (Fig. 2.2A). Based on the questionnaire dataset, among-farm yield variability ranged
from 42 to 68 t hal, but varied by variety/soil type and year (Fig. 2.2B). For Innovator on
clayey soils, average yield was approximately 10 t ha™ lower in 2021 than in 2020, whereas
the yield variability range was similar between the two years. For Fontane on sandy soils,
both the average yield and yield range were similar across the two years.
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Figure 2.2. Long-term median scaled yield per farm (in t ha!) for five different provinces based on
the FADN dataset (A). Yield per farm (in t ha'), based on the questionnaire dataset (B). Percentage
of years that a farmer had a higher than median yield for all yield observations of that year, based
on the FADN dataset (C). Among-farm yield variability for each year, based on the FADN dataset
(D). The dotted line in panels A and D indicates the median yield of all farms and years. Different
greyscales in panel B indicate different years. Whiskers of the boxplots indicate 10'h and 90t
percentile of the data. Labels and number of observations indicated in panel C apply to panel A and
C. Numbers in panel B indicate number of observations per group.
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The FADN dataset showed that 9% of the farms obtained higher than median yield (across
all farms) in all years, 12% of the farms never obtained higher than median yield, and the
remaining farms obtained higher and lower than median yield (Fig. 2.2C). Farms with higher
than median yield were found in all provinces. However, in Noord-Brabant and Flevoland
there were relatively more farms which obtained higher than median yield. Among farms,
the yield range was roughly 20 — 30 t ha and varied from year to year (Fig. 2.2D).

Among fields

Large among-field yield variability within a single farm was observed in both the
guestionnaire and commercial farm datasets. For the questionnaire dataset, among-field
yield variability (i.e., difference between the highest and lowest yielding field, Section 2.2.1)
averaged 10 t ha? on clayey soils with cv. Innovator and 23 t ha™ on sandy soils with cv.
Fontane (Fig. 2.3). There was no clear difference in yield variability between the two years.
Furthermore, for sandy soils with cv. Fontane, quantile regression showed that among-field
yield variability increased with increasing cultivated potato area for the 10™ percentile,
indicating larger among-field yield variability in larger farms. This relation was robust when
excluding the three farms with cultivated potato area above 400 ha.

~
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Figure 2.3. Among-field yield variability (in t ha) calculated as the difference between the highest
and lowest yielding fields against the total cultivated potato area per farm (ha). Different colours
indicate different years. The solid lines indicate the average among-field yield variability per soil
type. The dashed line indicates the quantile regression line for the 10t percentile including all data
points. Figure is based on the questionnaire dataset.

The yield range among fields (i.e., the difference between the 90" and 10t percentiles)
varied from 13.5 to 20.2 t ha for Scholtenszathe and 22.6 — 34.8 t ha* for Van Den Borne
Aardappelen (Fig. 2.4). Median yield differed considerably across years at both farms, while
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yield variability was similar across years with standard deviations ranging from 12 to 21% of
the mean for Scholtenszathe and 19 — 39% of the mean for Van Den Borne Aardappelen.
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Figure 2.4. Boxplots showing among field yield variability (in t ha?) per year for the farms
Scholtenszathe and Van Den Borne Aardappelen. Figure is based on the commercial farms dataset.
Whiskers of the boxplots indicate 10t and 90t percentile of the data.

Within fields

Large differences were observed among fields in terms of within-field yield variability. The
yield range per field (i.e., the difference between the 90 and 10" percentiles) varied from
less than 10 t ha* to more than 40 t ha’. The average range of within-field yield variability
per year and farm varied from 9.6 to 16.8 t ha™ for Scholtenszathe and from 18.5to 25t ha-
L for Van den Borne Aardappelen. Figure 2.5 presents results for two extreme years. In 2016
(year with highest yield variability), the southern sandy soils of Van Den Borne Aardappelen
experienced high intensity rainfalls. In 2018 (year with lowest yield variability), an extreme
drought affected potato cultivation across the Netherlands. Appendix A.1 shows that mean
ranges are slightly different across years, but that the distribution of within-field yield
variability remained similar.

Yield variability across spatial scales over the period 2015 — 2020

Random effects model results, using only data for the period 2015 — 2020, indicated that
yield variability was lowest at the regional scale, greater at farm scale, and even greater at
both field and within-field scales (Fig. 2.6). The standard deviation of among-field yield
variability ranged from 8.5 to 11.1 t ha’. Within-field yield variability was at a similar or
slightly lower level, with a standard deviation from 7.7 to 8.7 t ha. Standard deviation of
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Figure 2.5. Boxplots showing within-field yield variability (in t ha) per field per year for the farms
Scholtenszathe and Van Den Borne Aardappelen for 2016 (an exceptionally wet year) and 2018 (an
exceptionally dry year). Figure is based on the commercial farms dataset. Boxplot whiskers indicate
10t and 90 percentile of the data. The mean range provided in each figure represents the average
range of within-field yield variability per year (in t ha).

among-farm yield variability ranged from 4.0 to 6.1 t ha! and of among-province yield
variability ranged from 1.6 to 3.5 t ha'l. The mean yields of the different datasets ranged
from 45 to 52 t ha* (Fig. 2.6).

The temporal scale was another important source of yield variability. In the CBS, industry
samples, and Scholtenszathe datasets, temporal yield variability was approximately twice
that of the observed spatial yield variability (Fig. 2.6). In the FADN dataset, temporal yield
variability was similar to the spatial yield variability among provinces and roughly half of the
yield variability among farms. For the dataset of Van den Borne Aardappelen, temporal yield
variability was similar to within-field yield variability and almost 20% lower than among-
field yield variability. Appendix A.2 provides a comparison of yield variability across scales
for all available years in the datasets.
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Figure 2.6. Mean yield per dataset and standard deviation (in t ha!) for each scale and data source
for the period 2015 — 2020. For the industry samples dataset, no data were available for 2020. For
Scholtenszathe, no data were available for 2017. For the questionnaire dataset only data from 2020
and 2021 were available.

Roughly half of the yield variability in all datasets was explained by temporal and spatial
variability (Fig. 2.7). Differences among provinces explained 3 — 14% of the observed
variation. Among-farm yield variability explained 28 — 32% of the observed variation.
Variation among fields was about 15 — 21% and variation within fields was about 12 — 13%
of the total variance. Excluding the questionnaire dataset, 10 — 55% of the total variance in
all datasets was explained by temporal variability. In all datasets, 30 — 75% of the yield
variability remained unexplained (Fig. 2.7), which may be attributed to other factors not
included in the analysis (e.g., crop management practices, disease pressure) or
measurement errors. Appendix A.3 presents a comparison of explained variance for all
available years in the datasets.

2.3.2 Constraints to potato production based on farm survey

On average, farmers estimated the potential yield at farm level, including all varieties, at 63
t hal. Potential yield for Innovator on clayey soils was estimated at 64 t ha™and for Fontane
on sandy soils at 75 t ha? (Fig. 2.8A). Nonetheless, there was large variability in the
estimated potential yield with a lower range of 50 — 65 t ha™* and an upper range of 73 — 95
t ha™l. Large variability was also observed in the estimated yield gap between potential and
actual yield, ranging from nil to ca. 40 t ha* (Fig. 2.8B). The average yield gap was ca. 13 t
ha? at farm level, including all varieties, 13 t ha' for Innovator on clayey soils, and 18 t ha*
for Fontane on sandy soils, corresponding to a yield gap of 20 — 24% of potential yield.

Among the two years, farmers identified different biophysical factors as yield gap explaining
factors (Fig. 2.9). For 2020, heat and water deficit were mentioned (each by 69% of the
respondents) as the most important yield gap explaining factors by all three respondent
groups. For 2021, water excess was considered an important yield gap explaining factor on
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clay and sandy soils (51% on average). Diseases were indicated as a yield gap explaining
factor by farmers who cultivated Fontane on sandy soils in 2021 (70%) but not by farmers
who cultivated Innovator on clayey soils (11%). Conversely, farmers on clayey soils
considered soil structure an important yield gap explaining factor in both years (37% in 2020
and 42% in 2021), but only few farmers on sandy soils considered soil structure a yield gap
explaining factor (9% in 2020 and 20% in 2021).

Farmers indicated several management factors that could explain the yield gap (Fig. 2.9).
For 2020, farmers mainly mentioned irrigation as an important yield gap explaining factor
(60% on average). Applying too little irrigation was most often mentioned on sandy soils
(51%) whereas delayed irrigation (26%) or no irrigation (26%) were considered more
relevant to explain the yield gap on clayey soils. Lack of fertilisation was selected as a yield
gap explaining factor by 16 — 35% of the farmers in both years, which contrasts to the fact
that nutrient deficit was not selected by any farmer as a biophysical yield gap explaining
factor. Preceding crop, use of heavy machinery, and crop protection were relevant yield gap
explaining factors according to 9 — 20% of the farmers. Timing of planting, drainage,
spraying damage, and crop rotation were hardly mentioned by farmers as plausible causes
for yield gaps.

Both in 2020 and 2021, legislation was mentioned as a relevant yield gap explaining factor
by 20% of the farmers on average (Fig. 2.9). Moreover, in 2020 socio-economic factors
related to drought stress were indicated as important to explain yield gaps. For instance,
farmers pointed out that it was not always economic to strive for high yields (35%), i.e., the
cost of irrigation did not compensate the expected additional income. The answers to the
open questions revealed that it was mainly the low potato price in 2020 that negatively
affected the economic return of using inputs. Lastly, for some farms on sandy soils with cv.
Fontane, availability of irrigation guns was deemed insufficient (36%) and/or the cultivated
potato area was too large to be fully irrigated (30%).

The additional questions in the 2021 questionnaire (Section 2.2.2) revealed that 29% of the
farmers irrigated less frequently if potato prices were (expected to be) low (Fig. 2.10).
Moreover, 20% of the farmers indicated to apply less water per irrigation event because of
low potato prices. At the same time, farmers indicated negligible effect of potato prices on
the use of other inputs, i.e., only 14% of the farmers applied less mineral fertilisers due to
low potato prices, and even fewer farmers reduced pesticide or organic manure inputs due
to low potato prices.

Legislation had a large effect on potato cultivation according to most farmers. Over 90% of
the farmers indicated that soil fertility could be improved if they were allowed to apply
more organic fertilisers. Almost 70% of the farmers indicated that yield would increase if
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higher nitrogen and/or phosphorus applications would be allowed on their fields. A slightly
smaller percentage of farmers indicated that plant health would increase if they were
allowed to apply more manure under the assumption that plants would better cope to
stresses under high fertility conditions. In 2020, some farmers also stated that yields were
lower because the herbicide Reglone was no longer allowed for haulm killing at the end of
the growing season, which forced farmers to use other herbicides or haulm killing methods.
The questionnaire of 2021 revealed that an equal share of farmers agreed or disagreed with
this statement.

2.4 Discussion
2.4.1 Spatial and temporal yield variability

This study assessed ware potato yield variability in the Netherlands across four spatial
scales. We found that yield variability was lowest at the regional scale, greater at farm scale,
and even greater at both field and within-field scales. Our findings are in agreement with
our hypothesis and confirm earlier findings that yield variability decreases at higher
aggregation levels (Debrah and Hall, 1989; Gdrski and Gérska, 2003; Lobell et al., 2007).
However, this study showed for the first time that the latter does not necessarily apply to
the lowest spatial scale as yield variability within a field was comparable with yield
variability among fields. Temporal variability was another important constituent of yield
variability explaining 10 — 55% of the vyield variation in all datasets, highlighting the
importance of weather conditions on yield at all scales (Fig. 2.7; see also Ray et al., 2015;
Silva et al., 2023). Our method allowed us to compare temporal yield variability with spatial
yield variability revealing that temporal yield variability was particularly important for the
two large commercial farms, for which most fields were distributed across a relatively small
area. We also note that potato fields at Van Den Borne Aardappelen were irrigated, while
at Scholtenszathe potato was cultivated under rainfed conditions, further explaining the
differences in temporal yield variability between the two farms.

Weather extremes have a large influence on crop yield variability (Brown, 2013; Van Oort
et al., 2012), as captured by the period covered in our analysis. In 2018 there was an
extremely dry period (van Oort et al., 2023) resulting in far below average yields in all
datasets. Conversely, 2016 was an extremely wet year in the south of the Netherlands, with
almost one-third of the annual precipitation occurring in June when the potato crops
started to establish. The latter had a strong impact on the commercial farm ‘Van Den Borne
Aardappelen’ (Fig. 2.4). As extreme weather events are likely to occur more frequently in
future (van den Hurk et al., 2014), yield variability is also expected to increase in space and
time, particularly at lower aggregation levels (Adams et al., 2003). The sandy regions in the
south and east of the Netherlands are specifically vulnerable because of somewhat larger
temperature increases and larger risk of water deficits (Diogo et al., 2017).
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Figure 2.9. Percentage of farmers that considered one of the indicated biophysical, management,
or socio-economic factors relevant for explaining the yield gap at their farm in 2020 and/or 2021.
Different greyscales indicate different groups of farmers.
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The comparison of yield variability across spatial scales and the fact that yield variability
increased with farm size on sandy soils suggest that local variability in biophysical conditions
and crop management have a larger impact on yield variability than farm(er) characteristics.
Yield variability across space can be best addressed at field and within-field level, but this
requires understanding the drivers of yield variability (Mulders et al., 2021; Silva et al.,
2021), and needs to consider temporal yield variability. Precision agriculture offers potential
to manage vyield variability, but it should be focused at within-field and among-field yield
variability assuming yield potential is comparable within and between fields, respectively.
In case of differences in yield potential within and among fields, precision agricultural
techniques based on real-time observation of crop conditions can help attuning crop
management to realistic target yields under field conditions (Al-Gaadi et al., 2016; van Evert
et al., 2012b, 2012a). The latter will likely not reduce yield variability per se but contributes
to increasing resource use efficiency and achieving environmental and economic
sustainability. However, temporal variability affects crop production each year differently,
and therefore it can be challenging for farmers to adjust precision farming techniques to
seasonal weather patterns.

Whether addressing spatial yield variability is beneficial, depends on the farm
characteristics and the socio-economic context. The economic break-even point for
investing in precision agriculture techniques is lower on farms with larger observed
variability (English et al., 1999) or with larger acreage (Barnes et al., 2019; Kempenaar et al.,
2010). Furthermore, crop yield could be constrained by persistent factors that are difficult
to overcome (Lobell et al., 2010). Some farmers indicated in the questionnaire that in 2020
(a relatively dry year) the irrigation capacity was limited (Fig. 2.9) or that it was not
economically viable to irrigate (Fig. 2.10), leading to larger yield variability. Similarly, time
bound activities such as planting are dependent on the availability of machinery and labour,
and a lack of these translates into wider planting windows and greater among-field yield
variability.

2.4.2 Methodological considerations of the yield variability analysis

Ideally one dataset containing yield data across all four studied scales should be available
to analyse spatial and temporal yield variability. This would allow to make a direct
comparison between the highest and lowest spatial scales and to study the impact of yield
data aggregation from one spatial scale to the next. To the best of our knowledge such a
dataset combining yield levels across all scales is not available. Instead, regional to farm
level data are more readily available to replicate our analysis to other crops and
geographies. Within-field yield data will remain a challenge to access in most regions
despite new developments to study yield variability at lower aggregation levels (Basso and
Antle, 2020).
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The use of multiple sources of data, as presented in this study, makes it difficult to properly
control for different cultivars and management practices when quantifying yield variability.
We acknowledge that some of our analysis suffers from such limitations, particularly at farm
and regional levels, but note that the magnitude and patterns of yield variability among
provinces were similar for the different datasets analysed in this study (Figs. 2.1 and 2.6).
Beyond differences in data sources, some other considerations are required for proper
interpretation of the results. First, estimates of among-field and within-field yield variability
are based on yield data from two atypical large farms. The questionnaire dataset revealed
that yield variability was larger on sandy soils than on clayey soils (Fig. 2.2B and Fig. 2.3) and
increased with cultivation area on sandy soils (with cv. Fontane; Fig. 2.3). Hence, among-
field and within-field yield variability estimates are likely to be lower for smaller farms or
other soil types than analysed in this study. Second, interactions between spatial and
temporal variability were not analysed to avoid complexity, despite their importance to
understand vyield stability over time (e.g., Maestrini and Basso, 2018). Lastly, datasets
differed in the way yield data was aggregated (Table 2.1). For instance, yield data was
aggregated at province, farm, and field level in the CBS, FADN, and industry samples
datasets, respectively. These different aggregation levels could potentially explain
differences in standard errors for the yield estimates per province (Fig. 2.1), differences in
yield variability attributed to the time scale (Fig. 2.6), or differences in unexplained
variability (Fig. 2.7).

2.4.3 Yield gap explaining factors of potato production

Farmers indicated a yield gap for ware potato in the Netherlands of 13 — 18 t ha®,
corresponding to 20 — 24% of the potential yield (Fig. 2.8). This yield gap is slightly lower
than that reported in other studies (25 — 30% of potential yield), where crop growth models
were used to simulate the potential yield (Silva et al., 2020, 2017). Farmers may have a
different interpretation of the potential yield than researchers, which then explains the
slightly lower yield gap found in this study. As the highest farmers’ yield is generally lower
than the potential yield and only reached by few farms (Silva et al., 2017), farmers may
underestimate the potential yield as defined based on what is achievable with optimal farm
management as simulated by crop growth models (van Ittersum et al., 2013).

Yield gap explaining factors indicated by farmers were largely in agreement with our
hypothesis that ware potato yield is constrained by water stress and yield reducing factors.
Indeed, farmers specified that water stress and use of irrigation were the most important
biophysical and management factors explaining the yield gap on their farm (Fig. 2.9). Yield-
limiting factors related to drought stress were acknowledged as yield gap explaining factors
for potato production in the Netherlands in other studies as well (Mulders et al., 2021; Silva
et al., 2020). The questionnaire revealed that disease management and (poor) soil structure
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were other important yield gap explaining factors at farm level as also found by Silva et al.
(2017). In addition to earlier findings, our analyses revealed that farmers consider legislation
and potato prices important socio-economic constraints to potato production on their
farms. Contrary to our hypothesis, farmers considered fertilisation among the most
important yield gap explaining factors at farm level. Roughly 70% of the farmers indicated
that potato yield could be increased if they were allowed to apply higher rates of N and P
fertilisers (Fig. 2.10). Yet, in earlier studies the relationships between fertiliser application
and yield in farmers’ fields were weak or absent (Silva et al., 2021; Mulders et al., 2021; Silva
et al.,, 2017). These studies thus indicate that empirical data do not confirm farmers’
perception that nutrients are limiting potato yield in the Netherlands.

2.5 Conclusion

In this study we quantified potato yield variability in the Netherlands across four
agronomically relevant spatial scales. We showed that spatial yield variability was largest
among fields, with a standard deviation of 8.5—11.1t ha', and within fields, with a standard
deviation of 7.7 — 8.7 t ha'’. Spatial yield variability decreased at higher aggregation levels,
i.e., the standard deviation of among-farm yield variability was 4.0 — 6.1 t ha™ and that of
among-provinces 1.6 — 3.5 t hal. Mean yields of the datasets ranged from 46 to 52 t ha™.
Temporal (year-to-year) variability was another important constituent of yield variability,
explaining between 10 and 55% of the total observed variation in crop yield. Moreover,
temporal yield variability was equal or larger than spatial yield variability. We conclude that
reducing yield variability can best be addressed at field and within-field level, which requires
site-specific crop management practices attuned to local field conditions. However, when
reducing yield variability is not feasible or desirable, inputs should be tailored to realistic
target vyield levels under field conditions to increase resource use efficiency and farm
profitability.

We also assessed farmers’ perceptions about the magnitude and causes of potato yield gaps
at farm level. Depending on the soil type and variety, farmers estimated the ware potato
yield gap at 13— 18 t ha?, corresponding to 20 — 24% of the estimated potential yield. Water
deficit, water excess, heat, diseases, and soil structure were indicated as the most important
biophysical factors explaining the yield gap. Irrigation and fertilisation were indicated as the
most important management factors and legislation and potato prices were identified as
the most important socio-economic factors. Farmers’ perceptions were not always
confirmed by empirical data, which shows that there is a need to better understand the
socio-economic context of the farmer.
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Yield gap analysis using frequent field monitoring and crop growth modelling

Chapter 3: Field monitoring coupled with crop growth
modelling allows for a detailed yield gap assessment at

field level: a case study on ware potato production in the
Netherlands
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Abstract

Yield gap analyses are useful to assess and benchmark the productivity of cropping systems.
Often such analyses are performed at higher aggregation levels and these lack the details
to explain yield gaps at field level and hence make it difficult to translate findings into
precise recommendations to farmers and extensionists. This study provides a detailed
approach for yield gap assessments at field level through frequent field monitoring in
farmers’ fields coupled with crop growth modelling. We used ware potato production in the
Netherlands as a case study to study yield gaps at field level, as average productivity is high,
whilst yields are still highly variable among fields, and as ware potato is an important cash
crop for farmers. Over two growing seasons, 96 ware potato fields were monitored
throughout the growing season on a biweekly basis, taking measurements on soil, crop
growth and yield. The crop growth model SWAP-WOFOST was used to simulate potential
(Yp) and water-limited potential yields (Yw). Various statistical methods were used to
qguantify yield gap explaining factors. The average yield gap ranged from 20 to 31%
depending on the year and soil type. Among fields, the yield gap ranged from 0 to 51%. On
clayey soils, the yield gap was mostly attributed to oxygen stress. On sandy soils, the yield
gap was mostly determined by drought stress in 2020, a relatively dry year, and by reducing
factors (pests, diseases and poor agronomic practices) in 2021, an average year in terms of
precipitation. The type of reducing factors differed per field. Furthermore, earlier planting
and later harvesting can increase yields, as Yp was limited by radiation. Overall, there is
limited scope to narrow the yield gap as current ware potato production is already close to
80% of the potential yield, which is assumed to be approximately the maximum farmers can
attain. However, yield and resource use efficiency gains are to be made for individual fields.
Furthermore, we conclude that frequent field monitoring coupled with crop growth
modelling is a powerful way to assess yield gap variability and to get detailed insight in the
yield gap explaining factors at field level.

Keywords

Solanum tuberosum | yield variability | yield response | farm management |on-farm
experiments
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3.1 Introduction

The productivity per unit area of a cropping system can be assessed using yield gap analyses.
Yield gaps are referred to as the difference between potential or water-limited potential
yield and actual farmers’ yield (van Ittersum et al., 2013; van Ittersum and Rabbinge, 1997).
Potential yield is defined by radiation, CO2 concentration, temperature, and cultivar
characteristics. Water-limited potential yield is defined by the same factors but also
accounts for yield limitation due to drought or water excess. Actual yield levels are further
limited by nutrients and/or reduced by the impact of pests and diseases or other yield
reducing factors. Next to an assessment of productivity levels, yield gap analyses are used
to assess which factors explain yield gaps (Beza et al., 2017). In addition, yield gap analyses
can be coupled with resource use efficiency assessments to improve ecological
sustainability of cropping systems (Getnet et al., 2016; Rong et al., 2021; Tittonell et al.,
2008).

Yield gaps have been estimated for various crops in different environments (Caldiz and
Struik, 1999; Dadrasi et al., 2022; Espe et al., 2016; Gobbett et al., 2017; Rattalino Edreira
et al., 2017; van Loon et al., 2019; Wang et al., 2018). In these yield gap assessments, actual
yield levels are usually based on national or regional statistics data (Dadrasi et al., 2022;
Espe et al., 2016; Gobbett et al., 2017; Wang et al., 2018) or farmer reported survey data
(Caldiz and Struik, 1999; Rattalino Edreira et al., 2017). This provides useful information on
yield and yield gap levels in different contexts. However, these levels are often determined
at higher aggregation levels or could contain inaccuracies as they are based on farmer
reported data (Fraval et al., 2019). Moreover, data is mostly collected after the growing
season, making it impossible to ground truth measurements on yield and yield gap
explaining factors. As such, yield gap analyses often lack detailed information to explain
yield gaps at field level, which could be used by farmers and extensionists to adjust
management.

Detailed explanations of yield gaps at field level are important for highly productive
cropping systems with large field-to-field variability. While a high average yield in such
systems suggests limited scope for improving yield at regional level, yield and/or resource
use efficiency gains can still be made for particular fields. An example of a highly productive
cropping system with large field-to-field variability is ware potato production in the
Netherlands. For this system, actual yields were reported to be 70 — 75% of potential yield
(Silva et al., 2020, 2017), which is close to the exploitable yield (which is assumed to be
approximately 80% of potential yield considering economic and environmental efficiency
(Grassini et al., 2011; van Ittersum et al., 2013)) and suggests limited options for yield
improvements. Simultaneously, large yield variability was reported among farms (Silva et
al,, 2017) and fields (Mulders et al., 2021a; Chapter 2), resulting in relatively low
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productivity in some fields, as well as low resource use efficiency when such low yielding
fields are cultivated with similar input levels (Silva et al., 2021). Improving productivity and
resource use efficiency of these relatively poorly performing fields thus requires proper
understanding of the yield gap variability and the associated yield gap explaining factors at
field level.

Analyses on yield and yield gap variability have been performed for ware potato production
in the Netherlands (Mulders et al., 2021a; Silva et al., 2021, 2020a, 2017a; Vonk et al., 2020;
Chapter 2), and have provided useful insights in the yield gap explaining factors for ware
potato production in the Netherlands. However, these studies were performed for a single
farm only (Mulders et al., 2021), for single production parameters as fertiliser application
rates or soil organic matter content (Vonk et al., 2020), at farm level neglecting the variation
that exists within a farm (Silva et al., 2017) or using farmer reported data which contain
uncertainties as to data accuracy (Silva et al., 2021, 2020). In addition, data was collected
after the growing season, limiting the possibility of ground truthing observations, especially
in relation to the effect of yield reducing factors. Hence, these studies lack detailed
information to assess yield gap variability at field level across a wide range of farms and
fields.

In this study, we provide a detailed approach for estimating yield gaps at field level. We
estimated yield levels and yield gaps by coupling frequent field monitoring and detailed crop
growth modelling of potential and water-limited potential yield. We used various statistical
methods and field observations to quantify and describe the effect of yield gap explaining
factors on the yield gap at field level in a high input cropping system. We used ware potato
production in the Netherlands as a case study as productivity is high, whilst yields are still
highly variable among fields, and as ware potato is an important cash crop for farmers
(Goffart et al., 2022).

3.2 Conceptual framework
3.2.1Yield levels

Potential yield represents the yield that can be obtained under optimal growing conditions
in which the crop is not limited by water stress or nutrients, pests and diseases are
effectively controlled, and poor agronomic practices do not limit yield in another way (van
Ittersum et al., 2013; van Ittersum and Rabbinge, 1997) (Fig. 3.1). In this study we define
two different potential yield levels: maximum and field-specific potential yields. Maximum
potential yield (Ypmax) is the potential yield given optimal planting and harvesting dates
(planting as early and harvesting as late in the growing season as possible because of
temperatures and accessibility to the field), which results in maximum radiation
interception throughout the growing season. At farm level, limited availability of machinery
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and/or labour prevents farmers from planting all crops and fields on the optimal planting
dates. We therefore consider the field-specific potential yield (Ypss) as the potential yield
given field-specific planting and harvesting dates. Ypmax and Ypss are always indicated in
tonnes dry matter ha™.

Yp,...” Yp,: Radiation limitation

max

g Yp,, - Yw, : Water stress caused by
Q£ drought and/or
g oxygen stress
o Yw, - Ya: Nutrient limitation and/or
-g reducing factors
o
(a
E N
'.& _
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> > >
—~—
Simulated using Measured
SWAP-WOFOST

Figure 3.1. Conceptual framework for visualising yield levels and associated yield gaps. Production
level refers to the yield in t ha™’. Ypmax is the maximum potential yield with earliest possible planting
and latest possible harvesting dates. Ypy is the potential yield based on farmers’ planting and
harvesting dates. Yw;,, is the water-limited potential yield considering irrigation applied by the
farmer. Yw is the water-limited potential yield under rainfed conditions. Ya is the actual yield.
YPmaxw YPss, YWirr and Yw,s are simulated using SWAP-WOFOST (see Section 3.3.3), Ya is measured in
the field (see Section 3.3.2).

Water-limited potential yield is determined by water stress caused by drought stress due to
insufficient rainfall or irrigation or oxygen stress as a result of excess water (van Ittersum
and Rabbinge, 1997) (Fig. 3.1). Commonly, this yield level is calculated as the maximum yield
that can be obtained when a crop is cultivated under rainfed conditions (without receiving
irrigation). The Dutch potato farming system is a partially irrigated system. Therefore, two
distinct levels of water-limited potential yield are defined. Water-limited potential yield
under partially irrigated conditions (Ywir) represents the yield that can be obtained with the
actual irrigation applied by the farmer and can be calculated as it is known for each field
how much irrigation is applied (see Section 3.3.2). Ywir is equal to Yp when farmers apply
full irrigation completely avoiding water stress. Likewise, Ywir is lower than Yp when
farmers apply partial irrigation. Water-limited potential yield under rainfed conditions (Ywi)
represents the yield that can be attained if no irrigation is applied. Ywirr and Yw:f are always
indicated in t dry matter ha!
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Actual yield (Ya) is the yield that is obtained in farmers’ fields. Ya is lower than Yp and Ywirr
when a lack of nutrients limits optimal growth or when weeds, pests and diseases or poor
agronomic practices reduce yields. Ya can be higher than Ywis if farmers apply irrigation.
Actual yields are both expressed in t dry matter ha™ (Yapm) and in t fresh matter ha (Yarw).

3.2.2 Yield gap levels

Different yield gap levels are considered in this study (Fig. 3.1). The (Ypmax — Ypss) yield gap
is explained by radiation limitation and indicates the extra yield that can potentially be
gained if the crop is planted earlier or harvested later, which is determined by temperature
and accessibility to the field. At farm level it is not always possible to close this gap because
of limited availability of machinery and/or labour around critical moments. The (Ypts — YWirr)
yield gap is explained by water limitation as a result of drought and/or oxygen stress. This
gap represents the extra yield that can be obtained if farmers apply an optimal irrigation
and drainage strategy, compared to their current practice. An important condition for
closing the (Ypfs — Ywirr) gap is that the crop is not limited by nutrient availability and that
pests and diseases are effectively controlled. The (Ywir — Ya) yield gap is explained by
nutrient limitation and/or yield reduction by pests and diseases. The (Ypss — Ya) yield gap is
used to assess the yield gap at field level that is determined by the combined effect of
drought and/or oxygen stress, nutrient limitation and reducing factors. The (Ypmax—Ya) yield
gap is used to determine the maximum potential yield gain, compared to Ya, if also planting
and harvesting dates were changed.

3.3 Materials and Methods

3.3.1 Study area

We collected data from 96 different commercial ware potato fields in 2020 and 2021 (Fig.
3.2). Fields were selected in six different important potato growing regions in the
Netherlands: Tholen/West-Brabant (1), Zuid-Holland (2), Flevoland (3), Noord-Brabant (4),
Limburg (5) and Drenthe (6). Soils in the first three regions are characterised as clayey soils
and in the latter three regions as sandy soils. In the regions with clayey soils, we selected
fields with the variety Innovator and in regions with sandy soils, we selected fields with the
variety Fontane. These varieties were chosen as they are among the main cultivated
varieties on the respective soil types. We selected eight potato fields per region per year to
get an equal number of the sampled fields. Hence, we collected data from a total of 48 fields
for each soil type and for each year. Further on in this manuscript fields from 2020 are
labelled with 2 digits and fields from 2021 are labelled with 3 digits.
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Figure 3.2. Map of the Netherlands with field locations. Different colours indicate different years.
Different symbols indicate different soil types. Different numbers indicate different potato growing
regions in the Netherlands.

Farmers and fields for this study were selected in several ways. In 2020, farmers were
selected based on established contacts from earlier research, via contacts from the potato
processing industry and via the network of participating farmers. Most farmers who
participated in 2020 also participated in 2021. However, some farmers dropped out as they
were growing different cultivars in 2021. Newly participating farmers were selected from
the respondents lists of the survey employed in Chapter 2. Over the two years, in total 55
different farmers participated in this research. From each farmer, 1 to 2 fields per year were
selected. Overall, the selected fields represented a broad range in soil conditions and

nutrient management (Table 3.1).

The years 2020 and 2021 were distinct in terms of weather conditions. The first year could
be characterised as dry to average in terms of rainfall, with cumulative precipitation over

the growing season ranging from 153 to 387 mm (long-term average 416 mm) (Fig. 3.3A)
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Table 3.1. Soil properties and fertiliser application rates of the 96 fields (2020 and 2021). Indicated
for each variable are the mean, standard deviation, minimum value, and maximum value. See

Section 3.3.2 for more details on the measurements and calculations.

2020 2021
Variable Soiltype Mean SD Min  Max Mean  SD Min  Max
SOM (%) Clay 3.9 1.4 2.4 8.2 4.1 0.7 2.7 5.4
Sand 5.0 2.2 2.5 9.5 4.9 3 2.7 17.4
pH (-) Clay 7.6 02 73 79 7.5 02 67 77
Sand 5.5 0.4 4.7 6.2 53 0.5 4.2 6.1
Plant Clay 116 60 12 238 91 46 145 167
available N Sand 60 50 16 202 60 53 11.4 227
(mgkg?)
Plant Clay 2.1 2.1 0.3 6.9 1.6 1.2 0.5 4.9
available P Sand 5.8 3.9 0.6 15.2 5.8 5.1 0.3 16.4
(mgkg?)
Plant Clay 132 94 39 459 157 71 82 305
available K Sand 95 62 27 265 133 72 37 341
(mg kg?)
Total N Clay 1.8 0.7 1.0 3.7 1.8 0.4 1.0 2.6
(gkg™) Sand 1.6 05 08 27 1.6 0.7 10 41
Total P Clay 0.9 0.1 0.7 1.2 0.9 0.1 0.8 1.2
(g kgh) Sand 0.7 02 03 13 0.9 03 04 15
N applied (kg Clay 429 146 248 956 420 129 250 696
ha?)* Sand 287 62 123 379 299 72 136 503
Effective N Clay 347 74 248 545 337 66 234 450
applied Sand 222 52 88 304 226 47 98 334
(kg ha'1)”
P applied (kg Clay 55 32 0 154 58 35 0 133
ha'1) Sand 28 14 12 66 33 17 9 85
K applied (kg Clay 340 165 131 720 332 140 124 643
ha') Sand 280 87 49 431 277 103 41 552

"N applied is calculated as the total N applied between the harvest of the previous crop and the
harvest of the potatoes. Effective N applied is calculated over the same period, but then the nitrogen
fertiliser replacement values of the organic manures are taken into account (Section 3.3.2).

(KNMI, 2022a). The second year of the study could be characterised as an average year, with
cumulative precipitation over the growing season ranging from 317 to 461 mm. The
cumulative precipitation deficit was on average 200 mm in 2020 and 70 mm in 2021 (KNMI,
2022b). Cumulative global radiation was 15% higher in 2020 and 3% higher in 2021 than the
long-term average (Fig. 3.3B). Lastly, temperatures in 2020 were different from those in
2021. In 2020, the summer was relatively hot with a heat wave in August, while in 2021
spring was relatively cold (Fig. 3.3C).
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Figure 3.3. Cumulative precipitation (in mm) (A), cumulative global radiation (in MJ m) (B), and
temperature (in °C) (C) over time. Different colours indicate different years. Shaded areas present
the range of observed values across the six regions. LTA = long-term average (period 1991 — 2021).

In each field, we selected a small measurement area to minimise the effect of within-field
variability. The selected measurement area was always located in a part of the field where
limited effect of other factors was expected. For instance, the measurement area was never
in the headlands where heavier soil compaction is expected due to machine traffic. Nor was
it located directly adjacent to a neighbouring field to prevent irrigation from the
neighbouring field influencing potato growth in the measurement area. The selected
measurement area was divided into four plots which served as measurement replicates. In
2020 the size of each plot was 7 m long and 6 m (8 ridges) wide. In 2021 the size of each
plot was 7 m long and 9 m wide (12 ridges). Fields within one region were sampled within
one day (or two days when conditions were very wet) and fields within the same soil type
were always sampled within five subsequent days.

3.3.2 Data collection
Soil measurements

In each field, one composite soil sample was taken from the plots at the beginning of the
growing season. Soil organic matter (SOM) was measured using the loss on ignition method
by placing the sample in a furnace at 550 °C for 3 hours. SOM was corrected for clay content
using Hoogsteen et al. (2015), where clay content was provided by the farmer or taken from
a soil map. Soil pH was measured in water in a 1:2.5 soil:water ratio. Plant available N and
P were measured spectrophotometrically with a Skalar san++ system from a 0.01 M CacClx
extraction (Houba et al., 2000). Total N and P were measured in the same way after a
digestion with a mixture of H2S04—Se and salicylic acid. Plant available K was measured with
a Varian AA240FS fast sequential atomic absorption spectrometer from the same extracts.
All soil samples were analysed by an external laboratory. Soil penetration resistance was
measured using a penetrologger (Royal Eijkelkamp, 2022) at the beginning of the growing
season when it could be assumed that the soil moisture content was at field capacity. The
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measurements were repeated on three locations per plot. Lastly, potato cyst nematode
pressure was measured in each field in 2021. From the final harvest area one square meter
was intensively sampled for potato cyst nematodes at the start of the growing season. For
each sample, the number of living eggs and larvae per gram dry soil was counted. Appendix
B.1 provides a full overview of the measurements performed for this study, including the
measurements that were not used for analyses.

Crop growth monitoring

Each field was visited at least once every two weeks from planting to harvest, resulting in
10 — 13 field visits per field during the entire growing season. Crop developmental stages
were recorded throughout the growing season. Emergence was assumed when 80% of the
plants in the middle two ridges of a plot emerged. Tuber initiation was assumed when three
out of four plants formed three or more tubers with a diameter of at least 1 cm. Flowering
was assumed to take place when 50% of the plants flowered (Appendix B.2 provides an
overview of the dates of the different developmental stages). Furthermore, crop health was
scored at each visit using a scale from 1 to 5. A score of 5 indicates a healthy crop and a
score of 1 indicates a very diseased crop. Scoring was done based on visual inspection. The
average crop health score was calculated by averaging all scores of the crop throughout the
growing season. Before full canopy closure, the emergence rate was assessed by counting
the number of emerged plants per plot.

Yield and yield quality measurements

Yield was measured during and at the end of the growing season. Sampling strategies
differed between the two years. In 2020, two intermediate harvests were done in August
on a2 m?areato measure gross tuber yield, which is referred to as the total harvested tuber
weight. Final yield sampling was done from a 3 m? area after haulm killing or natural
senescence, or just before harvesting by the farmer in case haulms had not senesced. From
each plot of the final harvest, a 6 kg subsample was taken to measure underwater weight.
In 2021, throughout the growing season four intermediate harvests were done for
Innovator and five intermediate harvests were taken for Fontane from a 2 m? area. We
measured gross tuber yield at each harvest. A composite tuber sample (from all plots) was
analysed for dry matter concentration early in the season and for underwater weight when
the weight of the composite sample reached more than 5 kg. Final yield was measured in
the same way as in 2020.

Crop management information

Farmers were asked to report their crop management information for each field. Farmers
informed us when they applied irrigation and how much they applied per event.
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Information was collected on the type, timing and quantity of the applied fertilisers and
crop protection products. We processed the information on applied fertilisers to calculate
the total applied nitrogen, phosphorus, and potassium. The amounts were calculated as the
sum of famer applied nutrients starting from the harvest of the previous crop till the end of
the potato growing season and exclude deposition and mineralisation. We calculated
effective applied nitrogen in the same way, but used nitrogen fertiliser replacement values
from the Dutch government to correct for the readily available nitrogen (RVO, 2018). We
further processed the information on crop protection products to calculate the total
amount of active ingredients and the Environmental Impact Points of the product
application, using the Environmental Yardstick tool (Reus and Leendertse, 2000). It is a tool
that combines information on the applied quantity and harmfulness of the applied product
to soil and aquatic organisms and ground water. It can be used to calculate the
environmental pressure of the applied crop protection products. Farmers reported planting,
haulm killing and harvesting dates (Appendix B.2). From two fields the crop management
information was incomplete, and these fields were excluded in analyses that required crop
management information.

3.3.3 Using SWAP-WOFOST to estimate different yield levels and water stress
The model SWAP-WOFOST was used to estimate Ypmax, Yprs, YWirr, YW and the respective
yield gaps. WOFOST (de Wit et al., 2019) is a process-based crop growth model that has
recently been calibrated for the varieties used in this study (ten Den et al., 2022). The model
simulates dry matter accumulation of the crop as a function of irradiation, temperature and
crop characteristics, with daily time steps (de Wit et al., 2020). Soil water availability is
simulated using a classical water balance in which it is assumed that soil water can drain
freely to deeper groundwater layers.

For more detailed simulations of soil water availability in the rooted zone, WOFOST can also
be coupled with the soil hydrological model SWAP (Kroes et al., 2017). In SWAP, the soil
profile can be divided into multiple compartments with different soil characteristics for each
compartment. Furthermore, SWAP can deal with interactions between available water in
the rooted zone and the groundwater level. Using SWAP, it is possible to simulate not only
the effect of drought stress on crop growth, but also the effect of oxygen stress.

SWAP-WOFOST was run with two different assumptions on the interaction between water
in the rooting zone and the groundwater level. In the first run, we assumed no interaction
between the two. In this case, water in the rooting zone was assumed to drain freely to
deeper groundwater layers below the rooting zone. In the second run, we assumed that
there was an interaction between water in the rooting zone and the groundwater level via
capillary rise. We used the free drainage situation for yield gap calculations and statistical
analyses in the sandy soils, as groundwater levels in these soils are relatively deep during
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the growing season. We used the interaction situation for yield gap calculations and
statistical analyses in the clayey soils, as groundwater levels in these soils are relatively
shallow during the growing season. In both runs, drought stress was simulated using Feddes
(1982) and oxygen stress using Bartholomeus et al. (2008).

Field-specific values needed to run SWAP-WOFOST were assigned based on our
measurements or publicly available data. The nearest KNMI-weather station data was used
for the weather data. However, rainfall data was replaced with farmer’s rainfall
measurements in case a farmer owned a weather station. Rooting depth was estimated as
the average depth at which the measured soil penetration resistance was larger than 2 MPa,
with a maximum rooting depth of 50 cm (Silva et al., 2020). Soil type and profile were taken
from the BOFEK soil map (Heinen et al., 2022). Crop management information (planting,
irrigation, haulm killing) was taken from the crop management information provided by the
farmer. The groundwater levels were collected from the ‘Landelijk Hydrologisch Model’
(NHI, 2023).

SWAP-WOFOST was used to simulate different yield levels and estimate water stress. Ypmax
was modelled assuming planting on April 1 and haulm killing on September 21 on clayey
soils and on September 30 on sandy soils and correspond approximately to the 5% percentile
for planting date and the 95" percentile for harvesting date of the studied fields. In practice,
planting date is determined by temperatures and accessibility to the field. Harvesting date
is determined by an anticipation on trafficability of the field in autumn. Only if the farmer
planted earlier or harvested later than these dates, the farmer’s planting or harvesting dates
were used. Ypss, Ywir and Yw:s were modelled with field specific planting and harvesting
dates. Total water stress was estimated as the difference between potential transpiration
and actual transpiration and expressed in mm water per growing season. The reduction in
transpiration that was attributed to insufficient water availability is referred to as drought
stress and the reduction in transpiration as a result of excess water is referred to as oxygen
stress.

3.3.4 Statistical analysis
ANOVA was used to test for significant yield differences between years and soil types,
where Tukey HSD was used a post-hoc test.

Various statistical methods were used to explain yield and yield gap variability among the
studied fields. First, a comparison was made between the best and worst performing fields
in terms of Yapwm, Yarm, the (Ypss — Ya) yield gap or the (Ywirr — Ya) yield gap. This was done
per soil type and variety and for both years together and separately. Groups were made
with the highest yielding fields (or fields with smallest yield gap) and lowest yielding fields
(or fields with largest yield gap) and consisted of 12 fields when the analyses were done for
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both years together and of 6 fields when done for a single year. Following, we assessed
whether there was a significant difference between the two groups for each of the
measured yield gap explaining factors. A student t-test was used for normally distributed
data and a Mann-Whitney U test was used for non-normally distributed data. Normality was
assessed using a Shapiro-Wilk test.

Linear regression models were used to test for correlations between yield or the yield gap
and measured variables. To avoid risk of overfitting, a selection of variables that were to be
included in the statistical models had to be made. First, a full model was made using either
Yaowm, Yarm, the (Ypss — Ya) yield gap or the (Ywir — Ya) yield gap as a dependent variable and
all measured variables as explanatory variables. Then, we used the dredge function from
the MuMIn package (Barton and Barton, 2015) to run all possible combinations of reduced
models, using R version 4.2.2. We added a restriction to the function that only one to a
maximum of four explanatory variables could be included in the reduced linear models.
Furthermore, we excluded all combinations of variables that were correlated to each other
(Pearson correlation test > 0.5). After running all models, the top-ranking models were
selected based on the AlCc criterium, where all models with AAICc < 3 were considered to
be top-ranking models. Finally, a model was built with all explanatory variables that were
included in one or more of the top-ranking linear models. However, if explanatory variables
were correlated to each other, we included only the variable that was used in the majority
of the top-ranking models. If explanatory variables were correlated to each other and were
used in an equal share of top-ranking models, multiple models were built and the model
with the lowest AICc was chosen as the final statistical model. This analysis was performed
for only the fields on sandy soils (cv. Fontane), only the fields on clayey soils (cv. Innovator),
or all fields together. For the latter group, we included variety as an explanatory variable in
all linear models and the maximum number of explanatory variables to be included in the
reduced models was changed from four to five.

To further understand the relationships between yield or yield gap and the measured
variables, yield or yield gap was plotted against each of the measured variables that had a
significant effect on the yield or yield gap in one of the earlier performed statistical analyses.
Following, quantile or linear regression was used to test if there was a significant
correlation.
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3.4 Results
3.4.1 Actual yield

For Innovator on clayey soils, final gross yield averaged 63 t ha? and ranged from 48 to 77 t
hain 2020 and averaged 54 t ha* and ranged from 34 to 61 t ha*in 2021 (Fig. 3.4). Already
early during the growing season large significant yield differences were observed between
the two years, i.e., a 16 t ha! yield difference between the average yields in week 31 and a
14 t ha'yield difference between the average yields in week 33. For Fontane on sandy soils,
the average final yield was similar for both years with 62 t ha*in 2020 and 64 t ha in 2021.
However, a difference in yield range was observed at the end of the growing season. In
2020, the final yield ranged between 40 and 83 t ha?, and in 2021 between 53 to 81 t ha™.
Earlier on during the growing season, the yield difference between the means of the two
years was 6 t hal in week 32 and 2 t ha in week 34, both differences were significant in
favour of 2020.
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Figure 3.4. Gross yield (in t fresh matter ha) over time for two different soil types (with respective
varieties) and in two years. Final harvest refers to the final harvest of the growing season and
depended on the ripening stage of the crop. A * indicates significant differences between the two
years using ANOVA (p < 0.05).

3.4.2 Potential and water-limited potential yields as compared to actual
yields

Simulated results for Innovator cultivated on clayey soils in 2020 showed that Yapm was
below or similar to Ypss in all fields (Fig. 3.5). Furthermore, for most of the Innovator fields
Yaom was around the same level as Ywir. However, for a few fields (46 — 48, 65 — 68) Yapwm
was higher than simulated Ywir. Irrigation resulted only in a few fields with Innovator in
higher water-limited potential yields compared to rainfed conditions (Ywir > Yw), but
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resulted in lower water-limited potential yields (which SWAP-WOFOST attributed to oxygen
stress) in other fields (Ywir < Yws). Simulated results for Fontane on sandy soils in 2020
showed that in almost all fields Yaom remained below or at Yps. Only in one field Yaom was
slightly higher than the Yps. Irrigation resulted in higher water-limited potential yields in
most fields compared to rainfed conditions (Ywir > Yws). Ywir simulations using SWAP-
WOFOST were at the same level or higher than Yapm.

Simulated results of 2021 show a similar model performance compared to the results of
2020. For Innovator on clayey soils, Yps was higher than the Ya in all fields (Fig. 3.6).
Furthermore, Ya measurements were in a fair agreement with Ywir. Only in a few fields,
Ywirr was slightly lower compared to Ya. For Fontane in 2021, Ya of most fields remained at
or below Ypss and Ywir. Furthermore, only in a few fields mild water limitation was observed
(Ywirr < Ypss).

Average Yapy was 12.7 t ha™ for Innovator in 2020 and 11.3 t ha in 2021 (Fig. 3.7). In 2020,
average Ywir and Yw,s were similar to the average Yaom, whereas in 2021 average Ywirr was
1.2 t ha! higher than average Yapm and average Yw, was 1.4 t ha higher. Yps was similar
for both years (around 16.5 t ha on average). Extending the growing season resulted in
average Ypmax levels which were 1.0 t ha™* higher than Ypssin 2020 and 0.6 t ha higher than
Ypts in 2021.

For Fontane, Yapw was 12.9 t halin 2020 and 13.9 t ha in 2021. Yw,s was on average 10.8
t halin 2020 and 16.7 t ha' in 2021. Applying irrigation increased Ywir, on average, by 3.2
thalin 2020 and by 0.2t hain 2021 compared to Yw. Ypss was 17.7 t halin 2020, whereas
it was 17.3 t ha! in 2021. Extending the growing season resulted in average Ypmax levels
which were 2.0 t ha? higher than Ypss in 2020 and 1.6 t ha higher than Ypss in 2021.

3.4.3 Yield gap components

The average total (Yps — Ya) yield gap, was 3.8 t DM ha™ for Innovator in 2020 (23% of Ypss,
range 1 -43%), 5.0 t DM ha'® for Innovator in 2021 (31% of Ypss, range 19 — 53%), 4.8 t DM
ha for Fontane in 2020 (27% of Ypss, range 0 —47%) and 3.4 t ha'l for Fontane in 2021 (20%
of Ypss, range 0 — 36%) (Fig. 3.8). For Innovator, yield reduction was largely attributed to
oxygen stress in both years. However, there was large variability among fields, i.e., in some
fields there was no yield limitation attributed to oxygen stress, whereas in other fields yield
was limited by more than 5 t ha. Considering that the actual yield development (Ya over
time) matched yield development of Ywi in most fields (Figs. 3.5 and 3.6), yield seemed to
be limited by drought and/or oxygen stress and little of the Innovator yield gap seemed to
be attributable to nutrient limitation and/or reducing factors. The (Ypmax — Ypss) yield gap
was 1.1t DM hain 2020 and 0.7 t DM ha in 2021, suggesting a modest gain from a longer
growing season.
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Figure 3.5. Tuber yield (in t DM ha) over time for the year 2020. Red dots indicate Ya. Grey lines
indicate Ypgs. Blue lines indicate Ywi,. Green lines indicate Yw,y. Innovator was grown on clayey soils;
Fontane on sandy soils. Continuous lines indicate simulated values and dots indicate measured
values. Numbers in the headers of the plots indicate field numbers.
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Figure 3.6. Tuber yield (in t DM ha) over time for the year 2021. Red dots indicate Ya. Grey lines
indicate Ypg. Blue lines indicate Ywi,,. Green lines indicate Ywy;. If lines are not visible they are at the
same level. Innovator was grown on clayey soils; Fontane on sandy soils. Continuous lines indicate
simulated values and dots indicate measured values. Numbers in the headers of the plots indicate
field numbers.

57



Chapter 3

Clay (Innovator) Clay (Innovator)
2020 2021
201
154 T | i |
ol L
Y | o
_CCU .
s °
) Sand (Fontane) Sand (Fontane)
N 2020 2021
o 201 == —
e = = .
> 15 . | .
107 5
5.

t ®©
=
g >

Ypfs 7]
Y Wiy

gégc\s
s 25

Ypmax |
Ypmax 1

Figure 3.7. Different yield levels (in t DM ha) for two different years and soil types (and respective
cultivars). Red dots indicate average values. Values of Ya are measured. Other values are modelled.

For Fontane, drought stress limited yields on average by 3.6 t DM ha™ in 2020 and 0.5 t DM
hain 2021. Drought stress variability was large among fields, as in some fields no drought
stress was simulated whereas in other fields drought stress resulted in a 7t DM ha! yield
limitation. Nutrient limitation and/or reducing factors were responsible for an additional
1.2t DM ha?yield gap in 2020 and an additional 3.0 t DM ha yield gap in 2021, with again
large variability observed among fields. Planting earlier or harvesting later could have
increased potential yield by 2.0 t DM ha' in 2020 and 1.6 t DM ha' in 2021.

3.4.4 Explaining yield (gap) variability

A detailed overview of the results from the statistical analysis is provided in Appendix B.3.
Here, only a summary with the main findings is provided. Statistical analysis showed that
for both Innovator on clayey soils and Fontane on sandy soils, water stress caused lower
yields and larger yield gaps. On clayey soils, water stress was caused by excess water,
whereas on sandy soils water stress was caused by drought. Crop health score and
emergence rate were found to correlate to both the yield and yield gap, where a higher
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Figure 3.8. Yield gap components (in t DM ha) for two different years and soil types (and respective
cultivars). Different coloured boxplots indicate different yield gap levels. Red dots indicate average
values.

crop health score and emergence rate were related to a higher yield or lower yield gap.
Furthermore, for Innovator on clayey soils a positive relationship was found between the
use of active ingredients and environmental impact points of crop protection agents and
the vyield levels. Both for Fontane and Innovator, insignificant or counterintuitive
relationships were found between actual yield or the yield gap and soil properties or
fertiliser application rates. From the data it could not be concluded that yield increased or
the yield gap decreased with increasing fertilisation rates or soil fertility, suggesting limited
effect of soil conditions and fertilisation on actual yield or the yield gap.

3.4.5 Yield gap decomposition and field observations

Considering the (Ypmax — Ya) yield gap, 12 — 31% of the yield gap could be explained by a
limitation in radiation, which can be attributed to late planting or early harvesting (Fig. 3.9).
Drought stress explained, on average, 8 — 18% of the Innovator yield gap and 9 — 52% of the
Fontane yield gap. In both years, 59% of the Innovator yield gap and less than 1% of the
Fontane yield gap was attributed to oxygen stress. Nutrient limitation and/or reducing
factors jointly explained 1% and 21% of the Innovator yield gap in 2020 and 2021,

59



Chapter 3

respectively. For Fontane, nutrient limitation and/or reducing factors jointly explained 18%
of the yield gap in 2020 and 59% of the yield gap in 2021.
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o~ 75%H explaining
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Figure 3.9. Yield gap explaining factors in percentage of the (Ypmax — Ya) yield gap. Different colours
indicate different yield gap explaining factors.

The reducing factors that explained the yield gap constituted a multitude of factors and
varied widely across fields (Table 3.2). For almost all fields with a (Ywirr — Ya) yield gap (Figs.
3.5 and 3.6), logical factors were found to qualitatively explain the remaining yield gap.
Diseases were an important component of the reducing factors in most of the fields, but in
other fields yield reduction was related to poor agronomic practices such as mal-functioning
planting machines or planting cut seeds. In a number of fields, a multitude of yield gap
explaining factors reduced yields. In field 113, part of the seed tubers rotted away leading
to a lower emergence rate. In the same field, rotting also affected the ware potato tubers
at the end of the growing season, resulting in a reduced yield. Furthermore, there was a
light late blight infection in this field. In field 212, seed and ware tuber rot were also
important reducing factors, caused by a Pectobacterium infection. Field 214 suffered from
bacterial wilt due to Pectobacterium, late blight and early senescence of plants, starting
from mid-June. For field 217 we hypothesised that excessive canopy growth slowed down
tuber growth, possibly because of overfertilisation with nitrogen on an already rich soil. In
addition, there was a late blight infection in this field. In field 415 there was a second flush
of tuber initiation in July, which was expected to have slowed down tuber growth in this
field. Only for field 15 no logical explanation could be found for the (Ywir — Ya) yield gap.
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Table 3.2. Yield reducing factors and in which fields these occurred. See Appendix B.4 for pictures
and more elaborate information on the affected fields.

Yield reducing factor Field number
Pectobacterium (causing black leg disease or soft rot) 11, 18, 27,28
Tubers rotten away before emergence, disease unclear 33,114, 314
Cut seed, irregular emergence 41, 64
Alternaria (causing early blight) 62,411
Potato cyst nematodes 37%, 317
Fusarium rot 413
Damaged planting machine 612
Senesced sprouts, no emerging stems 311

Tuber rust, possibly because of Ca deficiency 44

Multitude of yield gap explaining factors 113,212, 214, 217, 415
Unclear 15

* For field 37 potato cyst nematode pressure was not tested, but based on the irregular canopy closure
we assumed potato cyst nematodes were the cause of the lower yields.

3.5 Discussion
3.5.1Yield gap levels and yield gap explaining factors

This study revealed that by combining frequent field monitoring throughout the growing
season combined with crop growth modelling, we were able to provide detailed insight in
variability in yield gaps and yield gap explaining factors at field level for ware potato
production in the Netherlands. We estimated the average (Ypss — Ya) yield gap (i.e., potential
yield given farmers’ planting dates minus actual yield) for the variety Innovator cultivated
on clayey soils at 23% of Ypssin 2020and 31% in 2021, and for the variety Fontane cultivated
on sandy soils at 27% of Ypfsin 2020 and 20% in 2021. At field level the (Ypss — Ya) yield gap
ranged from 1 to 53% for Innovator and from 0 to 47% for Fontane.

A yield gap decomposition analysis showed that the Innovator yield gap could be mostly
attributed to oxygen stress in both years, and that the Fontane yield gap was mostly
determined by drought stress in 2020 (a relatively dry year) and by reducing factors in 2021
(an average year in terms of precipitation) (Figs. 3.8 and 3.9). Crop growth modelling
combined with the statistical analyses were useful to determine the overall effect of
reducing and or nutrient limiting factors on the yield gap, but could not be used to identify
specific problems at individual fields. Using the field observations throughout the growing
season, we could establish that the reducing factors that impacted crop growth were
diverse (Table 3.2). A large part of the reducing factors was related to the use of diseased
planting material, such as Pectobacterium infected tubers. In other fields, there were
problems with airborne diseases, such as early and late blight. Poor agronomic practices
also caused part of the yield gap in a few fields, where for instance one farmer reported a
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broken planting machine and other farmers planted cut seed tubers resulting in
heterogeneous plant densities. In two fields, yields were reduced by the presence of potato
cyst nematodes.

Based on our results, we argue that there is limited scope to narrow the average ware
potato yield gap in the Netherlands. Yield gains are only to be made for specific individual
fields. At the same time, it is also important to consider resource use efficiency when
targeting fields with lower productivity. Our study shows that yield gains can be made
through earlier planting, increased irrigation, improved drainage and planting healthy seed
material using the same inputs. However, these recommendations are given at field level,
while farmers operate at farm level. At farm level it is not always possible to apply optimal
or timely management because of limited availability of labour and machinery (Kingwell,
2011; Reidsma et al., 2015), or adverse weather conditions (van Oort et al., 2012). For
example, in one specific field in this study, a farmer still had to harvest leeks in April.
Therefore, the farmer could not plant earlier than in May. In other fields, farmers were
unable to irrigate. In these fields, rather than to increase yield, we would argue to adjust
inputs to the expected yield levels based on the biophysical conditions at field level and
socio-economic constraints at farm level, with the aim to use resources more efficiently.

3.5.2 Frequent field monitoring compared to big data approaches

In our study, yield (gap) variability was partly attributed to the same yield determining
factors as in earlier studies. Previous studies concluded that ware potato yield levels are
determined by sowing and harvesting dates (Mulders et al., 2021; Silva et al., 2020),
irrigation (Mulders et al., 2021; Silva et al., 2020), variety (Mulders et al., 2021; Silva et al.,
2020), fungicide use (Silva et al., 2017) and preceding crops (Mulders et al., 2021). In
addition, less clear or contradicting effects were found of soil properties and fertiliser
application on yields (Mulders et al., 2021; Silva et al., 2021; Vonk et al., 2020). Our study
provided new insights in the potato yield gap variability in the Netherlands. Previous studies
did not clearly quantify the yield limiting effect of oxygen stress and yield reducing effects
of pest, diseases and poor agronomic practices. Neither did these previous studies show the
variability in yield gaps and yield gap explaining factors among fields. Furthermore, the
variability explained by (similar types of) regression models was much lower in Silva et al.
(2020) (R? = 0.34) than in our study (R? = 0.39 — 0.65) (Appendix B.3, Table B.4). This shows
that our method proved effective for detailed yield gap variability assessments at field level.
This contrasts with a big data approach which “are useful to characterise cropping systems
at regional scale and to develop benchmarks for farm performance, but not as much to
explain yield variability or make predictions in time and space” (Silva et al., 2020, p. 11).

While we were not able to quantify the relative contribution of different reducing factors
on the yield gap, the qualitative analysis through field observations did provide an overview
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of the reducing factors at individual fields, and showed that the reducing factors affecting
yield were very diverse. This is another benefit compared to other studies where yield gaps
were attributed to reducing factors, but where lack of information prevented drawing
conclusions as to which pests and diseases or other factors were reducing yields (Deguchi
et al., 2016; Silva et al., 2017). When field observations were included, observations were
done in only a few fields (Sinton et al., 2022), or excluded important aspects of cultivation,
such as water stress (Grados et al., 2020), limiting the applicability to a wider group of
farmers.

3.5.3 Methodological considerations

The reported (Ypss — Ya) yield gap in this study is similar to earlier reported yield gaps of 25
— 30% for ware potato production in the Netherlands (Silva et al., 2020, 2017). However,
these earlier analyses reported lower levels of both Ypts and Ya. The higher simulated
potential yields in our study can be attributed to the fact that we used a recently calibrated
version of WOFOST (ten Den et al., 2022) to estimate potential yield. Higher observed Ya
levels can be explained by different ways of determining Ya. In earlier studies, Ya was
assessed at farm level (Silva et al., 2017) or at field level (Silva et al., 2020), which includes
non-yielding areas such as spraying tracks and lower yielding areas such as headlands. We
measured Ya from a delineated plot, excluding non and lower yielding parts of the field. In
addition, manual harvesting prevented loss of small tubers during harvest.

The yield gap analysis in this study is largely based on crop growth model outputs. Model
results from the recently calibrated version of WOFOST showed a fair agreement with
measured crop growth (Figs. 3.5 and 3.6). However, there were also some uncertainties
around the use of SWAP-WOFOST, especially around simulating oxygen stress. In a few clay
fields, modelled water-limited potential yield was lower than measured actual yield, which
should not be possible according to the yield gap concept. Underestimation seemed to be
related to a particular soil type class from the BOFEK soil map (Heinen et al., 2022) in regions
1 and 3 (Fig. 3.2), which we expect to be a result of incorrect soil property classifications for
these particular fields. Furthermore, there are other possible reasons for overestimating
the effect of oxygen stress. First, groundwater levels were taken from the ‘Landelijk
Hydrologisch Model’ (NHI, 2023). These groundwater levels are simulated levels and have
not been validated in the field. Second, rooting depth was estimated using penetrologger
measurements. However, the oxygen stress function within SWAP-WOFOST is sensitive to
rooting depth (Bartholomeus et al., 2008). Therefore, overestimating rooting depth may
have resulted in overestimating oxygen stress. Lastly, oxygen stress is related to water
excess, which can be a result of high intensity rainfall events. Such events are erratic and
very local. Hence, the employed precipitation from the KNMI weather stations could have
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overestimated precipitation in farmers’ fields and therefore have led to higher simulated
oxygen stress levels.

The negative effect of oxygen stress on potato yields in the Netherlands has not been clearly
reported earlier. Excessive rainfall was earlier identified as a climate risk (Diogo et al., 2017;
Schaap et al., 2011), and it was identified that it can cause a delay in planting and harvesting
(van Oort et al.,, 2012) or resulted in severe water logging during the growing season
(Wustman, 2005). However, these studies describe the effect of water excess on the timing
of management activities and relatively extreme wet cases of standing water in the field. In
our study, we showed that also in wetter periods during the growing season which do not
coincide with flooding, water excess can negatively affect potato yields. This was the case
for clayey soils, and not for sandy soils, which are usually well drained and therefore have a
low risk of excess water (Wagg et al., 2021). An important consideration is that our result is
solely based on crop model outputs and have not been validated in the field. Although the
crop model simulations align strongly with our observations in the field and it has been
shown before that excessive water can reduce potato yields (Benoit and Grant, 1985) and
other crops (Hack-ten Broeke et al., 2019), the extent to which we assessed that oxygen
stress limited yield requires experimentation and evaluation in the field.

3.6 Conclusion

By combining frequent field monitoring and crop growth modelling, we gained detailed
insight in the yield gap and yield gap explaining factors at field level for the Dutch ware
potato production system. We found that the average (Ypfs — Ya) yield gap ranged from 20
—31% depending on the soil type and variety, but that the (Ypss — Ya) yield gap in individual
fields ranged from 0 — 53%. On clayey soils with the variety Innovator, the yield gap was
mostly attributed to oxygen stress caused by water excess. While this attribution is based
on the crop model results, oxygen stress effects must be better examined in the field. On
sandy soils with the variety Fontane, the yield gap was mostly determined by drought stress
in 2020, a relatively dry year, and by reducing factors in 2021, an average year in terms of
precipitation. The reducing factors that affected potato yields varied from field to field and
were mostly related to diseases, but in some cases to pests or poor agronomic practices
also. Extending the growing season by earlier planting or later harvesting could potentially
increase yields as well, but it is constrained by availability of labour and machinery and
adverse weather conditions, and is only possible if no other factors limit or reduce yield.
Overall, we see limited scope to narrow the yield gap as current ware potato production is
already close to the exploitable yield (i.e., which is assumed to be ca. 80% of potential yield
considering economic and environmental efficiency). Yield gains are only to be made for
individual fields given they are not constraint by other factors.
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We showed that combining frequent field monitoring with crop growth modelling provided
detailed insight in the yield gap variability at field level. The crop growth modelling allowed
us to break down the yield gap in different components. Through the frequent field
monitoring we could identify the wide diversity of yield reducing factors at field level. As
such our method contrasts to other yield gap analyses using big data approaches which
were less suitable to assess crop yield variability among fields.
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Abstract

Current ware potato production levels in the Netherlands are approximately 70% of their
potential. It is hypothesised by several stakeholders within the potato value chain that part
of the potato yield gap is caused by a lack of phosphorus (P) and potassium (K) application.
In this study we analysed for 46 farmers’ fields if increasing P and K fertiliser application
rates led to a higher yield and yield quality. We found that, on average, increased P and K
fertiliser application did not result in a significantly higher yield for two currently cropped
potato cultivars on two different soil types in the Netherlands (Innovator on clayey soils and
Fontane on sandy soils) and in two years (2019 and 2020). However, on sandy soils at
relatively lower farmer K application rates, our K application led to a small positive yield
response up to 5 t ha. On clayey soils there was an average positive yield response to our
K application at lower vyield levels of the control. For P, we did not find any correlation
between yield response to P application and the amount of P applied by farmers or any of
the measured soil parameters. In terms of yield quality, K application led to a slight
reduction in underwater weight on sandy soils in 2019 and a slight increase in yield of large
tubers in 2020. We conclude that, although in some fields there was a small positive yield
effect of increased K application, increasing P and K application rates will not narrow the
potato yield gap and improve potato yield quality in the Netherlands. Instead, increasing P
and K application will decrease P and K use efficiency, and hence is not recommended from
an environmental and economic perspective.

Keywords

Phosphorus | potassium | yield response | yield gap | fertiliser | nutrient management |
Solanum tuberosum
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4.1 Introduction

Adequate nutrient input is indispensable to obtain high crop vyields, including potatoes
(Koch et al., 2020). The yield level of a cropping system can be expressed through the yield
gap which describes the difference between potential and actual yield (van Ittersum et al.,
2013). Potential yield is the maximum vyield that can be achieved given climate conditions
and planted cultivars in the production region. Actual yield is the yield that is achieved in
farmers’ fields, considering possible limiting effects of water and nutrients and reducing
effects of pest and diseases. Current ware potato production levels in the Netherlands
average 52 t ha, which is estimated to be approximately 70% of their potential (Silva et al.,
2020, 2017; Chapter 3), and varies largely among farms and fields. Hence, there is still scope
to increase potato vyields; specifically on the lower yielding fields. Farmers and potato
agronomists within the potato value chain hypothesise that the existing potato yield gap
could be partly explained by a lack of phosphorus (P) and potassium (K) input. Moreover, it
is hypothesised that a lack of P and (particularly of) K input has a negative effect on yield
quality.

In the case of P, several potato growers argue that their potato yields are limited because
of strict regulations on nutrient application rates (Dekker and Postma, 2008; Lépez-Porrero,
2016; van Rotterdam, 2021). Almost 70% of Dutch potato farmers indicated that with less
strict phosphorus application legislation they would be able to increase potato yields at
their farm (Chapter 2). Nutrient inputs in the Netherlands were increased after the Second
World War until approximately the 1990s to stimulate crop productivity (FAOSTAT, 2022;
van Dijk et al., 2016). Although this indeed hugely increased crop yields, it also came at an
environmental cost. Consequently, the Dutch government, in tandem with European Union
legislation, started to restrict nutrient inputs, specifically N and P, in agricultural fields, to
reduce nutrient losses to the environment (Neeteson, 2000; Oenema, 2004).

In the case of K, agronomists within the potato industry hypothesise that the ware potato
yield gap could be partly explained by too low K fertiliser application rates. The rationale
behind this hypothesis is that on sandy soils higher yields were observed in fields with higher
plant available K (Mulders et al., 2021) and that in part of the potato production fields
farmers’ K application rates were lower than K uptake rates of the potato crop, leading to a
negative K balance (Vos and Van Der Putten, 2000). This hypothesis is not new as already in
the 1980’s there were doubts about the advised K fertilisation rates for potatoes for similar
reasons, i.e., potato K uptake rates were higher than K application rates (Alblas, 1984).
Relatively low K application rates were justified for young clayey soils in the Netherlands in
polders that were created in the second half of the 20" century as until recently no yield
response to K application was found on such soils (Janssen, 2017). However, according to
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the agronomists within the potato industry, adequate K fertilisation has been neglected in
part of the commercial production fields for too long, resulting in lower potato yields.

Increased P and K fertilisation — if current application rates are inadequate — is expected to
not only affect yield, but also yield quality. Increased P fertiliser application can lead to an
increased tuber number per plant and a reduced average tuber size (Prummel, 1969; Rosen
and Bierman, 2008). In other experiments increased K application led to reduced
underwater weight levels (Alblas, 1984; Ehlert and Versluis, 1990) or specific gravity
(Panique et al., 1997). Increased K application rates were also shown to have led to a larger
proportion of large tubers (Ehlert and Versluis, 1990; Panique et al., 1997), which is
favourable for processing potatoes, and to lower bruising rates (Alblas, 1984; Ehlert and
Versluis, 1990). However, these responses were site dependent and often greater at
relatively low soil P and K status.

In the past, many studies have been conducted to determine optimal fertiliser application
rates for potatoes, including for P and K (e.g., Alblas, 1984; Chapman et al., 1992; Ehlert and
Versluis, 1990; Maier et al., 1994, Mohr and Tomasiewicz, 2011; Mokrani et al., 2018;
Nyiraneza et al., 2017; Prummel, 1969). These experiments were generally carried out on
single or only a few experimental farms or fields, while in particular optimum P and K rates
are highly context specific because of past management and soil legacy effects (Jernigan et
al., 2020; Rui et al., 2020). To translate findings from experimental farms to commercial
fields, it is essential to do also on-farm experiments to understand what the effect of
different management practices means in practice (Cassman and Grassini, 2020; Silva et al.,
2017). This need for on-farm experiments is supported by the results of the earlier
mentioned studies in which yield response to P and K fertiliser application differed among
sites (Alblas, 1984; Chapman et al., 1992; Maier et al., 1994), years (Mohr and Tomasiewicz,
2011) and varieties (Chapman et al., 1992; Nyiraneza et al., 2017). Note that most
experiments in the Netherlands were carried out before the 1990s (e.g., the earlier
mentioned studies (Alblas, 1984; Ehlert and Versluis, 1990; Prummel, 1969)), mostly with
the variety Bintje, while in the meantime potato varieties have changed.

In this study, we investigated the two stakeholder-driven hypotheses and tested whether
increasing P and K application in farmers’ fields would increase potato yield and vyield
quality. To do this, we set up an unconventional fertiliser response trial in which we added
additional P and K fertilisers to farmers’ default fertiliser application rates (as control) on 46
commercial potato fields. By doing so, we aimed to investigate whether increasing current
fertiliser application rates could increase potato yields and yield quality and therefore
narrow the yield gap, while accounting for the farm-specific contexts. In addition, we
analysed whether there were any associations between yield or yield response to P and K
and soil conditions.

70



Effect increased Phosphorus and Potassium fertilisation on ware potato yield

4.2 Materials and methods
4.2.1 Study Area

We investigated the effects of increased P and K fertiliser application rates on potato yield
in 46 commercial potato fields across the Netherlands in 2019 and in 2020 (Fig. 4.1). In 2019,
we included 22 fields in this study and in 2020 24 fields. Each year, half of the studied fields
were located on sandy soils where growers cultivated the variety Fontane and half of the
studied fields were located on clayey soils where growers cultivated the variety Innovator.
These varieties were chosen as they are the most commonly cultivated cultivars on the
respective soil types. In 2019, farms were selected based on established contacts from
earlier research and through contacts from the potato industry. In 2020, mostly the same
farms were selected as in 2019. In addition, participating farms from 2019 proposed
neighbouring farms to participate. From each farm, 1 to 3 fields cultivated with potatoes
were selected for this study, representing a large range in soil conditions and nutrient
management (Table 4.1).
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Figure 4.1. Map of the Netherlands with locations of experimental sites.

The years 2019 and 2020 were both characterised as relatively dry, although there was a
large spatial variation throughout the studied region. Cumulative precipitation during the
growing seasons varied between 153 and 387 mm per growing season (from April 1 —
October 1), compared to 416 mm as long-term average (Fig. 4.2A) (KNMI, 2022a). The
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precipitation deficit averaged over all weather station in the Netherlands was 160 mm in
2019 and 209 mm in 2020, which is considerably higher compared to the long-term median
precipitation deficit of 80 mm (KNMlI, 2022b). In both years, monthly temperatures were
mostly higher than the long-term average (Fig. 4.2B); particularly the summer period was
very warm. In both years, a heat wave occurred with temperatures up to and beyond 40 °C,
which was never measured before in the Netherlands. On the other hand, in 2019 May was
colder than average with several days with night frost.
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Figure 4.2. Cumulative precipitation (in mm) (A) and average monthly mean, minimum and
maximum temperature (in °C) (B) in the Netherlands. Plotted areas in figure A indicate regional
variability in the respective years. LTA refers to the long-term average precipitation and
temperatures over the past 30 years (KNMI, 2022b, 2022a).

Fields included in the study varied in soil conditions reflecting differences that are observed
among farmers (Table 4.1). Soil organic matter (SOM) was, on average, 3.6% on clayey soils
for both years, 3.5% on sandy soils in 2019 and 5.0% on sandy soils in 2020. The reason for
this difference between years is that in 2020 other regions with naturally higher SOM were
included in the study. Considering all individual fields of both years, SOM ranged over two
years from 2.3 to 5.9% on clayey soils and from 2.0 to 9.5% on sandy soils. Soil pH was, on
average, 7.5 on clayey soils and 5.4 on sandy soils. Average plant available P was 2.2 mg P
kg! on clayey soils (range 0.3 — 6.7 mg P kg!) and 5.3 mg P kg™ on sandy soils (range 0.6 —
15.2 mg P kgl). Plant available K was larger on clayey soils than on sandy soils, with an
average available K of 117 mg K kg* on clayey soils (range 55 — 268 mg K kg!) and 83 mg K
kg on sandy soils (range 29 — 214 mg K kg!). Nutrient application rates (mineral + organic)
of the farmers (controls) were highly variable among fields with N application rates between
69 and 440 kg N hal, P application rates between 5 and 121 kg P ha* and K application rates
between 85 and 664 kg K ha! (Table 4.1, see Appendix C.1 for detailed information per
field). Details on the soil measurements can be found in Section 4.2.4 and details on the

nutrient application rates calculations can be found in Section 4.2.5.
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Table 4.1. Soil properties and fertiliser application rates of the farmers on the 46 fields (controls).
Indicated for each parameter are the mean, standard deviation, minimum value and maximum
value.

2019 2020
Variable Soil type Mean SD Min  Max Mean  SD Min  Max
SOM (%) Clay 3.6 09 23 5.8 3.6 11 26 5.9
Sand 3.5 1.0 2.0 4.8 5.0 2.1 3.0 9.5
pH () Clay 7.2 05 59 76 7.7 01 75 7.9
Sand 5.3 0.3 4.7 5.7 5.5 0.5 4.8 6.2
Plant available N Clay 151 32 88 185 97 49 12 170
(mg kg?) Sand 70 21 44 111 64 57 16 201
Plant available Clay 2.8 2.0 1.1 6.7 1.7 1.8 0.3 5.7
P (mg kg?) Sand 4.7 44 11 152 5.8 48 06 152
Plant available Clay 132 62 66 268 102 54 55 196
K (mg kg?) Sand 82 55 41 214 83 50 29 178
N applied (kg ha!)  Clay 311 70 186 414 344 63 255 440
Sand 237 46 170 329 235 70 88 322
P applied (kg ha'l)  Clay 63 33 18 177 63 33 20 122
Sand 39 21 22 79 30 19 11 73
K applied (kg hal)  Clay 379 134 217 664 356 165 178 614
Sand 248 56 152 339 283 107 85 431

4.2.2 Experimental design

To study the effect of increased P and K fertilisation on potato yield, we set up an
experiment comparing farmers’ nutrient management practices (control) with practices
with increased P or K fertiliser application rates. The control treatment was fertilised by the
farmer according to the farmer’s management (referred to as ‘farmer applied P’ or ‘farmer
applied K’), which was farm specific (Table 4.1). The P and K treatments were also fertilised
according to the farmer’s management but received on top of the farmer’s nutrient
application, an additional 30 kg P ha (69 kg P.Os hal; P treatment) or an additional 80 kg
K ha (96 kg K20 ha; K treatment). P fertiliser was applied manually in the form of TSP
(triple super phosphate) at the start of the growing season through band application. K
fertiliser was applied manually in the form of muriate of potash. In 2019, K fertiliser
application was applied in a split application with 70% applied at the start of the growing
season through band application and 30% applied around the end of June through
broadcast application. In 2020, all extra the K fertiliser was given at the start of the growing
season through band application.

The experiment was laid out slightly differently in 2020 than in 2019. In 2019, three
replicates of each treatment were laid out in a randomised complete block design. We
divided the farmers’ fields into a raster of pixels of approximately 50 x 50 m (excluding
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headlands and field borders). We then used the R package ‘agricolae’ to randomly select
three blocks in the field where the experimental plots would be located. In every block, the
three treatment plots (control, P and K treatments) were randomly located within a block.
The size of each plot was in 2019 6 x 7 m. We repeated this procedure for each of the 22
commercial potato fields. The 2019 field design proved physically too demanding for the
available labour as it required long distance walking with measurement equipment and
harvested potatoes in the (sometimes very large) fields. Therefore the design was slightly
adapted in 2020 in such a way that it could be combined with another experiment done in
the same fields. In 2020, we laid out all plots in a single block with four control treatments
and three P and three K treatments, approximating a completely randomised design. Four
control treatments, instead of three, were used as the experiment on P and K fertilisation
took place simultaneously with another experiment — and for the other experiment four
repetitions were required. The control plots were always located in the middle of the
experiment, and the P and K treatments were randomly located around the control plots.
We considered this layout to be sufficiently randomised because we repeated this
experiment in 2020 in 24 fields with different spatial soil conditions in each field. In 2020,
the size of each plot was 3 x 5 m. See appendix C.2 for an example on the field layouts in
2019 and 2020.

4.2.3 Crop management

As this experiment was set up in commercial potato fields, all crop management was done
by the farmer. There was a large variability in the management practices reflecting a wide
variety of Dutch potato cultivation practices. Planting dates ranged from March 31 till May
6. Irrigation was applied by most of the farmers and ranged, if applied, from 20 mm to 150
mm per growing season. Haulms were killed in most of the fields and haulm killing took
place from August 30 till October 5. In the other fields, the crop senesced naturally or was
harvested while the haulms had not fully senesced. All farmers applied herbicides,
pesticides and fungicides to control weeds, pests and diseases. The type of crop production
products and frequency of spraying was managed by the farmer to his or her own insight.
See Appendix C.1 for detailed information on crop NPK-management, soil parameters,
planting dates and harvesting dates of each field.

4.2.4 Data collection

In each field, one composite soil sample was taken from the experimental plots at the
beginning of the growing season. Soil organic matter (SOM) was measured using the loss on
ignition method by placing the sample in a furnace at 550 °C for 3 hours. SOM was corrected
for clay content using Hoogsteen et al. (2015). pH was measured in water in a 1:2.5
soil:water ratio. Available N and P were measured spectrophotometrically with a Skalar
san++ system from a 0.01 M CaCl; extraction. Available K was measured with a Varian
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AA240FS fast sequential atomic absorption spectrometer from the same extracts. All soil
samples were analysed at a laboratory of Wageningen University.

At the end of the growing season final yield was measured from a three m? area in each
plot. For 2019, this was only a small part of the total plot size as the rest of the plot was
used for measurements taken during the growing season. These measurements were not
repeated in 2020 and therefore no results on these measurements are presented in this
manuscript as they were not repeated over multiple years. Yield sampling took place after
haulm killing or natural senescence, or just before harvesting by the farmer in case haulms
had not senesced. From each plot, a 6 kg subsample was taken to measure underwater
weight, number of tubers, and tuber size distribution, which were used as parameters to
assess yield quality. Crop management information was reported by the farmer.

4.2.5 Data analysis

Measured yield data were used to calculate gross yield and marketable yield. Gross yield
refers to the gross yield ha? of all harvested tubers after cleaning. Marketable yield was
calculated as the yield ha™ of tubers larger than 40 mm and excluding any tubers that were
green or were severely misshaped.

Collected farm management data was used to calculate N, P and K application rates per
field. Nutrient input was considered as the sum of fall and spring fertiliser applications. Fall
application refers to fertilisers applied after the harvest of the main crop in the previous
growing season. Spring application refers to nutrients applied in the same year as the
potatoes were cultivated. For calculating N application rates, we included 22 kg N ha™ of
nitrogen deposition (CLO, 2022). Effective N application was calculated from organic
fertilisers (mostly manure) considering nitrogen fertiliser replacement values as used by the
Dutch government (RVO, 2018).

For each field, the P and K yield response was calculated as the difference between the
average P or K treatment yield and the average control treatment yield. P and K balance
were calculated for the control treatments as the total P or K applied by the farmer minus
the P or K taken up by the tubers. Nutrient content was based on average P and K contents
of Innovator and Fontane tubers measured in another trial (ten Den et al., 2022).

For statistical analysis, three fields were completely or partly excluded from the analysis. In
2019, one K treatment plot from one of the fields was excluded, because of incorrect top
dressing of K fertiliser. In 2020, one field was discarded because of emergence problems in
the field, which was inconsistent across plots and would therefore affect the analysis. From
another field in 2020, two K treatment plots were excluded from the analysis, as the farmer
drove through the treatment plots and the plants were severely damaged.
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Analysis of variance (ANOVA) was used to analyse treatment effects on potato yield and
quality parameters. A Tukey’s HSD test was used as a post-hoc test to assess significant
differences between treatments. Field nested with block was added to the statistical model
as random effect. Hence, for the data of 2020 only one block was considered. Analysis was
done in R version 4.0.2 using packages ‘nime’ and ‘emmeans’.

Multiple linear regression was used to analyse relationships between yield or yield response
and soil parameters and fertiliser application rates. Data was analysed separately for soil
types. Year was always included in the statistical model, also if there was no significant year
effect. This was done to make sure that a relation was an actual correlation between yield
response and the studied factor and did not indirectly reflect a difference between years.

4.3 Results

4.3.1 Yield differences between treatments

Average gross yield of the control treatment was 65 t ha in 2019 and 60 t ha'! in 2020 for
clayey soils (cv. Innovator). On sandy soils (cv. Fontane), average gross yields of the control
treatment were 64 t hal in both years. ANOVA showed that there was a significant
interaction between treatment, year and soil type (p = 0.023), and between treatment and
year (p = 0.035). This is reflected in the significant difference between the P and K treatment
on sandy soils for 2020 (p = 0.020) (Fig. 4.3). Furthermore, there were no significant
differences in gross yield among treatments for the different year and soil type
combinations. The marketable yield was on average 1.7 t ha' lower than the gross yield on
the clayey soils (cv. Innovator) and 4.6 t ha™! lower on the sandy soils (cv. Fontane). ANOVA
of the marketable yield showed a similar pattern as for the gross yield with no significantly
higher yields for the P and K treatments compared to the control treatment. Furthermore,
no significant differences were observed between the control and P or K treatments for dry
matter yield (Appendix C.3).

Yield quality was affected by the treatments to a limited extent. Under water weight was
significantly lower for the K treatment (373 g) compared to the control (382 g) on sandy
soils in 2019. This effect was not significant for 2020 or for clayey soils. Yield of tubers larger
than 50 mm was significantly higher for the K treatment on sandy soils in 2020. In 2019 this
difference was not observed. Neither was this observed for clayey soils (see figures in
Appendix C.3)

4.3.2 Yield and yield response in relation to soil parameters

No significant relationships were observed between gross yield or yield response and
available P or K (Fig. 4.4). This was irrespective of the year and soil types with the respective
cultivars. SOM, pH and available N neither showed a relationship with yield or yield
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Figure 4.3. Gross yield (top row) and marketable yield (bottom row) (in t ha!) of the different
treatments for 2019 and 2020 for fields on sandy and clayey soils. Significant differences between
treatments within year and soil type group are indicated by different letters.

response (Appendix C.4). Significant relationships between tuber quality parameters and
soil parameters were neither observed (results not shown).

4.3.3 Yield and yield response in relation to fertiliser application

No relationship was observed between yield of the control treatment and farmer applied P
(control) on both soil types (Fig. 4.5A). Also, no relationship was observed between yield
response from the P treatment and farmer applied P (Fig. 4.5B). Similarly, on clayey soils
(cv. Innovator) no relationship was found between yield of the control treatment or yield
response from the K treatment and farmer applied K (Fig. 4.5C — D). On sandy soils (cv.
Fontane), no relationship was found between vyield of the control treatment and total K
applied by the farmer (control) (Fig. 4.5C), but a significant negative relationship (p = 0.018)
was observed between yield response to the K treatment and farmer applied K for both
years (Fig. 4.5D). This indicates that a positive yield response to extra K application was
observed at relatively low levels of farmer applied K and not at higher farmer applied K. Yet,
the R? of this correlation was 0.13, indicating that only very little of the variation in yield
response could be explained by farmer applied K. Appendix C.5 shows the absence of
relationships between yields or yield responses and farmer nitrogen application. Significant
relationships between tuber quality and farmer applied nutrients were not found (results
not shown).
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Figure 4.4. Gross yield of the control treatment (in t ha) (A, C)), yield response to P application (in
t ha) (B) and yield response to K application (in t ha?) (D) against available P (in mg kg) (A, B) or
available K (in mg kg) (C, D) separated for soil type and the respective cultivar. The dotted
horizontal line (B, D) indicates no response of the crop to the P or K treatment. The dashed
horizontal line (B, D) indicates the average response to the P or K treatment.

Statistical models that tested the effect of an interaction between soil parameters and
farmer applied P or K revealed no significant effects on yield of the control treatment nor
on yield response to P or K application (results not shown).

4.3.4 Yield response in relation to yield of control treatment

Lastly, we analysed whether a positive yield response to P or K treatments was correlated
to different yield levels of the control. A significant negative correlation (p < 0.001) was
found between yield response to extra K and yield of the control treatments on clayey soils
for both years (Fig. 4.6B). This means that at low yield levels of the control treatment there

78



Effect increased Phosphorus and Potassium fertilisation on ware potato yield

801

Yield of control treatment (t ha'1)

40+

801

Yield of control treatment (t ha'1)

40

701

601

504

40+

801

704

601

501

An
» A
AL A
b A, e .
24, *
o®
L] A
®
A‘A
o‘:‘A o ©
AA
o ® A

701

601

504

40+

801

704

601

501

25 50 75 100 125

Farmer applied P (kg ha™")

C) A
A.A
A
®o A A
° ®
wi,
0% 4 0
° °
y
e o
A® .oA:
A
° ®a

200 400 600

Farmer applied K (kg ha™")

Yield response to P application (t ha‘1)

Yield response to K application (t ha‘1)

B)
A o
. g A ®l2
Y 3 S ® _.elS
.................................. Pkt E
A ." A 2
8]
A g
N —
w
A} S
° ﬁ =3
-6.-......—..-..-..-.‘.-...-..-..-..—..-..-..-..-..—..-..-..-..—../_\n
- ° S
® -
°
. o

25 50 75 100

125

D) ® A ]
® AA ® o
jo]
[ X J ® =
__________ A A
............... o9 TOITTITTETIIN]3
° 4 4a 5
L4 ® 2

A
A y=515-0.02x |
jo)
o~ A % 4 R?=0.13 3
_____ DTS
........... u‘\..g
A%~ E
A a @ R

A

400 600

Farmer applied K (kg ha™")

Year

A 2019
® 2020

Year

4 2019
e 2020

Figure 4.5. Yield of the control treatment (in t ha) (A, C), yield response to the P treatment (in t
ha) (B) and yield response to the K treatment (in t ha?) (D) against farmer applied P (in kg ha)
(A, B) or farmer applied K (in kg ha') (C, D) separated for soil type and the respective cultivar. The
dotted horizontal line (B, D) indicates no response of the crop to the P or K treatment. The dashed

horizontal line (B, D) indicates the average response to the P or K treatment.

was, on average, a positive yield response to K application. Such negative correlation
between yield response to extra K and yield of the control treatment was not observed on
sandy soils (cv. Fontane) (Fig. 4.6B). Neither was such a correlation observed between yield
response to extra P and yield of the control treatment on both soil types (Fig. 4.6A).

4.3.5 Phosphorus and potassium balance of the control treatments
The P balance (P input — P output, see Section 4.2.5) of the studied commercial potato fields
showed that, on average, there was a positive balance of 39 kg P hain clayey soils and 11
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Figure 4.6. Yield response to P application (in t ha') (A) and yield response to K application (in t
ha?) (B) against yield of the control treatment (in t ha*) separated for soil type and the respective
cultivar. The dotted horizontal line indicates no response of the crop to the P or K treatment. The
dashed horizontal line indicates the average response to the P or K treatment.

kg P ha! in sandy soils (Fig. 4.7). Only in a limited number of fields more P was taken up by
the crop than was applied by the farmer. The average K balance on clayey soils was also
positive (125 kg K ha'), and only in four fields more K was taken up by the crop than applied
by the farmer. On the other hand, on sandy soils there was a negative K balance in 79% of
the studied fields. On average, this resulted in a negative K balance of -17 kg K ha on sandy
soils.

4.4 Discussion

In this study we analysed if increasing P and K fertiliser application rates could narrow the
potato yield gap in commercial potato fields in the Netherlands. We found that, on average
across the 46 fields studied, there was no significant effect of increased P and K fertiliser
application rates on potato yield compared to farmers’ fertiliser application strategies (Fig.
4.3). For P we did not observe any relationship between yield response to increased P
fertiliser application rates and the measured soil parameters or farmer applied P. For K an
association was found with farmer applied K and yield of the control treatment, but the
effect varied per soil type and was small. On sandy soils (cv. Fontane), a positive response
to increased K application was observed in fields with relatively low farmer applied K (Fig.
4.5D). On clayey soils (cv. Innovator), increased K application rates led to slightly higher
average potato yields at low yield levels of the control treatment (Fig. 4.6B). There were
only small effects of increased K fertilisation on yield quality. Increased K application rates
led to a slightly lower underwater weight on sandy soils in 2019 and to a slightly higher yield
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Figure 4.7. P balance with P uptake (in kg ha') against farmer applied P (in kg ha') (A) and K
balance with K uptake (in kg ha') against farmer applied K (in kg ha') (B) separated for soil type
and the respective cultivars. The dotted line shows the 1:1 line representing a P or K balance of 0
kg hat.

of the large tuber size on sandy soils in 2020. However, the effects were small and not
consistent over the years. Overall, we conclude there seems to be limited scope to narrow
the potato yield gap or to increase potato tuber quality by increasing P and K application
rates.

Given a long history of high P and K input rates in The Netherlands, the P and K balances
also suggest limited scope for narrowing the potato yield gap by increasing P and K fertiliser
application rates. On average, there was a net P input into the fields on both soil types (Fig.
4.7A), implying that a P deficit in the soil is not to be expected. For K, it was observed that
there was a net K input on clayey soils (balance: 125 kg ha') and a small net K output on
sandy soils (balance: -17 kg K ha?) (Fig. 4.7B). This negative K balance on sandy soils could
potentially explain why a positive yield response to K application was found on sandy soils
at low K application rates (Fig. 4.5D). However, it is important to note that the presented P
and K balances are based on a single cropping season. To fully evaluate the nutrient balance,
it will be essential to perform an analysis on a whole crop rotation considering historic
fertiliser application rates and soil P and K stocks (Deike et al., 2008; tukowiak et al., 2016;
Sattari et al., 2012). Especially on clayey soils, P and K fertilisers are not applied every year,
but more often before a potato crop as that is the cash crop for farmers in the Netherlands
(Goffart et al., 2022). To perform a P and K balance calculation of entire crop rotations, not
only historical fertiliser input is required, but also historical yield data. This is often lacking
for farmers’ fields, as was the case in our trial.
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For evaluating the effect of fertiliser application on narrowing the yield gap, not only
fertiliser application rates are relevant, but also soil P and K status should be considered. In
the studied fields, plant available P ranged from 0.3 till 15.2 g P kg'! and plant available K
ranged from 28.7 till 267.6 g K kg%, indicating a large range in soil P and K status. A direct
comparison from our study with the scientific literature that analysed P or K responses
(Alblas, 1984; Chapman et al., 1992; Ehlert and Versluis, 1990; Panique et al., 1997;
Prummel, 1969) is difficult as different methods were used to test soil P and K status, or the
research was performed in a different area. However, given the very large variability in soil
fertility we assume that at low plant available P or K fertiliser responses could have been
observed if there was a lack of P or K fertilisation.

Water is another factor that can influence fertiliser response in potato production. Bélanger
et al. (2000) showed a greater fertiliser recovery of nitrogen by the potato crop with
irrigation compared with no irrigation. Liu et al. (2015) showed that the potato crop had a
higher P uptake under full irrigation than under deficit irrigation. In our study both 2019 and
2020 were relatively dry years (Fig. 4.2). Farmers did irrigate, but the amount of water
applied was not always enough to meet the crop water requirements. Hence, fertiliser
recovery in the studied fields might have been limited by drought stress water limitation;
with water-limited yields, a lower potential nutrient uptake is to be expected. Particularly,
this could have played a role in the K recovery in sandy soils as there was a negative K
balance in these fields and because sandy soils are generally more prone to drought stress.

Other studies aiming at explaining potato yield variability in the Netherlands also analysed
the effect of P and K soil status and fertiliser application on potato yield. Silva et al. (2020)
did not find any correlation between P or K input and yield. Mulders et al. (2021) did not
find an effect of P and K fertiliser application on crop growth either. However, in that study
it was shown that plant available K positively affected tuber growth at a large scale farm in
the south of the Netherlands, where potatoes are cultivated on sandy soils (Mulders et al.,
2021). Overall, the results of these studies are largely consistent with our findings,
suggesting no effect of soil P status and P fertilisation on potato yield in the Netherlands
and mixed, but generally small effects of soil K status and K fertilisation on potato yield.

Although there was a slight positive effect of increased K fertiliser application rates in some
fields, the yield increases were only a small portion of the potato yield gap levels currently
observed in the Netherlands (Silva et al., 2017). The average current yield gap of ware
potatoes was assessed at 20 t ha™! (approximately 30% of potential production). However,
the average yield gain of extra potassium application was only up to ca. 5t ha', and was
observed in just a few fields (Fig. 4.5D). Hence, there is a need to further investigate which
yield limiting (water, interactions between nutrients, other nutrients) or reducing factors
(pests and diseases) are major contributors to the prevailing potato yield gap and yield gap
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variability in the Netherlands. Earlier determined drivers of actual yield variability in the
Netherlands were the region (in the Netherlands), year, cultivar earliness, sowing date,
harvesting date, precipitation, applied irrigation and field size (Silva et al., 2020). Many of
these factors are yield defining factors (van Ittersum et al., 2013) and thus explain why
potential yields differ among fields, but not necessarily why the yield gap is different among
fields. Silva et al. (2017) suggested interaction effects of nutrients and crop protection
products. However, they, used secondary farm survey data which provide little detail on
farm management, and hence on-farm experiments and direct interactions with farmers
are needed to better understand yield gap variability.

This study aimed at obtaining higher possible potato yields by increasing P and K fertiliser
application rates. Although it is a relevant question to assess if a lack of P and K fertilisation
contributes to the existing yield gap, it does not necessarily reflect European and national
policy targets to increase nutrient use efficiencies (Gil et al., 2019), nor does it accord with
a new paradigm on plant nutrition (Dobermann et al., 2022). The aim of this paradigm is to
tailor fertiliser application in such a way that it serves multiple societal objectives, such as
environmental ones which are high on the agenda, but also lower utility of finite resources
as P. This requires utilising nutrients with high efficiency. In our study, we increased P
fertiliser application rates by 30 kg ha! and K fertiliser application rates by 80 kg ha*. With
no yield response to P application and an observed yield response of up to 5 t ha to K
application in a limited number of fields, fertiliser recovery of the additional applied
nutrients would range from 0% to maximum 30%, which is low. From an environmental (and
economic) perspective, increasing P and K application in potato production fields in the
Netherlands is thus not recommended.

4.5 Conclusion

In this study we analysed whether increasing phosphorus or potassium application rates in
farmers’ fields could increase yield levels and improve yield quality in the Netherlands. We
showed that, on average, across 46 commercial potato production fields, increased P and K
fertiliser application did not increase yield in farmers’ fields. Only for K a small positive yield
response to increased K fertiliser application was found on sandy soils when farmers’ K
application rates were low, or on clayey soils when yields of the control were low. However,
the found relationships could explain only small portions of the yield variability. In terms of
yield quality, increased K fertiliser application slightly reduced the underwater weight and
increased the yield of the large tubers on sandy soils, although this effect was observed in
only one of the two studied years. Overall, we conclude that there is limited scope to narrow
the yield gap or increase yield quality by increasing P and K fertiliser application rates in the
Netherlands. In addition, we argue that increasing P and K fertiliser application rates for
potato production is not desirable from an environmental (and economic) perspective as in
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most of the commercial fields fertiliser recovery of the additionally added nutrients would
be absent or low, decreasing overall nutrient use efficiency. In this study, we were unable
to identify causes of the existing potato yield variability in the Netherlands. Hence, to
answer this question, future research should further investigate which other yield limiting
or reducing factors are able to explain the existing (ca. 30%) potato yield gap.
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Chapter 5: Effects of planting date and field type on yield
outweigh effect of seed potato origin

This chapter will be submitted as:

Ravensbergen, A. P. P., Zou, C., Struik, P.C., Reidsma, P., Kempenaar, C. & van Ittersum, M.K.
Effects of planting date and field type on yield outweigh effect of seed potato origin.
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Abstract

Potato yields in the Netherlands are highly variable. Although variability in yield has
previously been attributed to several crop management factors, part of the yield variability
remains unaccounted for. It is hypothesised that part of this unexplained yield variability is
influenced by seed potato origin, encompassing where and under what conditions seed
potatoes have been cultivated. In this study, we investigated the effect of seed potato origin
on crop characteristics and tuber yield in interaction with and in comparison to planting
date and field type in a two-year on-farm experiment on a large-scale potato farm. We
evaluated three different ware potato origins of the variety Fontane, three different
planting dates (early, intermediate, late) and two different field types (rainfed wet and dry
irrigated). Origin significantly affected the number of stems per plant and number of tubers
per stem in both years. This resulted in a significant effect of origin on number of tubers per
plant in the first year. In that year, the origin with the lowest number of tubers per plant
also produced the highest yield of tubers larger than 50 mm. Despite these (small) effects
of seed potato origin on crop characteristics, origin did not significantly affect gross and
marketable yield. Moreover, there was no interaction between origin and planting date
and/or field type. However, there was a significant main effect of planting date and field
type onyield. Yield in the wet rainfed field was up to 17 t ha higher than in the dry irrigated
field and late planting resulted in a yield reduction up to 10 t hal. We conclude that for
maximizing ware potato yield of the variety Fontane in the Netherlands, effects of planting
date and field type outweighed the effect of seed tuber origin.

Keywords

Solanum tuberosum | physiological age | analysis of variance | on-farm trial | seed
potatoes
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5.1 Introduction

Potato yields in the Netherlands are highly variable, with reported yield ranges from 30 to
80 t ha at farm level (Silva et al., 2017) and from 30 to 90 t ha™ at field level (Mulders et
al., 2021a; Silva et al., 2020a; Chapter 2). Part of the yield variability has previously been
attributed to differences in sowing and harvesting dates, irrigation use, cultivated varieties,
fungicide use and preceding crops (Mulders et al., 2021a; Silva et al., 2020a, 2017a; Chapter
3). Analyses in these studies were largely based on comparing yield of a large number of
fields or farms, using farmer reported or measured data. These data are useful to explore
the effect of crop management and field type on crop characteristics and yield for a wide
range of conditions. However, the data are less suitable to understand the effect of factors
that are not well reported or require testing under the same conditions to rule out the effect
of confounding factors. An example of such a factor is seed potato origin. It is hypothesised
that seed potato origin can explain part of the yield variability among farms and fields, as it
was previously found that seed potato origin can influence crop growth (Mulders et al.,
2021; van der Zaag and van Loon, 1987).

Seed potato origin encompasses where and under what conditions seeds were produced in
the field and stored at the farm and thereby determines the physiological quality of the
seed tubers (Struik and Wiersema, 1999). Seed potatoes that have been cultivated on
different sites or with different management practices, but stored under similar conditions,
can differ in their dormancy period (van Ittersum, 1992a, 1992b) and ware potato yield
production (Johansen et al., 2008; Wiersema and Booth, 1985; Wurr, 1979). Seed potatoes
stored under different temperature regimes, but cultivated under similar conditions, differ
in their sprouting capacities (Susnoschi, 1981), ware potato yield production (Krijthe, 1958;
Rykaczewska, 2010; Struik and Wiersema, 1999), number of stems per plant and number of
tubers per stem and per plant (Nepal et al., 2016).

An important aspect of seed potato origin is its influence on physiological age. Struik and
Wiersema (1999) described physiological age as the stage of tuber development, which is
modified progressively by increasing chronological age, depending on growth history and
storage conditions. Physiological age influences emergence, number of stems per plant and
number of tubers per stem and tuber yield (Nepal et al., 2016; O’Brien et al., 1983; Struik
and Wiersema, 1999; van der Zaag and van Loon, 1987; van Ittersum, 1992b). Optimal
production of the ware crop requires an ideal physiological age of the seed tubers. If the
seed tubers are too young, tubers will not sprout timely and produce a late and low-yielding
crop. If the seed tubers are too old, growth vigour will be reduced, and when very old no
sprouts may form, but so-called little potatoes (Bodlaender and Marinus, 1987). Generally,
it is agreed that relatively older seed tubers will give the highest yield when the growing
season is short (e.g., for seed tuber production or under organic production when an early
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crop is needed to escape disease infections), whilst relatively younger seeds will give the
highest yields when the growing season is long (Asiedu et al., 2003; Bean and Allen, 1980;
Caldiz, 2009; Vakis, 1986; van der Zaag and van Loon, 1987).

In addition to seed potato origin, planting date and field type (including water holding
capacity as affected by soil texture, rootable depth and landscape topography) are crucial
factors to consider when establishing a potato crop. Early planting can prolong the growing
season, potentially resulting in higher yields (Johnson et al., 1996; Silva et al., 2020), whilst
late planting can shorten the growing season, leading to lower yields. In dry years, fields
with lower soil water holding capacity tend to have shorter crop cycles and lower yield
compared to fields with high water holding capacity that sustain longer growing seasons
and higher yields. Evidently, these factors may interact with seed tuber origin, yet there is
limited knowledge how seed potato origin effects yield compared to and in interaction with
planting date and field type.

In this study, we investigated the effect of seed potato origin on crop characteristics and
tuber yield in interaction with planting date and field type in a two-year on-farm
experiment. Furthermore, we compared the effect of seed potato origin on yield to the
effect of planting date and field type. The farm where the experiment was performed is
intensively managed and located on sandy soils in the south of the Netherlands. Previously,
a five-year on-farm experiment was conducted on the same farm to evaluate the effect of
seed potato origin on yield (Bartelen, 2016; Waverijn, 2020). However, in these experiments
potatoes were harvested prematurely, constraining the ability to formulate final
conclusions. In this study, we optimised the design of the earlier experiments.

5.2 Materials and Methods
5.2.1 Study site

The experiment was performed at the farm ‘van den Borne Aardappelen’ (51°19'09.5"N
5°10'29.5"E), a large-scale commercial farm located on sandy soil in the south of the
Netherlands, on which each year approximately 600 ha are cropped to potato (Mulders et
al., 2021). For an optimal establishment of the crop at the start of the growing season, the
farmer has to consider three main factors: (1) different field types, (2) a wide planting
window and (3) different seed potato origins. Two main field types are distinguished: dry
irrigated fields and wet rainfed fields. Dry irrigated fields have a shallower topsoil layer, are
located on top of slightly rolling slopes and therefore have less soil moisture available
throughout the growing season. These fields are irrigated to compensate for the lower
water availability. Wet rainfed fields have a deeper topsoil layer, are located in depressions
in the landscape and therefore generally have more soil moisture available throughout the
growing season. These types of fields are generally not irrigated. The planting window of
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the farm is year dependent but spans more than one month. In a year with favourable (dry)
weather conditions during spring, planting is started around the first week of April and
finished around the second week of May. The majority of the fields are planted with the
variety Fontane, a key cultivar for the potato processing industry. Planted seed tubers (of
the cultivar Fontane) originate each year from the same three seed potato growers from
the northern part of the Netherlands. These growers cultivate and store their seed tubers
according to their own management practices. Table 5.1 provides information on important
management dates in the seed tuber fields and storage temperature sums.

In both years, the experiments were laid out in two commercial fields of the farm, where
one field was characterised as a dry irrigated field and the other field was characterised as
a wet rainfed field, similar to the field types on the farm as described earlier. The trial fields
were managed and fertilised alongside with the management of the rest of the commercial
fields (Table 5.2 provides an overview of fertiliser application and irrigation rates of the trial
fields). Nutrient application rates were calculated as the sum of applied nutrients from
January till the end of the growing season. Effective nitrogen was calculated using nitrogen
fertiliser replacement values prescribed by the Dutch government (RVO, 2018). Application
rates excluded nitrogen deposition and mineralisation from the soil.

Table 5.2. Fertiliser application rates and irrigation of the trial fields.

2021 2022

Dry Wet Dry Wet

irrigated rainfed irrigated rainfed

field field field field
N applied (kg ha't) 480 380 445 336
Effective N applied 324 314 373 235
(kg ha't)
P applied (kg ha't) 75 63 108 37
K applied (kg ha') 374 376 523 340
Number of irrigation events (#) 1 0 4 0
Total irrigation water applied (mm 30 0 100 0
ha')

In terms of weather, 2021 and 2022 were contrasting years (Fig. 5.1). A nearby weather
station (approximately 20 km away from the fields) reported 420 mm of rainfall during the
growing season in 2021 and 320 mm in 2022. Whereas rainfall distribution from April 1 until
September 30 was fairly homogeneous in 2021, 2022 came with a very dry July and August
with only a few mm of rainfall. The cumulative precipitation deficit during the growing
season was 70 mm in 2021 and 225 mm in 2022 (KNMI, 2023). Global radiation was similar
to the long-term average in 2021 and above average in 2022. In terms of temperature,
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spring was relatively cold in 2021 and summer was relatively warm in 2022 with a heat wave
in August.

A) ] B) C)zo
g ¢ 30001 Year
= € 1 2021
c — —
S 300 2 e
Ky = 201 —_ 2022
a < 2000 o
5 o 2 15 LTA
2 2001 = [
a I' 8 )
o = o
= 2l g ] € 101
= n = 1000 S
100 s [
g p ©° 51 = Tmax
S - (O]
== T
O o) F 0 01 ave
Apr Jul Oct Apr Jul Oct Jan Apr Jul Oct == Tmin
Date Date Date

Figure 5.1. Cumulative precipitation (in mm) (A), cumulative global radiation (in MJ m?) (B), and
monthly average temperature (in °C) (C) over time. Different colours indicate different years. LTA =
long-term average (period 1992 — 2022).

5.2.2 Experimental design

An experiment was laid out with seed potato origin and planting date as treatments within
each of the two field types, following a randomised complete block design with four
replicates. The design and measurements were optimised based on a similar experiment
running from 2015 — 2019 (Bartelen, 2016; Waverijn, 2020). Just before the first planting
date, seed potatoes sized 40 — 50 mm were collected from the three different seed potato
growers that supply seed tubers to van den Borne Aardappelen. Seed potatoes were
collected from a single 1 m? storage box to make sure tubers from a single origin were stored
under similar conditions. In the weeks between collecting the seed tubers and the second
and third planting date, all seeds were stored in the same storage facility at the ware potato
farm until planting. Hence, differences in storage were only created until the first planting
date.

Planting dates were consistent with early, intermediate, and late planting at the farm. In
2021, seed tubers were planted on April 8, April 22, and May 6. In 2022, seed tubers were
planted on April 12, April 26, and May 10. Seed potatoes were planted at 75 cm between
rows and 33 cm within rows. Small hills were built manually directly after early and
intermediate planting. After the final planting date, hilling was done on the whole trial field
with a machine, resulting in a planting depth of 16 cm. In 2022, hilling was done incorrectly
in six plots in the wet rainfed field, therefore these plots were discarded from the analysis.

5.2.3 Crop measurements
Two intermediate harvests were taken from a 2 m? plot (8 plants) in the third week of July
and August and final harvest was taken from a 5 m? plot (20 plants) at the end of the growing
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after crop senescence in both years. The number of stems per plot were counted during
both intermediate harvests. The average of the two measurements was used for further
calculations. Tuber weight and underwater weight were measured, and the number tubers
were counted at each harvest using a (semi-)automatic grading machine. Among tuber
quality aspects, tuber size and dry matter content are important quality aspects for the
potato processing industry. Tubers larger than 40 mm are marketable. Large tubers can give
farmers a premium price. Because these different size classes are relevant for farmers, we
assessed at each harvest total tuber yield (all tubers), marketable yield (tubers > 40 mm)
and large-tuber yield (tubers > 50 mm). Underwater weight was recalculated to dry matter
concentration using the equation established by Ludwig (1972). For frying potatoes, a dry
matter content of at least 19.7% (underwater weight 360 g) is required. This was achieved
in all plots (data not shown) and therefore not further considered.

5.2.4 Statistical analysis

Analysis of variance (ANOVA) was used to analyse treatment effects on potato yield and
other crop characteristics. A Tukey’s HSD test was used as a post-hoc test to assess
significant differences between treatments, with the blocks added as random effects.
Analysis was done in R version 4.2.2 using packages ‘nIme’ and ‘emmeans’.

5.3 Results

5.3.1 Effect of seed potato origin on crop characteristics and yield

The number of stems per plant was significantly affected by seed potato origin in both years
(Table 5.3). In addition, in 2021 an interaction was observed between origin and planting
date. Origin A had significantly fewer stems per plant compared to the other two origins at
all planting dates (Fig. 5.2). Origin C had significantly more stems per plant when planted
late (5.7 stems plant) than when planted early (4.7 stems plant?) (p = 0.001). In 2022, a
three-way interaction was observed between origin, planting date and field type, and a two-
way interaction between origin and field type (Table 5.3). On the wet rainfed field, no
significant differences were observed in number of stems per plant (Fig. 5.2). On the dry
irrigated field, origin B had significantly more stems per plant when planted late (6.3 stems
plant?) than when planted early (5.0 stems plant?) (p = 0.040) and origin C had significantly
more stems per plant when planted late (6.8 stems plant) than when planted at the early
(4.9 stems plant®) (p = 0.009) or intermediate planting date (5.2 stems plant?) (p = 0.018).
In addition, origin C (6.8 stems plant) had significantly more stems per plant than origin A
at the late planting date (5.2 stems plant) (p = 0.005).
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Both field types
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Figure 5.2. Number of stems per plant. Different shades of grey indicate different origins. No overlap
in letters indicate significant differences between combinations of planting date and seed tuber
origin. For the wet rainfed field there were no significant differences between planting dates and
origins.

The number of tubers per stem was significantly different among origins in 2021, but not in
2022 (Table 5.3). In 2022, a significant interaction between origin and planting date was
observed as well. At intermediate and late planting, origin B (3.3 and 3.4 tubers stem™
respectively) and C (3.2 and 3.0 tubers stem™ respectively) had significantly fewer tubers
per stem than origin A (4.1 and 4.6 tubers stem™ respectively), and compared to planting
early (B: 3.9, and C: 4.1 tubers per stem™) (Fig. 5.3). In 2022, a significant interaction effect
was observed between origin and field type (Table 5.3). Origin B had significantly more
tubers per stem on the wet rainfed field (3.6 tubers stem™) than on the dry irrigated field
(2.8 tubers stem™) (p = 0.017). This effect was not observed for the other origins.
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Figure 5.3. Number of tubers per stem for different origins and planting dates in 2021 and for
different origins and field types in 2022. Different shades of grey indicate different origins. No
overlap in letters indicate significant differences between combinations of planting date and seed
tuber origin in 2021 and field type and seed tuber origin in 2022.

There was a significant interaction between origin and planting date on the number of
tubers per plant in 2021 (Table 5.3). Comparing at final harvest, origin A produced
significantly fewer tubers per plant (15.5 tubers plant?) than origin B (18.0 tubers plant?)
(p = 0.001) and C (19.0 tubers plant?) (p = <0.001) when planted early (Fig. 5.4). When
planted at the intermediate planting date, origin A produced significantly fewer tubers per
plant (15.6 tubers plant?) than origin C (17.4 tubers plant®) (p = 0.04), but not than origin B
(17.0 tubers plant?) (p = 0.11). There was no difference among origins in number of tubers
per plant at final harvest for the late planting date. In 2022, there seemed to be a small
difference in number of tubers per plant at final harvest when planted early (Fig. 5.4).
However, there was no significant interaction between planting date and origin, nor was
there a significant main effect of origin at final harvest (Table 5.3).
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Figure 5.4. Number of tubers per plant at three different harvest moments for three different
planting dates (Early, Intermediate, Late) and two different years. An asterisk indicates significant
differences among origins.

There were no significant interaction effects between origin and planting date or field type
on number of marketable tubers per plant or dry matter content (Table 5.3). Nor was there
a significant main effect of origin on number of marketable tubers per plant or dry matter
content.

Although crop characteristics were affected by seed potato origin, gross and marketable
yield were not significantly different among origins in both years (Table 5.3, Fig. 5.5). Nor
were any significant interactions found with field type and/or planting date. However, in
2021 there was a significant main effect of seed potato origin on large-tuber yield (tubers >
50 mm) (Table 5.3). Final large-tuber yield of origin A (54 t ha*) was significantly higher than
that of origin B (46t ha?) (p =0.003) and C (48 t ha') (p = 0.029) (Fig. 5.5). This effect seemed
to be larger in the dry irrigated field than in the wet rainfed field (Fig. 5.5B), but the
interaction was not significant. In 2022, no significant interaction or main effect of origin on
large-tuber yield was found (Table 5.3).

5.3.2 Effect of seed potato origin on yield compared to planting date and field

type

In both years, marketable yield was most strongly affected by the field type (Fig. 5.6A).
Marketable yield was 16 t ha* higher in the wet rainfed field than in the dry irrigated field
in 2021 and 17 t ha? higher in 2022. Planting date had the second largest effect on
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Figure 5.5. Gross yield (in t ha') (A) and yield of tubers larger than 50 mm (in t ha) (B) over time.
An asterisk indicates significant differences among origins.

marketable yield: maximum marketable yield differences among planting dates were 5t ha
1in 2021 and 10 t ha in 2022, with highest yield obtained at the early and intermediate
planting dates. Seed potato origin did not affect marketable yield and was thus least
important compared to field type and planting date.

The effect of field type and planting date on large-tuber yield were similar to the effect on
marketable yield. In addition, in 2021 the effect of planting date on large-tuber yield was
similar to the effect of origin, although only significant for the latter (Fig. 5.6B). In 2022, the
effect of planting date on large-tuber yield was larger than the effect of origin. Overall,
highest yield was obtained by planting on the wet rainfed fields and by avoiding late
planting.

5.4 Discussion

5.4.1 Effect of seed potato origin on yield and plant characteristics

Our study revealed a small effect of seed potato origin on crop characteristics. Origin
affected the number of stems per plant and the number of tubers per stem and per plant
in both years, as a main effect and/or in interaction with planting date or field type. In 2021,
this resulted in fewer tubers per plant for origin A compared to the other origins (Fig. 5.4).
Because origin A produced relatively fewer tubers per plant, large-tuber yield for this origin
was 6 — 8 t hal higher compared to the other two origins. This result is consistent with
earlier findings that, generally, a lower number of tubers per plant results in larger tubers
(Haverkort et al., 1990; Mackerron et al., 1988; Ozgen and Palta, 2005). Nevertheless, origin
did not significantly affect gross and marketable yield production. Neither did the effect of
origin on gross or marketable yield interact with planting date or field type.
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Figure 5.6. Main effect of origin, planting date, and field type on marketable (A) and large-tuber
yield (B) (in t ha™). Different letters within the same factor indicate significant differences among
treatments. Int stands for the intermediate plating date.

The result of this experiment is in line with earlier studies exploring yield variability on the
same farm. Mulders et al. (2021) found that seed potato origin affected stem length of the
ware potato crop, but this effect did not result in significant yield differences among origins.
Bartelen (2016) and Waverijn (2020) conducted experiments on the same farm to evaluate
the effect of seed potato origin on crop characteristics and yield. These studies found a
significant effect of origin on number of stems and tubers. In addition, sometimes a higher
large-size tuber yield was observed. Yet, there were no significant differences in gross yield
among origins, despite the differences in crop characteristics. A limitation of these two
studies was that the tubers were harvested prematurely. With our experiment we can
confirm and conclude that for the variety Fontane physiological characteristics of seed
origin is not a main yield influencing factor on this farm. We consider it likely that this
conclusion can be extended to other farms in the Netherlands considering some conditions.
All seed potatoes in the Netherlands are managed well, and, moreover, the seed producers
for this farm were carefully selected, and may hence produce seed potatoes of above
average quality. Seed tubers of lower quality, either from a phytosanitary point of view or
from a physiological age point of view may well translate in lower performance (Crosslin et
al., 2006; Motyka-Pomagruk et al., 2021). Also, effects of physiological age and seed origin
may only reveal under extreme environmental conditions, such as very late planting or very
cold conditions after planting.

Other studies in different contexts found yield differences when planting seed tubers with
different physiological ages because of differences in storage temperature (O’Brien et al.,
1983; Rykaczewska, 2010; Vakis, 1986; Van Loon, 1987) or production locations (Johansen
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et al., 2008; Wiersema and Booth, 1985; Wurr, 1979). However, these studies were done
under controlled conditions, with larger extremes in terms of storage temperature. For
instance, Rykaczewska (2010) compared storage temperatures of 4 °C to storage
temperatures of 18 °C, while in our case storage temperatures varied throughout the
storage season between 4°C and 10 °C (after temperatures were slowly lowered at the start
of the storage season). Differences in production locations in cited references were mostly
related to difference in altitude of the seed production field. Such experimental situations
are useful to get to distinct differences in physiological status of the seed potatoes.
However, they do not reflect variability in storage and production conditions of seed tubers
in a farming setting, and certainly not in a homogenous (in terms of climate and
management) country such as the Netherlands.

5.4.2 Effect of planting date and field type on yield in comparison with seed

potato origin

Large ware potato yield variability among production fields in the Netherlands has been
found consistently (Mulders et al., 2021a; Silva et al., 2020a; Chapter 2). Previous studies
have shown that part of the ware potato yield variability was attributed to differences in
management factors such as sowing and harvesting dates, irrigation use, cultivated
varieties, fungicide use and preceding crops (Mulders et al., 2021a; Silva et al., 2020a,
2017a; Chapter 3). We considered three factors to evaluate differences in yield: field type,
planting date and seed potato origin. We showed that highest yield was obtained by
planting on the wet rainfed field, and by avoiding late planting. In both years of
investigation, marketable yield on the wet rainfed field was more than 15 t ha™* higher than
on the dry irrigated field (Fig. 5.6). This shows that the applied irrigation could not
compensate entirely the impact of water limitation. Late planting resulted in a 5t ha yield
penalty in 2021 and 10 t ha™ in 2022, although only significant in the second year (Fig. 5.6).
The beneficial effect of early planting on yield is well known (e.g., Johnson et al. 1996; Silva
et al. 2020). However, our result nuances the conclusion that early planting always leads to
the highest yields. In the second year, highest yield was obtained with the intermediate
planting date, although the effect was not significant (Fig. 5.6).

As already concluded, we found no effect of seed potato origin on marketable yield and no
interaction effect between origin, planting date and field type. Hence, within the variation
of seed origins and conditions of our experiment, it does not pay off to design an optimal
planting strategy that maximises marketable yield at farm level with these three factors.
However, in 2021 large-tuber yield was higher for the origin with fewer tubers and stems
per plant. Furthermore, data suggest a larger positive effect of seed origin on large-tuber
yield on the dry irrigated field than on the wet rainfed field (Fig. 5.5B), although the
interaction between origin and field type was not significant. This suggests that in 2021
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origin A, which produced fewer tubers per plant, could have been planted best on dry
irrigated fields to obtain the highest large-tuber yield at farm level.

Our analysis uses knowledge on the performance of seed tubers in hindsight of the growing
season. However, to adjust planting as a farmer it is essential to know potential differences
among origins ahead of the growing season. If indeed origins that produce fewer tubers per
plant perform best on the dry irrigated field, it is essential to have a diagnostic tool that can
assess differences in physiological age and associated expected physiological properties of
the seed potatoes (Struik, 2007). Chronological age or the physiological age index as
proposed by (Caldiz et al., 2001) are insufficient as a tool to compare seed potatoes of
different origins (Struik et al., 2006), as it does not capture differences in production
location and field type of the seed crop that also constituted differences among origin in
this study.

5.5 Conclusion

We found a significant effect of seed origin on number of stems and number of tubers per
stem in both years. This resulted in a significant effect of origin on total number of tubers
in the first year. In that year, the origin with the lowest number of tubers also produced the
highest yield of tubers larger than 50 mm. Despite this small effect of seed potato origin on
crop characteristics, origin did not significantly affect gross and marketable vyield
production. Furthermore, there was no interaction with planting date and/or field
conditions of the ware potato crop. In two distinct years, the highest yield was obtained on
the wet rainfed field and by avoiding late planting. Hence, we conclude that for maximizing
ware potato yield of the variety Fontane in the Netherlands, effects of planting date and
field type outweighed the effect of seed tuber origin.
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Chapter 6: Field monitoring shows scope for reducing
environmental impact of ware potato cultivation in the
Netherlands without compromising yield
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the Netherlands without compromising yield.
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Abstract

Arable farming in Northwest Europe is highly intensive. In the region, high yields are
obtained, but simultaneously there is considerable variation in nutrient, crop protection
product en water use and use efficiency. Inefficient use has contributed to several
environmental problems, such as nitrate leaching and emissions of crop protection
products. There is a need to reduce environmental emissions which contributes to a more
circular and sustainable agriculture in Northwest Europe. Here, we take ware potato
production in the Netherlands as an example cropping system to assess if there is scope to
reduce input levels and environmental impact without compromising yield. We determined
variability in yield, use and use efficiency of nitrogen (N), phosphorus (P), potassium (K) and
pesticides as well as water productivity (WP) based on on-farm observations of 96 ware
potato fields in the Netherlands, cultivated on clay and sandy soils. In addition, we assessed
if relatively high performance could be achieved on multiple environmental indicators
simultaneously. Average N surplus was 265 kg N ha™ on clay soils and 139 kg N ha™ on sandy
soils and varied among fields by a factor three. Phosphorus and K input exceeded P and K
output on clay soils by 33 and 105 kg ha™l, respectively, while on sandy soils P and K balances
were close to zero. Mean WP was 43 kg dry matter (DM) mm™ ha' and ranged from 30 to
60 kg DM mm™ ha* for both soil types. In terms of crop protection product use, lowest and
highest use differed by a factor four. Surprisingly, across the on-farm data, no relationship
was found between outputs and input rates. Consequently, input rates were the most
important drivers to explain variability in resource use efficiency and environmental
impacts. At the same time, a comparison across multiple indicators simultaneously showed
that it was possible to achieve relatively high yields with relatively low N surplus, high WP,
and low crop protection product use. Yet, in the best performing fields N surplus and crop
protection product use did not meet environmental targets. Hence, this means that further
reductions (beyond current best practice) in input use will be needed to meet
environmental targets for N surplus or crop protection product use reduction.

Keywords

Solanum tuberosum | on-farm observations | yield response | environmental impact |
resource use efficiency
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6.1 Introduction

Sustainability assessments of food production systems require not only an evaluation of
yield, but also of environmental indicators. In Northwest Europe, crop productivity is high,
but it is also coupled with high input rates and high emissions and environmental impact
(van Grinsven et al., 2019). One reason for relatively high input rates is farmers’ perception
that recommended rates are insufficient to reach maximum yield (Rajsic and Weersink,
2008). Another reason is that the cost of overapplication is lower compared to the cost of
underapplication (i.e., when it results in yield reduction) (Meyer-Aurich and Karatay, 2019).
However, lowering input rates and thereby increasing resource use efficiency and reducing
emissions to the environment is essential to move towards a more circular and sustainable
agriculture (Schroder et al., 2011; Spiertz, 2010). The need for a more sustainable
production has been expressed by the European Commission though its Farm to Fork
strategy, which aims to reduce chemical pesticide use by 50% and reduce nutrient losses by
50%, which should be accompanied by a reduction in artificial fertiliser use of at least 20%
(European Commission, 2020).

Arable farming in the Netherlands is among the most intensive in Northwest Europe (van
Grinsven et al., 2019) and contributes to several environmental problems (Ros et al., 2023).
Nitrate leaching poses a threat to groundwater quality, particularly below sandy soils (de
Vries et al., 2021; Oenema et al., 2005). The use of crop protection products is high, putting
pressure on the groundwater and surface water quality and organisms (Schipper et al.,
2008). Recent drought events resulted in yield reduction (van Oort et al., 2023) and lower
nutrient utilisation (Ros et al., 2023). Use of heavy machinery under unfavourable (wet)
conditions, poses a threat to soil compaction (Alakukku et al., 2003; van den Akker and
Hoogland, 2011). Lastly, high concentrations of Phosphorus in soils are a cause of lower
surface water quality (Chardon and Schoumans, 2007).

Ware potato is an important crop in the Netherlands, as it is cultivated on 14% of the arable
land and on 50% of the arable farms (CBS, 2022). It serves as a key cash crop for farmers
(Devaux et al., 2021; Goffart et al., 2022). Its yield is on average around 70% of potential
yield (Silva et al., 2020, 2017), the theoretical maximum vyield determined by radiation,
cultivar, and CO2 concentration (van Ittersum et al., 2013). Compared to other important
arable crops in the Netherlands, nitrogen surplus is among the highest (Silva et al., 2021).
In addition, crop protection product use in ware potato exceeds the use in other crops such
as sugar beet and winter wheat by more than 50% (CBS, 2022). On the other hand, potato
uses water very efficiently as water productivity is at least 50% higher than that for spring
onion and cereals (Silva et al., 2020).

Despite high average ware potato yields, large yield variability has been observed among
fields, farms, and regions (Mulders et al., 2021; Silva et al., 2020, 2017). At the same time,
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there is also considerable variation in nutrient, crop protection product and water use (De
Jong and De Snoo, 2002; Silva et al., 2021, 2020). Yet, this large variability in resource use
comes with very low responses to the input rates (Mulders et al., 2021; Silva et al., 2021,
2017). This suggests that current resource use may exceed the required input rates to
achieve current yield levels and that there may be scope to reduce input levels and
environmental impact without reducing yield. However, previous studies were either local
(Mulders et al., 2021), assessed on single indicators or used secondary data (Silva et al.,
2021, 2017), which lacked detail for accurate field level assessments. Given the multiple
environmental challenges it is important to assess if multiple resources (water, nutrients,
crop protection products) can be used more efficiently simultaneously or whether trade-
offs in achieving targets occur.

In this study, a detailed assessment is conducted of resource use, use efficiency and
environmental impact of ware potato production at field level in the Netherlands for
multiple indicators. We used on-farm observations of 96 fields across the Netherlands. The
aims were twofold: (1) to quantify and explain variability in resource use, use efficiency and
environmental impact in potato production in the Netherlands and (2) to assess the
feasibility of reducing multiple environmental impacts simultaneously.

6.2 Materials and Methods
6.2.1 Indicators

In this study, we assessed the environmental performance of ware potato production at
field level across the Netherlands. Indicators that were assessed included crop yield,
nutrient (nitrogen (N), phosphorus (P), potassium (K)) use efficiency, nutrient (N, P, K)
surplus, (irrigation) water productivity and crop protection product use (active ingredients
and environmental impact points).

Crop yield

Yield represents the harvested product per land unit and was expressed in t fresh tubers
ha™.

Nutrient use

We quantified N use efficiency (NUE) and N surplus in line with the guidelines of the EU
Nitrogen Expert Panel (EUNEP) framework (EUNEP, 2015; Quemada et al., 2020). NUE was
calculated as N output divided by N input (Eqg. 6.3) and expresses how efficiently N is used,

but was not corrected for soil N supply. This calculation method is most suitable for
analysing farmers’ data (compared to field experiments) as for farmers no information on
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the soil N supply (yields without any N fertiliser) is available. Nitrogen surplus (Eq. 6.4) was
calculated as N input minus N output and indicates the potential losses to the environment.

N output (kg N ha™1) = yield * DM% * N, opcentration Eq. 6.1

N input (kg N ha™) = Ngppi + Nepo Eq. 6.2
-1y _ Noutput

NUE (kgN kg N~") = N nput Eq. 6.3

N surplus (kg N ha™') = N input — N output Eq.6.4

where yield is the yield obtained in a field (t fresh tubers ha), DM% is the dry matter
percentage of the harvested tubers, N oncentration 1S the nitrogen concentration in the
tubers (g N kg DM™Y), Ngppi is the amount of N applied by the farmer (kg N ha?) and Naepo
is the yearly atmospheric N deposition (kg N ha). In this study, we expressed N application
in two manners: as total N and as effective N input. The first considers all applied N, whilst
the latter only considers the N that was expected to become available in the year of N
application. For mineral fertilisers, first year availability was set at 100% whilst for organic
fertiliser, N application was multiplied with N fertiliser replacement values (RVO, 2018; see
Section 6.2.3) which are well below 100%.

The EUNEP framework provided provisional reference values for NUE between 50 and 90%
(EUNEP, 2015). It assumes that below 50%, N is used inefficiently, whilst above 90% there
is a risk of nutrient depletion of the soil. In this study, we considered 50% NUE as a minimum
desirable NUE. However, we ignored the upper level of 90%. Although there might be a
negative N balance within a single cropping season, crop rotations in the Netherlands are
well fertilised and therefore we do not expect major soil N depletion over a whole crop
rotation.

Initially, the EUNEP framework set a provisional reference for N surplus at 80 kg ha' as a
maximum allowable N surplus (EUNEP, 2015). However, they also noted that reference
values could or should be adapted to the local context. In this study, we used therefore —
besides the EUNEP reference - also a national reference value. For the national threshold
value, we considered N surplus to be too high when NOs™ concentration in the groundwater
could be expected to become higher than 50 mg NOs L%, as stated in the EU Nitrates
Directive (EC, 1991). Ros et al. (2023) identified an N surplus threshold of 50 kg N ha on
sandy soils and 125 kg N ha™ on clay soils, which we used in this study.

For P and K, we assessed nutrient use efficiency and nutrient surplus in a similar way to that
for N. Previously, it was found that current P and K fertiliser application rates are not limiting
ware potato production in the Netherlands (Chapter 4). Hence, from a resource use
efficiency perspective, we considered a neutral nutrient balance as desirable. In the
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Netherlands, there is a long history of high P application rates with soil P accumulation and
high soil P fertility, which have resulted in agricultural P losses to the environment, lowering
surface water quality. With such high soil P stocks, it could be argued that crop P uptake
does not need to be compensated fully by P application to the soil (Janssen, 2017). However,
as this study focusses on single season fertilisation strategies, this is not considered in this
study. Potassium losses from agricultural fields are not an environmental concern.

Water productivity

Water productivity (WP) determines how much yield is obtained per mm of seasonal water
available (Eq. 6.7), which was calculated similar to Silva et al. (2020).

SM(mm) = Z * Bplanting — Z * Oparvest Eg. 6.5
TSWA (mm)= SM+P+1+ CR—DP Eq. 6.6
WP (kg DM mm™*) = 222222 5 1000 Eq.6.7

Where SM is the soil moisture available during the growing season (mm), Z is the maximum
rooting depth of the crop (mm), Opanting is the soil moisture concentration at planting
(mm3 mm3), 0}, 4rvest is the soil moisture concentration at harvest (mm3 mm3), TSWA is the
total seasonal water available (mm), P is the effective precipitation during the growing
season (mm), / is the effective applied irrigation by the farmer (mm), CR is the water that
became available through capillary rise (mm) and DP is the water that was lost from the soil
profile due to deep percolation (mm).

Irrigation water productivity (IWP) determines how much yield is obtained per mm of
irrigation water applied. We considered actual (Eq. 6.8) and potential (Eq. 6.9) IWP.

(yield*DM%

T 4 1000 Eq. 6.8

IWP, (kg DM mm™1)
IWB, (kg DM mm™") = 220 5 1000 Eq. 6.9

Where Ywis is the simulated water-limited potential yield under rainfed conditions (in t DM
hal), and Ywir is the simulated water-limited potential yield under (partially) irrigated
conditions applied by the farmer (in t DM ha™). Irrigation water productivity was only
calculated on sandy soils as these are more prone to drought stress and as these are more
frequently irrigated.
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Crop protection product use

In Dutch potato cultivation, crop protection products are used to protect the crop against
weeds, pests, and diseases and to kill immature haulms of the potato crop before
harvesting. We determined total crop protection product use by calculating the total
amount of applied active ingredients. In addition, we used the Environmental Yardstick tool
for pesticides to calculate the Environmental Impact Points (EIP) ha, which is calculated
using Eqg. 6.10 (Reus and Leendertse, 2000). The tool combines information on the quantity
and harmfulness of the applied product to calculate the environmental impact of the
applied crop protection products on three environmental compartments: groundwater,
surface water and soil. The EIP are calculated for each of the three indicators separately. To
get a total score, we summed the environmental impact points of the three compartments
into a single indicator. Environmental impact points are calculated for a standard dose of 1
kg or L hat and multiplied with the applied dose to get the actual EIP.

PEC;

EIP=7Y; /MPCl- * 100 * dose Eq. 6.10

Where i indicates the environmental compartment, PEC is the predicted environmental
concentration, MPC is the maximum permissible concentration set by the Dutch
government and dose refers to by the applied amount in the field (in kg or L ha).

Crop protection product use efficiency was expressed as the yield divided by the total
amount of EIP.

6.2.2 Study area

This study uses data collected previously for another objective (i.e., a yield gap analysis).
Here, we will give the main elements of the data and data collection, relevant for our
research objective. For further details the reader is referred to Chapter 3.

In 2020 and 2021, 96 farmers’ fields were selected in six important potato growing regions
in the Netherlands: Tholen/West-Brabant (1), Zuid-Holland (2), Flevoland (3), Noord-
Brabant (4), Limburg (5) and Drenthe (6) (Fig. 6.1). Soils in the first three regions are
characterised as clay soils and in the latter three regions as sandy soils. In regions with clay
soils, we selected fields with the variety Innovator. In regions with sandy soils, we selected
fields with the variety Fontane. Both varieties are among the main cultivated varieties on
the respective soil types. We selected eight potato fields per region per year. Hence, we
collected data from a total of 48 fields for each soil type and for each year. Over the two
years, in total 55 different farmers participated in this research; from each farmer, 1 to 2
fields per year were selected. Overall, the selected fields represented a broad range in soil
conditions (Table 6.1).
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Figure 6.1. Map of the Netherlands with field locations. Different colours indicate different years.
Different symbols indicate different soil types. Different numbers indicate different potato growing
regions in the Netherlands.

The years 2020 and 2021 were distinct in terms of weather conditions. The first year can be
characterised as dry to average in terms of rainfall, with cumulative precipitation over the
growing season ranging from 153 to 387 mm (long-term average 416 mm) (Fig. 6.2A) (KNMI,
2022a). The second year of the experiments can be characterised as an average year, with
cumulative precipitation over the growing season ranging from 317 — 461 mm. The
cumulative precipitation deficit was on average 200 mm in 2020 and 70 mm in 2021 (KNMI,
2022b). Cumulative global radiation was 15% higher in 2020 and 3% higher in 2021 than the
long-term average (Fig. 6.2B). Lastly, temperatures in 2020 were higher than those in 2021.
In 2020, the summer was relatively hot with a heat wave in August, while in 2021 spring
was relatively cold (Fig. 6.2C).

6.2.3 Data collection

Crop and field measurements

Crop vyield was measured from four three m? plots after haulm killing or natural haulm
senescence, or just before harvesting by the farmer in case haulms had not senesced. A six
kg subsample was taken per plot to measure underwater weight, which was then
recalculated to dry matter concentration (Ludwig, 1972). A pooled one kg subsample was
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Table 6.1. Soil properties of the 96 fields (2020 and 2021). Indicated for each parameter are the
mean, standard deviation, minimum value, and maximum value. For more details on the
measurements the reader is referred to Appendix D.1 or Chapter 3.

2020 2021
Variable Soil type Mean  SD Min  Max Mean SD  Min Max
SOM (%) Clay 3.9 1.4 24 82 4.1 07 27 54
Sand 5.0 2.2 2.5 9.5 4.9 3 2.7 17.4
pH () Clay 7.6 02 73 79 7.5 02 67 7.7
Sand 5.5 0.4 4.7 6.2 5.3 0.5 4.2 6.1
Plant available N Clay 116 60 12 238 91 46 14.5 167
(mg kg?) Sand 60 50 16 202 60 53 114 227
Plant available P Clay 2.1 2.1 0.3 6.9 1.6 1.2 05 4.9
(mg kg?) Sand 5.8 39 06 152 5.8 51 03 164
Plant available K Clay 132 94 39 459 157 71 82 305
(mg kg?) Sand 95 62 27 265 133 72 37 341
Total N (in the Clay 1.8 0.7 1.0 3.7 1.8 04 1.0 2.6
soil) (g kg™) Sand 1.6 05 08 27 1.6 07 10 41
Total P (g kg 1) Clay 0.9 01 07 1.2 0.9 01 08 1.2
Sand 0.7 0.2 0.3 1.3 0.9 03 04 1.5
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Figure 6.2. Cumulative precipitation (in mm) (A), Cumulative global radiation (in MJ m) (B) and
Temperature (in °C) (C) over time. Different colours indicate different years. Shaded areas present
the spread in variables observed across the six regions. LTA = long-term average (period 1991-2021).

oven dried for nutrient concentration measurements. Dried samples were digested with a
mixture of H2S04-Se and salicylic acid (Novozamsky et al., 1983). In these digests, total N
and P were measured with a Skalar san++ system and total K was measured with a Varian
AA240FS fast sequential atomic absorption. Soil penetration resistance was measured using
a penetrologger (Royal Eijkelkamp, 2022) at the beginning of the growing season when it
could be assumed that the soil moisture content was at field capacity (van de Steeg and van
Diepen, 1997). The measurements were repeated on three locations per plot. Rooting depth
was estimated as the average depth at which the measured soil penetration resistance was
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larger than two MPa. Maximum rooting depth was set at 50 cm, which is where the majority
of the potato roots are, although they can go deeper (van Woerden and Cevaal, 1976). To
explain variability in resource use efficiency and nutrient surplus (Section 6.2.4), additional
crop and soil measurements were used. See Appendix D.1 for a full overview of the crop
and soil measurements.

Crop management information

Farmers were asked to report their crop management information for each field. Farmers
informed us when they applied irrigation and how much they applied per event. Type,
timing and quantity of the applied fertilisers and crop protection products were also
recorded. We processed the information on applied fertilisers to calculate the N, P and K
application rates. When nutrient concentrations of organic manures were not measured,
we used governmental default values to calculate the amount of nutrients in organic
fertilisers (RVO, 2023a). The amounts were calculated as the sum of farmer applied
nutrients starting from the harvest of the previous crop till the end of the potato growing
season and excluded mineralisation. We calculated effective N input in the same way, but
used N fertiliser replacement values from the Dutch government to correct for the non-
readily available nitrogen (RVO, 2018). N deposition was taken from Atlas Natuurlijk
Kapitaal (2023) and averaged per region. From two fields, the crop management
information was incomplete, and these fields were excluded in analyses that required crop
management details.

Soil water balance

The crop growth model WOFOST (ten Den et al.,, 2022) was coupled with the soil
hydrological model SWAP (Kroes et al., 2017) to simulate a daily soil water balance. For
model simulations, it was assumed that there was an interaction between soil moisture and
groundwater on clay soils (i.e., groundwater levels are shallow) and that there was a free
drainage situation on sandy soils (i.e., groundwater levels are deep). Groundwater levels
were collected from the ‘Landelijk Hydrologisch Model’ (NHI, 2023). Rainfall data was taken
from the farmers’ weather station when available, or otherwise from the nearest KNMI-
weather station. Soil type and profile were taken from the BOFEK soil map (Heinen et al.,
2022). Model output provided information on capillary rise, deep percolation, and soil
moisture content. In addition, SWAP-WOFOST was used to estimate water-limited potential
yield under partially irrigated conditions (Ywirr), water-limited potential yield under rainfed
conditions (Ywrf), and transpiration reduction due to drought and/or oxygen stress. The
latter variable was used in regression analyses (see Section 6.2.4). For more detailed
information on this modelling, the reader is referred to Chapter 3.
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6.2.4 Data analysis

Linear regression was used to test the relationship between nutrient surplus or water
productivity and explanatory variables (see Appendix D.1 which explanatory variables were
included). To avoid the risk of overfitting, a selection had to be made of variables to be
included in the statistical models. First, a full model was made using a dependent variable
and all measured variables as explanatory variables. Then, we used the dredge function
from the MuMIn package (Barton and Barton, 2015) to run all possible combinations of
reduced models, using R version 4.2.2. We added a restriction to the function that only one
to a maximum of four explanatory variables could be included in the reduced linear models.
Furthermore, we excluded all combinations of variables that were correlated to each other
(Pearson correlation test > 0.5). After running all models, the top-ranking models were
selected based on the AICc criterium, where all models with AAICc < 3 were considered to
be top-ranking ones. Finally, a model was tested with all explanatory variables that were
included in one or more of the top-ranking linear models. However, if explanatory variables
were correlated to each other, we included only the variable that was used in the majority
of the top-ranking models. If explanatory variables were correlated to each other and were
used in an equal share of top-ranking models, multiple models were tested and the model
with the lowest AlCc was chosen as the final statistical model. We included variety and year
as an explanatory variable in all linear models. The final model was not constrained to a
maximum number of variables. Nutrient use and crop protection product use efficiency
followed an exponential relationship with inputs. Hence, for explaining variability of these
parameters, non-linear regression was used.

The environmental performance was assessed across the indicators yield, N surplus
(considering total N), WP and EIP. Each field received a ranking score for each indicator
based on its relative performance compared to other fields (considering all 94 fields). A high
rank was given to a high yield, high WP, low N surplus or low EIP (1 is high, 94 is low). After
scoring each field on the four indicators, the average rank was calculated across the three
impact indicators (N surplus, WP and EIP). Finally, the rank of each individual indicator was
plotted against the mean rank of the three impact indicators and linear regression was used
to test if a high performance of one indicator was correlated to a high average performance
across the impact indicators. When there was a (positive) correlation, we concluded that
multiple objectives can be achieved at the same time. When there was no correlation, we
concluded that performance for one indicator was unrelated to performance the other
indicators. In addition, for each cultivar, the 12 best performing fields (based on mean rank
of the three impact indicators) were compared to the 12 worst performing fields. We
assessed whether there was a significant difference between the two groups for each of the
indicators. A student t-test was used for normally distributed data and a Mann-Whitney U
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test was used for non-normally distributed data. Normality was assessed using a Shapiro-
Wilk test.

6.3 Results
6.3.1 Crop yield

Average gross yield of the variety Innovator cultivated on clay soils was 63 t ha™ in 2020 and
54 t hatin 2021 (Fig. 6.3). Average gross yield of the variety Fontane cultivated on sandy
soils was 62 t ha' and 64 t ha' in 2021. Among fields, large variability in potato yields was
observed with Innovator yields ranging from 48 t ha'to 77 t h'* in 2020 and from 34 to 61

t halin 2021, and Fontane yields ranging from 40 t ha to 83 t ha in 2020 and from 53 t
halto81thatin2021.
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Figure 6.3. Gross yield (in t ha') for two different years and cultivars (and respective soil types). The
red dots indicate the mean yield for each cultivar (and soil type) and year combination. The boxplots
indicate the minima, 15t quantiles, medians, 3" quantiles and maxima.

6.3.2 Nutrient use

On clay soils (with the potato variety Innovator), average total N input was 448 kg N ha™
which equalled 365 kg effective N ha? (Fig. 6.4). Variability in N input rates was large,
ranging from 271 kg N ha to 978 kg N ha for total N input and from 256 kg N ha' to 568
kg N ha for effective N input. N output values were much lower than N input with an
average N output of 183 kg N ha%, ranging from 119 to 237 kg N ha*. Average NUE on clay
soils was 44% for total N input and 52% for effective N input (Table 6.2). Average N surplus
was 265 kg N ha for total N input and 182 kg N ha™' for effective N input. Variability in terms
of NUE and N surplus was large, and only in part of the fields the environmental thresholds
were met. Considering total N input, NUE was above 50% (the EUNEP reference value for
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minimum N use efficiency) in only 32% of the potato fields. The national and EU thresholds
for N surplus were met in only 4% of the fields with clay soils. Considering effective N input,
NUE was above 50% in 49% of the potato fields. The EU threshold for N surplus was met in
only 6% of the fields and the national threshold was met in 21% of the fields.
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Figure 6.4. N output (in kg N ha') against N input (in kg N ha) for two different years and soil types
(and respective cultivars). N input is expressed as total N input or as effective N input. Different
colours and shapes of symbols indicate different years. The upper solid line indicates an NUE of 90%
and the lower solid line an NUE of 50%. The dotted line indicates an N surplus of 80 kg ha, in line
with the EUNEP framework (EUNEP, 2015). The dashed line indicates the critical N surplus ha* above
which NO3 concentrations in the ground water is likely to exceed 50 mg I'X. For clayey soils, this N
surplus value is 125 kg ha* and for sandy soils 50 kg hal. The brown area indicates when NUE is
within the desired range, but N surplus is too high. The green colour indicates when NUE is within
the desired range and when critical N surplus meets the EU and national threshold. The blue and
yellow colours indicates when NUE is within the desired range and when critical N surplus meets
only the national threshold (blue) or the EU (yellow) threshold.

On sandy soils (with the potato variety Fontane), average total N input was 319 kg N ha™
which equalled 250 kg effective N ha™® (Fig. 6.4). Variability in N input rates was large ranging
from 155 kg N ha* to 525 kg N ha for total N input and from 120 kg N ha* to 357 kg N ha’
! for effective N. N output values were much lower than N input with an average N output
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Table 6.2. Mean NUE and N surplus considering total N input or effective N input and % of fields that
meet the threshold for NUE, N surplus according to the EU threshold and N surplus according to the
national threshold.

Total N input Effective N input
NUE NUE
Average (%) % of fields that Average (%) % of fields that
meet threshold meet threshold
Clay (Innovator) 44 32 52 49
Sand (Fontane) 59 59 75 75
N surplus N surplus
Average (kg % of fields that Average (kg % of fields that
N ha') meet threshold N ha) meet threshold
(EU/national) (EU/national)
Clay (Innovator) 265 4/4 182 6/21
Sand (Fontane) 139 19/11 70 57/32

of 180 kg ha! and ranging from 132 to 245 kg ha’. Average NUE on sandy soils was 59% for
total N input and 75% for effective N (Table 6.2). Average N surplus was 139 kg N ha for
total N input and 70 kg N ha™! for effective N. Variability in terms of NUE and N surplus was
large and only in some of the fields the environmental thresholds were met. Considering
total N input, NUE was above 50% in 59% of the potato fields on sandy soils. The EU
threshold for N surplus was met in 19% of the fields and the national threshold for N surplus
in 11% of the fields. Considering effective N input, NUE was above 50% in 75% of the potato
fields. The EU threshold for N surplus was met in 57% of the fields and the national threshold
was met in only 32% of the fields with sandy soils.

Regression analysis showed that N surplus significantly increased with higher total N input
rates (p < 0.001), which was an almost 1:1 relationship (Fig. 6.5). On average, for every 50
kg N extra applied, N surplus increased by 49 kg N hal, indicating that very little of the extra
N was taken up by the crop. Between the two years, mean N surplus was 24 kg ha? higher
in 2021 than in 2020 (p < 0.001). N surplus was also significantly higher under water-limited
conditions (p = 0.007; R? = 0.97). N surplus increased by 15 kg N ha™ for every 50 mm
increase in drought and/or oxygen stress.

The observed relation between N surplus and N input and drought and/or oxygen stress
also held for effective N input (Appendix D.2). No relationship was found between N surplus
and plant available N, P or K, neither when using total N input nor when using effective N
input. For NUE, a similar strong (but negative) exponential relation was found between NUE
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Figure 6.5. N surplus (in kg ha) against total N input (in kg ha*) for two different years and soil
types (and respective cultivars). The solid lines indicate the regression lines without any
transpiration reduction due to drought and/or oxygen stress. The dotted lines indicate the
regression lines with 100 mm transpiration reduction due to drought and/or oxygen stress. Different

colours and shapes of symbols indicate different years. Different symbol sizes indicate differences in
transpiration reduction due to drought and/or oxygen stress.

and total N input (or effective N input) (Appendix D.2), only no significant effect of
transpiration reduction due to drought and/or oxygen stress was found. As for N surplus,
no relationships were found between NUE and plant available nutrients.

On clay soils (Innovator), P and K applied were much higher than P and K output (Fig. 6.6).
On average, P input was 56.4 kg ha* and P output was 23.2 kg ha™, which translated into a
positive P balance of 33.2 kg hal. Among fields, the P balance ranged from a negative
balance of -31.5 kg P ha! to a positive one of 118.0 kg P ha’. Average K input was 336 kg
ha? and K output 231 kg ha™, which translated into an average positive K balance of 105 kg
hal. Among fields, the K balance ranged from a negative balance of -123 K ha ! to a positive
balance of 409 kg ha™.

On sandy soils (Fontane), P and K applied were in the same range as P and K output (Fig.
6.6). On average, P input was 30.4 kg ha! and P output was 31.1 kg hal, with translated in
a P balance of -0.6 kg ha*. Among fields, the P balance ranged from a negative balance of -
39.7 kg P ha! to a positive balance of 61.3 kg P ha'l. Average K input was 279 kg ha' and K
output 278 kg ha, which translated in an average positive K balance of 1 kg hal. Among
fields, the K balance ranged from a negative balance of -228 K ha™ to a positive one of 292
kg ha. Different allocation strategies of nutrients within a rotation and within the farm
explain why balances are more positive on clay soils than on sandy soils; on clay soils,
relatively more nutrients are applied to the ware potato crop.
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Figure 6.6. P output against P applied and K output against K applied (in kg ha) for two different

years and soil types (and respective cultivars). Different colours and symbols indicate different
years. The dotted lines indicate 1:1 lines where nutrient input equals nutrient output.

Phosphorus and K output were not correlated to P and K input. For both soil types (and
respective varieties), variability in P and K use efficiency was driven by P and K input rates.
For P, P use efficiency was also related to transpiration reduction due to drought and/or
oxygen stress (Appendix D.2).

6.3.3 Water productivity

Average WP was 42.3 kg DM mm™ ha! for Innovator on clay soils and 43.5 kg DM mm™ ha’
! for Fontane on sandy soils (Fig. 6.7). When used as a single explanatory variable, seasonal
available water was significantly negatively related to WP. However, using the best model
selection method, seasonal available water was not considered an explanatory variable (this
relation is therefore not presented in Fig. 6.7). Instead, variability in WP was explained by
four other variables, where WP increased with higher emergence rate, later planting date,
larger water stress and higher crop protection product use (Table 6.3). The explained
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variability in water productivity using all four variables together was relatively low (R? =
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Figure 6.7. Water productivity (in kg DM mm ha) against seasonal available water (in mm) for two
different years and soil types (and respective cultivars). Different colours and symbols indicate
different years. Water productivity is calculated according to Eq. 6.7.

Table 6.3. Linear regression model results for explaining variability in WP.

Water
productivity (all
fields)

Intercept (mean Innovator, 2020)
Variety (Fontane vs Innovator)
Year (2021 vs 2020)

Emergence rate (%)

Planting date (doy)

Total water stress (mm)
Environmental impact points (EIP ha')

RZ-adjusted

-27.94
-0.30
-0.25

0.37*
0.27%**
0.074*
0.002*

0.22

*p<0.05 ** p<0.01 *** p <0.001

Irrigation water use was highly variable among years and fields on sandy soils (Fontane). In
2020, 19 out of 24 fields were irrigated, whilst in 2021 nine out of 23 fields were irrigated.
On the irrigated fields, on average 89 mm was applied in 2020 and 45 mm in 2021. Both

IWPa (considering actual yield) and IWPp (considering simulated water-limited yield) were

significantly higher in 2020 compared to 2021 (both p = 0.002). Irrigation water productivity

was not related to the amount of irrigation applied. Hence, for 2020 this implies that
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irrigation water was on average used effectively, as the yield gain did not decrease or
increase with more irrigation water applied (Fig. 6.8). In 2021, IWPp was around zero and
IWPa negative, suggesting that irrigation water use was redundant. Actual irrigation water
productivity could be negative because actual yields were lower than simulated rainfed
water-limited yields. This is due to negative yield effects of pests and diseases.
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Figure 6.8. Actual and potential irrigation water productivity (IWP) on sandy soils (Fontane). Actual
irrigation water productivity is calculated with measured actual yield minus simulated rainfed
water-limited potential yield (Eq. 6.8) and potential irrigation water productivity is calculated with
simulated (partially) irrigated water-limited potential yield minus simulated rainfed water-limited
potential yield (Eq. 6.9). Red triangles are data from 2020. Different colours and symbols indicate
different years.

6.3.4 Crop protection product use

Crop protection product use was highly variable among fields for both Innovator (clay) and
Fontane (sand) (Fig. 6.9A). The number of EIP ranged from 979 to 4038 for Innovator in
2020, from 464 to 3062 for Innovator in 2021, from 1782 to 4384 for Fontane in in 2020,
and from 1485 to 5131 for Fontane in 2021. On average, 60% of the EIP was attributed to
the application of fungicides, 35% to herbicides and 5% to other crop protection products.
Of the fungicides, 56% of the EIP originated from crop protection products against late
blight, 36% from products against early blight and 7% from products against both early and
late blight. Total EIP was 36% higher for Fontane on sandy soils than for Innovator on clay
soils, which was mostly attributed to the higher application rates of fungicides. Of the
environmental compartments, aquatic organisms were most affected by application of crop
protection products. On the other hand, on clay soils (Innovator) soil organisms were least
affected by application of crop protection products and on sandy soils (Fontane)
groundwater was least affected (Fig. 6.9B). Previous analysis showed a significant relation
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between EIP use and vyield, but the explained variability was extremely low (R?> 0.01)
(Chapter 3). Variability in crop protection product use efficiency was driven by crop
protection product input rates (Appendix D.3).
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Figure 6.9. Environmental impact points from crop protection product application for two different
years and soil types (and respective cultivars). Different colours in panel A indicate environmental
impact points per product type. Different shades of orange indicate fungicides. Different colours in
panel B indicate how the environment is impacted. Fungicide LB and/or EB refer to fungicides that
protect the crop against late and/or early blight. Fungicide other refers to fungicides that are used
against other fungi. Horizontal dashed lines show average EIP.

6.3.5 Performance across multiple indicators

A positive correlation was observed between the mean rank (comparing all 94 fields) of the
three impact indicators (N surplus, WP and EIP) and yield, N surplus, WP and EIP (Fig. 6.10).
Hence, this shows that it was possible to perform relatively well on all four indicators
simultaneously. To provide an example, it means that in farmers’ fields with a relatively high
yield, on average a relatively low N surplus, high WP and low EIP were obtained as well.

A comparison of the 12 best performing fields with the 12 lowest performing fields showed
that the division among groups based on the mean rank across the three impact indicators
(N surplus, WP, and EIP) still held for the individual indicators: both Innovator (clay) and
Fontane (sand) had a significantly lower N surplus, higher WP, and lower EIP in the best
performing group (Fig. 6.11). In addition, for Fontane yield was significantly higher in the
best performing group as well. For Innovator, yield was not significantly different between
groups. However, when the one field with high yield in the low performance group was

omitted, a significant difference (p = 0.008) between the Innovator groups was observed as
well.
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Figure 6.10. Rank for each indicator against the mean rank across three input indicators (N surplus,
WP and WIP). A low (high) number indicates a high (low) performance on the indicator. Different
colours indicate different years. Different symbol shapes indicate different varieties (and the
respective soil types). The dashed lines indicate significant regression lines.

A comparison of the two groups of fields revealed that 42% of the fields in the low
performing group were affected by yield reducing factors, whereas none of the fields in the
high performing group were affected by yield reducing factors. Hence, overall it shows that
it was possible to achieve relatively high yield, with relatively low N surplus, high WP and
low EIP simultaneously and that reducing factors partly influenced the performance of the
fields across different indicators.

6.4 Discussion

In this study, we used detailed data obtained through frequent on-farm monitoring to
quantify and explain variability in resource use, use efficiency and environmental impacts.
The results showed that large variability exists among farmers’ fields. Differences between
highest and lowest N surplus were a factor three (Fig. 6.5), between highest and lowest
water productivity (WP) a factor two (Fig. 6.7) and between highest and lowest crop
protection product use a factor four (Fig. 6.9). Overall, input rate was the most important
driver to explain variability in resource use efficiency and environmental impact (Fig. 6.5,
Appendix D.2 Fig. D.12-16). Other studies have also found no or limited yield response to
inputs in the Netherlands (Mulders et al., 2021; Silva et al., 2020, 2017), which strongly
suggests that current input rates exceed the required amounts to obtain actual yield levels
and that input rates can be reduced while yields are maintained. Although N and P input
rates of particular individual fields were above the reference application rates (RVO, 2023b),
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Figure 6.11. Performance on four indicators (A) yield (in t ha*'), (B) nitrogen surplus (in kg ha*), (C)
water productivity (in kg ha* mm™) and (D) environmental impact points (EIP) (-) for fields with a
high average rank on the three impact indicators (N surplus (considering total N), WP and EIP)
compared to performance of fields with a low average rank on the three impact indicators. A
different shade of grey of the boxplots indicates different groups of mean performance across the
three impact indicators. An asterisk indicates a significant difference between high and low: * p <
0.05 **p < 0.01 *** p < 0.001.

we have no reason to assume that farmers are not operating within the current legislation
space, which normally applies to the entire farm, rather than to individual crops or fields.

6.4.1 Nutrient management

Nitrate leaching is one of the main environmental concerns in the Netherlands and is caused
by a too large N surplus at field level (de Vries et al., 2021; Oenema et al., 2005). Considering
effective N input, average N surplus was 62 kg N ha? above the national environmental
threshold on clay soils and 20 kg N ha! on sandy soils. However, effective N input was
calculated using a N fertiliser replacement value that is based on short-term nutrient uptake
responses. In the Netherlands, organic inputs are often applied over multiple cropping
seasons and total N input is high, resulting in expected higher N fertiliser replacement values
than the values we used and are considered by the Dutch government (Hijbeek et al., 2018;
Schroder, 2005). When considering total N input, average N surplus was 145 kg N ha above
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the national environmental threshold on clay soils and 89 kg N ha™ on sandy soils, which is
higher than previously reported (Silva et al., 2021). To comply with environmental
thresholds, there will be a need to reduce N surplus. Our results show that the N surplus of
only a limited number of fields remained within the environmental thresholds.

Variability in N surplus was explained, in decreasing order of importance, by N input rates,
year and transpiration reduction due to drought and/or oxygen stress (Fig. 6.5). Hence, N
surplus can be reduced by irrigating crops and/or draining fields more adequately and by
lowering N input rates; the effect of the latter is much larger than the former. The
correlation between N input rate and N surplus was almost 1:1 and reducing N input by 50
kg ha! resulted in an average N surplus reduction of 49 kg ha (Fig. 6.5). Reducing drought
stress by 50 mm could reduce N surplus by 15 kg ha™™. It is striking that no relationships were
found between N surplus and nutrient availability in the soil. This, in combination with a
lack of yield response to input rates larger than 200-250 kg effective N ha'?, suggest that N
inputs can be reduced till 200-250 kg effective N ha* without compromising yield, provided
that N is applied at the right time, right place and in the right form (Fixen, 2020). This is
confirmed in a recent study with different N treatments on sandy soils with the variety
Fontane. No significant yield differences were found between the high N treatment (245-
275 kg effective N ha) and the low N treatment (185-215 kg effective N ha') (van Geel et
al., 2023). Prikaziuk et al. (2022) found no significant yield differences for the same varieties
and soil types comparing N rates of 75-85 kg N ha™ to 320-375 kg N ha’. Hence, there is a
need to further investigate by how much N input can be reduced without affecting crop
yield.

Phosphorus and K balances were positive on clay soils and neutral on sandy soils, which is
in agreement with earlier findings in Chapter 4. Historical high P application rates have
caused a high P status in Dutch soils (Oenema and Roest, 1998; Steén, 1997). Associated P
losses from these rich soils, have led to eutrophication of surface water bodies. However,
our results showed that P fertilisation was balanced on sandy soils. Therefore, extra leaching
due to fertilisation of potatoes is not expected. On clay soils, there was a large positive P
balance. However, it should be acknowledged that on these soils fertilisation is often
applied to a crop rotation rather than to an individual crop. Since potato is a cash crop,
farmers tend to apply relatively more fertilisers before the potato crop. Hence, although
there was a positive balance for a single growing season, the P balance should be evaluated
over a crop rotation to assess the risk for increased P leaching. In the used dataset,
information on fertilisation over a whole crop rotation was unavailable. With regards to K
there are no negative environmental effects. Its nutrient balance followed a similar pattern
as for P, with a neutral balance on sandy soils and a positive balance on clay soils.
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6.4.2 Water and irrigation water productivity

As for the other inputs investigated, water productivity was highly variable among farmers’
fields. In our study, WP increased with higher emergence rate of the crop, a later planting
date, reduced drought and oxygen stress and larger pesticide application rates (Table 6.2).
Hence, water productivity increased with a better crop coverage, through improved water
utilisation. Water was also used more efficiently under water limited conditions. Previously,
using the same dataset it was found that yield of Innovator (clay soil) was partly explained
by crop protection product use, although this correlation was very weak (Chapter 3).
Perhaps, this could also explain the improved water utilisation with large pesticide
application rates.

In addition to water productivity, irrigation water productivity is a relevant indicator as
irrigation water is extracted from existing water reserves which can impact water
availability in dry years when availability is limited. In average or wet years, ware potato
needs relatively little irrigation and generally sufficient water is available in the Netherlands.
On the other hand, in dry years, water could become limiting and restrictions on irrigation
could be imposed. In such conditions, it is important to use irrigation water more efficiently,
particularly on sandy soils in the south of the Netherlands, which are more vulnerable to
drought stress and where less water is available (Diogo et al., 2017). In this study, a dry year
(2020) and a wet year (2021) were included. Average irrigation water use in sandy soils
(Fontane) was higher in 2020 than in 2021 (Fig. 6.8). Variability in irrigation water
productivity was found, but could only be explained by year and not by any of the
explanatory variables. It showed that in 2020 irrigation water was used effectively,
regardless of the application rate, whereas in 2021 irrigation was mostly redundant. An
important note is that the outcome was partly based on model results (as the yield without
irrigation was modelled instead of measured). To assess actual irrigation water productivity
under existing field conditions, on-farm experimentation including treatments with and
without irrigation will be needed.

6.4.3 Crop protection product use

Variability in crop protection product use (as expressed in EIP) varied by a factor four across
the different potato fields. The most frequently sprayed type of crop protection product in
potato was fungicides (Fig. 6.9). Fungicides are sprayed mostly preventive against early and
late blight. However, adverse weather conditions or limited availability of machinery or
labour due to the scale of the farm can prevent farmers from spraying at the optimal timing.
As a result, when late blight infection is expected or detected, farmers have to apply
curative fungicides against late blight instead of preventive fungicides. The former have a
larger environmental impact than the latter, which partly explains the variability in EIP
among fields.
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Even though there was large variability in crop protection product use, it may be too easy
to conclude that the use of crop protection products can be reduced in all fields. It is
important to acknowledge the financial risk of (severe) yield reduction due to a late blight
infection, which could completely devastate a crop (Haverkort et al., 2009). Decision
support systems aid in understanding under what conditions crop protection product use
can be reduced, which results in a lower usage than when farmers apply at regular and fixed
intervals (Cooke et al., 2011; Small et al., 2015). It is estimated that 36% of Dutch ware
potato growers use a decision support system for late blight control (Cooke et al., 2011).
Hence, its use could be more widely applied. Furthermore, introducing late blight resistant
varieties in combination with low-input fungicide application has the potential to largely
reduce fungicide application, although its use cannot be reduced to zero (Haverkort et al.,
2008; Kessel et al., 2018).

6.4.3 Performance across indicators

Given the multiple environmental challenges in the Netherlands, it is important to not only
consider one indicator at a time, but to evaluate fields across multiple indicators
simultaneously. A comparative analysis across indicators showed that the individual scores
of yield, N surplus, WP and EIP were correlated to the mean rank of the three impact
indicators jointly (N surplus, WP and EIP) (Fig. 6.10). Hence, it showed that relatively high
yields, low N surplus, high WP and low EIP could be obtained simultaneously. This was
further confirmed by the pairwise comparisons of the high performing groups compared to
the lowest performing groups. On average, the 12 best performing fields had a significantly
lower N surplus, higher WP and lower EIP than the 12 worst performing fields (Fig. 6.10). In
addition, it was found that the highest performing fields had a higher yield, although for
Innovator (clay soil) this was only significant when the high yielding field in the low
performance group was excluded. Low performance was partly caused by reducing factors
such as pest and diseases. These results suggest that it is possible to achieve high yields
while reducing environmental impact of potato cultivation and that to do so controlling the
negative effects of pest and diseases on crop yield is a relevant management factor.

Despite the reduced environmental impact in the best performing group of fields, an
important note is that the average total N surplus among the twelve best performing fields
was still above the environmental threshold (Fig. 6.4 & 6.11), both for Innovator on clay
soils and Fontane on sandy soils. Also, the average crop protection product use of the 12
best performing fields would not meet the 50% reduction (as targeted in the Farm to Fork
strategy (European Commission, 2020)) compared to the average pesticide use of all fields.
Hence, this means that current best practice is insufficient to meet environmental targets
for N surplus or crop protection product use reduction, if applied to the 96 potato fields.
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Further research should focus on assessing the effects of these targets on ware potato
production over a whole crop rotation.

6.5 Conclusions

This study revealed large variability among ware potato fields in resource use, use efficiency
and environmental impact in the Netherlands. Differences between fields with highest and
lowest N surplus were a factor three, between highest and lowest water productivity a
factor two and between highest and lowest crop protection product use a factor four. Also,
P and K balances were highly variable among fields. For all indicators, variability in resource
use efficiency was driven by variability in input rates and relationships between outputs and
input rates were not found. Average performance across the three impact indicators, N
surplus, WP, and crop protection product use, showed that it was possible to achieve high
yields combined with relatively low N surplus, high water productivity and low crop
protection product use. Hence, we conclude that there is scope to reduce input use and
environmental impact, without compromising yield. However, in the best performing fields
average total N surplus was still above the desired national and EU environmental
thresholds. In addition, average crop protection product use among the best performing
fields would not meet the target reduction of 50% compared to average use among all
fields, as targeted by the European Farm to Fork strategy. Hence, this means that further
reduction in input use, beyond current best practice, will be needed to meet environmental
targets for N surplus or crop protection product use reduction. Further research should
evaluate such effects on crop production over the entire crop rotation.
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Chapter 7: General discussion
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7.1 General findings

The overall aim of this thesis was to quantify and explain variability in yield, yield gaps,
resource (water, nutrients and crop protection products) use efficiency and environmental
impact of ware potato production in the Netherlands. The analysis was done in three steps,
focusing on (1) quantifying spatiotemporal yield variability, (2) quantifying production levels
and explaining yield (gap) variability and (3) quantifying and explaining variability in
resource use, use efficiency and environmental impact of ware potato production (Fig. 7.1).
Chapter 2 revealed that spatial yield variability was largest among and within fields, smaller
among farms and smallest among regions. Temporal yield variability was equally or more
important than spatial yield variability at all spatial scales. In Chapter 3, we estimated the
average potential yield (Yp) at 16.4 t DM ha for Innovator on clayey soils and 17.5 t DM ha"
! for Fontane on sandy soils. Modelling showed that Yp could be increased by planting
earlier and/or harvesting later. Average water-limited potential yield (Yw) was estimated at
12.6 t DM ha for Innovator and 15.4 t DM ha for Fontane. Average actual yield (Ya) was
12.0 t DM ha™ for Innovator on clayey soils and 13.4 t DM ha™ for Fontane on sandy soils.
On clayey soils, yield limitation was mostly attributed to oxygen stress as a result of water
excess in both years. On sandy soils, drought stress was the most important yield gap
influencing factor in the dry year 2020, and yield reducing factors the most important in the
wet year 2021. Frequent field monitoring revealed that a wide variety of reducing factors
were affecting actual crop yields. Yield reduction was partly related to pest and diseases,
and partly to poor agronomic practices, such as planting cut seed potatoes. We did not find
evidence that nutrient input rates and chemical soil quality are relevant factors to explain
yield (gap) variability. In Chapter 3, no associations were found between yield and nutrient
input or chemical soil quality. This was confirmed in Chapter 4, where we found that
increasing P and K application rates did not lead to a higher yield. Furthermore, in Chapter
5 we demonstrated that physiological aspects of seed potato origin had a small effect on
certain crop characteristics (number of stems and tubers per plant, tuber size distribution),
but that yield was not influenced by it. Chapter 6 revealed that ware potato production in
the Netherlands is characterised by high input rates of nutrients and crop protection
products while yield responses are nearly absent. Variability in resource use efficiency and
environmental impact was mostly determined by variability in nutrient and crop protection
product input rates and yield limiting and reducing factors.

In the introduction of this thesis, | wrote that outcomes of this research can be used to
provide recommendations on how to increase yields, improve resource use efficiency and
reduce the environmental impact of ware potato production. However, to better
understand this scope it is essential to provide additional context to the setting in which
farmers operate and to the methodologies used to come to the conclusions. In this
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discussion, | first assess to what extent this thesis contributed to gaining an improved
understanding of variability in yield and yield gaps (Section 7.2). In Section 7.3, | elaborate
on additional factors that could potentially play a role in explaining variability in yield and
yield gaps as well, but that were not included in the analyses in this thesis. In Section 7.4, |
evaluate to what extent farmers’ perceptions on yield gap explaining factors are in
agreement with measurements in the field. In addition, in this section | dive further into
management and socio-economic constraints at farm level that could contribute to the yield
gap at field level. In Section 7.5, | evaluate resource use, use efficiency and environmental
impact of ware potato production in the Netherlands and try to seek an explanation for high
input rates through a simple economic analysis of input costs. In addition, | assess
alternative ways of improved sustainability of ware potato production. In Section 7.6, |
assess the benefit of using detailed field monitoring in yield gap studies and address
limitations of the methods used. | finish this general discussion with the lessons we can distil
from this thesis and a prospect towards the future (Section 7.7).

7.2 Understanding variability in yield and yield gaps for ware potato

production in the Netherlands at field level

Ware potato farming in the Netherlands is highly productive. This thesis identified an
average productivity at 73% of potential yield for Innovator on clayey soils and at 77% of
potential yield for Fontane on sandy soils (Chapter 3). The estimated ware potato yield gap
in the Netherlands is similar to previously estimated yield gaps (Silva et al., 2020, 2017),
although reported actual and potential yields in this study are higher than in the previous
studies. Yield gap variability among fields was large with yield gaps ranging from 1 to 53%
for Innovator on clayey soils and from 0 to 47% for Fontane on sandy soils (Chapter 3), and
shows similar large yield variability among fields compared to other studies (Mulders et al.,
2021; Silva et al., 2021, 2017).

This thesis has shown the importance of variety, soil and year effects on the yield gap and
yield gap explaining factors. For Innovator on clayey soils, Ypmax (potential yield based on
maximum growing season length) was estimated around 17 — 18 t DM ha, while for
Fontane on sandy soils it was estimated around 18 — 20t DM ha™. The (Ypmax— Ya) yield gap
(i.e., potential yield with longest possible growing season minus actual yield) of Innovator
(clayey soils) was for 59% attributed to oxygen stress, for 12 — 22% explained by radiation
limitation, for 8 — 18% by drought stress, and for 1 — 21% by nutrient limitation and/or
reducing factors (Chapter 3). For Fontane (sandy soils), the (Ypmax — Ya) yield gap was for 9
—52% determined by drought stress, 29 — 31% by radiation limitation, 18 — 59% by nutrient
limitation and/or reducing factors (mostly diseases) and less than 1% by oxygen stress. The
relative contribution of the yield gap explaining factors for Fontane (sandy soils) varied for
the two studied years. The effect of reducing factors on the yield gap was much larger in
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the year with average climatic conditions (2021) and the effect of drought stress was more
pronounced in the relatively dry year (2020).

We attributed a considerable proportion of the yield gap to oxygen and drought stress.
However, it cannot simply be concluded that the yield gap will be narrowed to the same
extent if these water related stresses are taken away. It was shown that in fields with low
drought and/or oxygen stress levels, the (Ywir — Ya) yield gap (i.e., water-limited potential
yield with irrigation minus actual yield) was still relatively large (Chapter 3), meaning that
pests and diseases and/or nutrient limitation were a cause of the existing yield gap when
there was no drought and/or oxygen stress. This follows Liebig’s law of the minimum, which
implies that the most constraining factor is determining the yield level. Hence, under
drought and/or oxygen stress, water deficit or excess are mostly limiting yields, but without
drought and/or oxygen stress, yield reducing factors and/or nutrient limitation still prevent
farmers from obtaining potential yields in (part of) their fields.

Further analysis demonstrated that reducing factors played an important role in
determining actual yields, while there was a negligible effect of fertilisation on crop yield.
Statistical analysis showed significant effects of emergence rate and crop health score on
the yield gap for both varieties (Chapter 3). Furthermore, for Innovator, it was found that
the (Ywirr — Ya) yield gap was lower with increasing crop protection product use. On the
other hand, plant available P, P applied, and K applied showed no or counterintuitive effects
on the yield gap of both varieties, where larger nutrient availability or nutrient application
led to larger yield gaps. These results are in line with other findings on ware potato
production in the Netherlands that showed limited, contradicting, or counterintuitive
effects of soil fertility and fertilisation rates on the yield gap (Mulders et al., 2021; Silva et
al., 2020; Vonk et al., 2020). The effect of reducing factors on actual potato yields in the
Netherlands has been less well studied, but has been acknowledged to contribute to current
ware potato yield variability (Wustman, 2005). Yield reduction due to diseases may even
worsen under future climate change (Schaap et al., 2013). Reducing factors were also an
important yield gap explaining factor for sugar beet yield variability in the Netherlands
(Hanse et al., 2011) and for ware potato yield variability in other high input cropping systems
(Sinton et al., 2022).

The statistical analyses were useful to determine the overall effect of reducing and or
nutrient limiting factors on the yield gap, but could not be used to identify specific problems
at individual fields. Using qualitative field observations throughout the growing season, we
could establish that the reducing factors that impacted crop growth were diverse (Chapter
3). Alarge part of the reducing factors was related to using diseased planting material, such
as Pectobacterium spp. infected tubers. In other fields, there were problems with airborne
diseases including early (Alternaria solani) and late blight (Phytophthora infestans).
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Damaging levels of potato cyst nematodes (Globodera spp.) were explaining the yield gap
in two fields. Poor agronomic practices were also part of yield gap explaining factors in a
few fields. One farmer planted potatoes with a broken machine and other farmers planted
cut seed tubers resulting in heterogeneous stem densities. This qualitative assessment did
not provide the possibility to quantify the yield reducing effect of different factors, but it
did provide an overview of the various reducing factors that influence yield at field level.
This is a clear advantage to other studies where yield gaps were attributed to reducing
factors, but where lack of information prevented drawing conclusions on which pests and
diseases or other factors were reducing yields (Deguchi et al., 2016; Silva et al., 2017).

7.3 Additional yield gap explaining variables

Although many aspects of ware potato production are touched upon in this thesis,
inevitably not all factors that determine ware potato productivity could be taken into
account. In this section, | discuss four additional factors that can potentially play a role in
limiting or reducing yields, but that were included in the analysis only to a limited extend:
soil compaction, flooding, crop rotation and long-term fertilisation effects.

Soil compaction is a physical form of soil degradation that alters soil structure, limits water
and air infiltration and reduces root penetration in the soil (Nawaz et al., 2013). It is reported
that soil compaction in potato fields can delay emergence, slow down ground cover
development, reduce rate of leaf expansion and reduce rooting density and maximum
rooting depth (Huntenburg et al., 2021; Stalham et al., 2007). Ultimately, this will lead to
lower yields; indeed yields were found to be reduced by 11 — 18% in fields with traffic
compared to fields without traffic (Chamen et al., 1992; Vermeulen and Klooster, 1992).
Another study reported a yield loss of 13% as a result of a compacted soil and 33% yield loss
as result of a plough pan (Bouma and Van Lanen, 1989). Marketable yield can also be
affected by soil compaction resulting in more small sized tubers (Edrris et al., 2020).
Irrigation can alleviate the effect of compaction (Stalham et al., 2007), although a dry
uncompacted soil can yield similar to an irrigated compacted soil (Bouma and Van Lanen,
1989), which requires thus additional inputs to maintain yields in the compacted soil.

In this thesis, soil compaction was considered in terms of soil penetration resistance, and
was used to assess rooting depth. This way, we assessed the total available water using
SWAP-WOFOST (Chapter 3). However, a compacted soil also has a lower water holding
capacity or reduced aeration (Johansen et al., 2015; Stalham et al., 2007). This aspect of soil
compaction was not taken into account. Better porosity can alleviate both drought and
oxygen stress while lower porosity can aggravate stress. A survey of 602 farms in the UK
showed that two thirds of the fields had a penetration resistance that is expected to be
limiting for potato root growth within the top 55 cm of soils (Stalham et al., 2007). For the
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Netherlands, it is estimated that 43% of the subsoils is overcompacted and thus affecting
ware potato yields as well (Brus and Van Den Akker, 2018).

Model outcomes on water-limited yield (Chapter 3) suggested that lower ware potato yields
could be attributed to oxygen stress as a result of excess water in the field. Although too
much water plays a role when oxygen stress occurs, it is not necessarily equal to flooding in
the field, as flooding can destroy a whole crop. When potatoes have been submerged in
standing water for a prolonged period, tubers will start to rot, potentially leading to a
complete vyield loss. A pot experiment showed that after 2 days of flooding, yield was
reduced by 71%, and that flooding is detrimental to yield irrespective of the development
stage of the plant (Jovovic¢ et al., 2021). We did not encounter prolonged flooding in our
measurement areas, but flooding is surely a factor that affect ware potato production in the
Netherlands and can occur both on sandy and clayey soils (Mulders, 2023; Wustman, 2005).

Often flooding does not happen on the whole farm, but on a particular part of a farm and
field and can for instance result in lower emergence (Fig. 7.2) or a smaller area harvested.

Figure 7.2. A potato field in Limburg was flooded during a heavy rain shower in 2021, leading to
poor emergence in part of the field (source: Paul Ravensbergen, 15/06/2021).

It is well known that crop rotation has several advantages compared to continuous
cropping, for instance because of disease suppression and improved nutrient cycling.
Narrower rotations with potato were often found to have higher abundance of pathogens
(Carter and Sanderson, 2001; Qin et al., 2022; Wang et al., 2022) and nematodes (Bélair et
al., 2006; Whitehead et al., 1991), which negatively affects yield. In the past, it was found
that rotations with potato once every three, four or six years had respectively 21, 16 and
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7% lower yields compared to plots on which potato was grown for the first time (Hoekstra,
1989). More studies found that yields were reduced in relatively narrow rotations compared
to relatively wide rotations (Qin et al., 2022; Scholte and Jacob, 1990; Vos, 1996; Whitehead
et al., 1991). In this thesis, we found that a decreasing crop health score negatively affected
yields. However, it was not attributed to what extent crop rotations contributed to this yield
reduction. On 84% of the studied fields on clayey soils and 51% on sandy soils, potatoes
were cultivated on that particular field four or fewer years ago (Fig. 7.3). Hence, existing
crop rotations are likely to be an important yield reducing factor and contributor to the
disease pressure.

Clay (Innovator) | | Sand (Fontane)
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Figure 7.3. Frequency of potato cultivation in the crop rotation. Percentages refer to each soil type
(and cultivar). Figure is based on observations from 94 fields (Chapter 3, 6).

Crop rotations can also positively influence ware potato yield, for instance through extra N
supply after grass or a leguminous crop. Such potential benefits of crop rotations have not
been assessed, but can be relevant in determining yield, although Silva et al. (2017)
concluded that such beneficial rotational effects tend to disappear in high input systems.
Yet, they are relevant to consider for nutrient management, as legacy N can reduce N input
demands. Sustainable management will require adequately accounting for the additional N
supply to the potato crop (Azimi et al., 2022). Hence, rotational effects can therefore also
explain variability in nutrient input rates and use efficiency.

In this thesis, we considered the effect of nutrient application on yield and resource use
efficiency in several ways. We found that additional P and K fertiliser application did not
resultin higher actual yields (Chapter 4), that N, P and K application rates and soil properties
were not or counterintuitively related to yield (Chapter 3) and that variability in resource
use efficiency was mostly driven by variability in nutrient application rates (Chapter 6). For
all of these conclusions, we considered nutrient application for the studied growing season
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and neglected historic fertiliser application. Because of the lack of responses and the large
N surplus, we concluded in Chapter 6 that current N application rates could be reduced to
increase NUE and decrease N surplus. This is confirmed in long-term trials on experimental
stations where N application rates above crop demand did not increase yield and increased
N leaching (Constantin et al., 2010; Goulding et al., 2000; Janssen, 2017). Similarly, we
observed a large positive P and K balance in clayey soils based on single season nutrient
application rates, which also suggests that inputs to the potato crop can be reduced.
However, farmers farm under a wide variation of conditions caused by differences in soil,
climate, crop choice, management and other factors. Reducing nutrient input could also
have side effects, such as that the potato crop can become more susceptible to early blight
under lower N fertilisation conditions (Abuley et al., 2019). There is a need to evaluate the
effects of reducing inputs in the long term and for the entire crop rotation under a wider
variety of conditions, to understand under which conditions reducing nutrient inputs
without compromising yield is possible and what the potential trade-offs are.

7.4 Addressing yield gaps at farm level

7.4.1 Comparing farmers’ perception with field observations

As part of the analysis, we asked farmers to estimate the yield gap and yield gap explaining
factors at their farm (Chapter 2). Farmers indicated a yield gap for ware potato in the
Netherlands of 13 — 18 t fresh matter ha™l, corresponding to 20 — 24% of potential yield. In
Chapter 3, we estimated the yield gap at 23 — 27% of potential yield which shows that the
farmer estimated yield gap was similar to the estimated yield gap based on measured data.
Nevertheless, farmers’ estimates of potential yield were highly variable and ranged
between 50 and 90 t hal. Hence, this shows that part of the farmers underestimated
potential yield (compared to model simulations of roughly 75 — 95 t ha). A potential
explanation is that farmers may have a different interpretation of potential yield than
researchers. As the highest farmers’ yield is generally lower than the potential yield and
only reached by few farms (Silva et al.,, 2017), this may be a reason why farmers
underestimate the potential yield as defined by climatic conditions and with optimal crop
management (van Ittersum et al., 2013).

In terms of yield gap explaining factors, there were similarities and striking differences
between farmers’ perceptions and measurements in the field. Water deficit and water
excess were indicated by farmers as major biophysical factors explaining the yield gap.
Water deficit was considered most important in 2020 and water excess was most important
in 2021. This is largely in agreement with model simulations done in Chapter 3. However, a
difference is that farmers on sandy soils also indicated water excess as a yield-limiting
factor, which can likely be related to flooding in certain parts of the farm (Fig. 7.2). In terms
of management factors, farmers mentioned that a lack of irrigation was one of the most
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important factors limiting potato yields, which corresponds with water deficit being a major
yield-limiting factor according to model simulations.

Diseases were perceived as another important yield gap explaining factor for Fontane on
sandy soils in 2021. The answers to the open questions in the questionnaire (Chapter 2)
revealed that this was largely related to late blight (Phytophthora infestans) infections.
Although we observed late blight infections in 2021 in some fields, most of the vyield
reduction was related to other diseases. For Fontane on sandy soils, this was mostly related
to Pectobacterium (formerly Erwinia) infections resulting in black leg disease and soft rot
(Chapter 3). Part of the observed diseases (and pests) in ware potato cultivation can be
related to narrow rotations. Yet, in the questionnaire none of the farmers indicated that
crop rotation was reducing yield at their farm (Chapter 2). From personal conversations with
farmers in the field, | learned that some farmers acknowledge the negative effect of a
narrow rotation on yield, but that farm economics does not allow to have a wider crop
rotation. As such, farmers do not consider crop rotation a yield reducing factor as it is
something that cannot be changed in the short term.

A striking difference between farmers’ perception on yield gap explaining factors (Chapter
2) and assessments in this thesis (Chapter 3 and 4), is the role of nutrients in explaining the
yield gap. Roughly 20% of the farmers indicated in the questionnaire that fertilisation was
a yield-limiting factor at their farm. When we explicitly asked farmers about it, almost 70%
indicated that a more lenient N and P legislation could lead to increased yield at farm level.
Yet, we did not observe any vyield response to N and P input (Chapter 3). In addition,
increased P fertiliser application rates did not result in higher ware potato yield (Chapter 4).
In Chapter 6, we conclude that it is likely that N input can be reduced while maintaining
yields. This contradicts the view of part of the farmers. One farmer commented in the
questionnaire: “Increasingly reducing nutrient inputs, especially the organic part, is
perceived by us as one of the biggest threats, because we know from the past that a crop
grows well and stable with sufficient slurry. We also see that plants become more
susceptible to pests and diseases, because we have to restrict nutrient application. This
results in higher use of crop protection products, which are also increasingly restricted. It is
worrying, | expect we will have to do with lower yields if this is not changed.”

7.4.2 Overcoming yield constraining factors at farm level

This thesis showed that a wide variety of yield constraining factors determine the actual
yield and yield gap at field level. Also, suggestions were provided to increase actual yield,
such as by planting earlier and improving irrigation. However, to actually increase vyield,
there is a need to understand the environmental and socio-economic context of the farm.
In Chapter 2, it was identified that farmers consider economics as an important constraint
to apply irrigation. Answers to the open questions revealed that low potato prices due to
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the COVID-19 pandemic were an important cause for this. Also, some farmers prioritise
other crops such as spring onion above potato in terms of irrigation. Furthermore, a few
farmers also indicated that farm size can influence the yield gap. Farmers explained that
because of the size of the farm, some fields had to be harvested under unfavourable (wet)
conditions in the previous year, negatively impacting soil structure.

There are many other constraints that prevent farmers from taking away vyield limiting or
reducing factors, but that were not apparent from the answers to the multiple-choice
questions of the questionnaire. The answers to the open questions in the questionnaire
(Chapter 2) provide valuable additional insight in challenges that farmers face. Some
farmers indicated that farming is done over multiple seasons, and that their aim is not to
maximise yield of a single crop, but over an entire rotation. Another farmer mentioned that
they try to have an early crop, so that it is more likely to harvest under dry conditions. This
is beneficial to soil structure and could result in a higher yield on the long term. Another
farmer preferred harvesting earlier because of the higher ware potato price. Harvesting
later, with a potentially higher yield, is thus financially less attractive. Farmers are also
dependent on the region where they are located. Some farmers indicated that they are
unable to irrigate because of brackish water or because they are in an area with seed
potatoes. As a result, farmers cannot irrigate their crop to prevent disease spreading of
brown and/or ring rot. Finally, a group of farmers indicated that they are not allowed to
protect the ware potato crop against early blight because they are located in an area where
drinking water is exploited, limiting their options of using crop protection products.

Other external factors that farmers cannot control also explain why it can be difficult to
overcome yield gaps. A farmer indicated that field conditions were too wet to enter the field
and that it was not possible to spray the crop with a late blight infection as a result. Another
example is that when the crop demands irrigation while (heavy) thunderstorms in a few
days are forecasted, farmers wait to irrigate to avoid the risk of having a flooded field.
However, this could also mean that irrigation comes too late if it does not rain, with drought
stress as a result. Furthermore, on rented land farmers cannot influence choices (e.g., crop
rotation, fertilisation) in previous years and sometimes even in the year of cultivation.
Lastly, due to dry weather conditions in spring 2020 the clayey soil became very hard. As a
result, farmers needed to put more effort into planting, delaying overall planting. In
conclusion, in practice farmers face a multitude of challenges and give priorities to other
crops and/or goals which ultimately prevent them from obtaining potential yield. It is
incredibly difficult to do everything right and thus to narrow the yield gap, but it starts by
identifying the right problems. One farmer rightfully acknowledged: “In the end, a
successful crop is determined by a large number of factors, partly by legislation, partly by
nature, and partly by crop management. For the latter, it is important to look into the mirror
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and reflect on whether | as a farmer could have improved cultivation during the growing
season. Other factors are often too easily used as arguments to hide.”

7.5 From yield gap to efficiency gap, and beyond?

7.5.1 Pathways to increase resource use efficiency and reduce environmental
impact

Given environmental challenges in the Netherlands, there is a need to move towards a more
sustainable agriculture by increasing resource use efficiency and reducing the impact to the
environment. There are several pathways to increase resource use efficiency and reduce
environmental impact of ware potato production in the Netherlands (Fig. 7.4). Here, | take
nitrogen use as an example of how improved efficiency can be achieved. One way is to
increase current yield levels while maintaining the same input rates, leading to an improved
resource utilisation of applied inputs (Fig. 7.4 — 1). This thesis showed that current yield
levels are around 73 — 77% of potential yield and that there is space to increase actual yield.
However, due to socio-economic constraints at farm level, expected vyield increase is
marginal and will likely only be achieved on part of the production fields. Hence, increasing
yield could, on average, only marginally increase resource use efficiency and will be
insufficient to stay within the environmental thresholds for nitrate concentration in the
groundwater. Nonetheless, for particular individual fields with relatively large yield gaps
resource use efficiency could be considerably improved by increasing yield.

A second pathway is to reduce input levels while maintaining actual yield levels (Fig. 7.4 —
2). The majority of the farmers applied roughly between 250 and 500 kg effective N ha on
clayey soils and between 200 and 350 kg effective N ha! on sandy soils. Despite the large
variability in input rates, we did not find any relation between yield and N input. Based on
this finding, it can be expected that average N application rates could be reduced till 250 kg
effective N ha* on clayey soils and 200 kg effective N ha* on sandy soils without yield loss.
However, it is still uncertain if inputs can be reduced further without compromising yield. If
input reduction while maintaining current yield levels is insufficient to stay below the
environmental thresholds for nitrate concentration in the groundwater, potentially a third
pathway is needed where extra input reduction is necessary, accepting slightly lower yields
(Fig. 7.4 — 3). Another experiment with the same varieties and soil types has shown that still
relatively high yields were obtained with input rates of 75-85 kg N ha? (Prikaziuk et al.,
2022).

In addition to environmental challenges, there is also a need to produce sufficient food for
a growing population (UN, 2022). Hence vyield and efficiency gaps should be considered
simultaneously (van Noordwijk and Brussaard, 2014). Modelling can aid to assess minimum
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Figure 7.4. Yield response curves to effective N input in ware potato production in the Netherlands.
The horizontal part of the curves indicate the (absent) average response of gross yield to N input
found in this thesis. The solid red (grey) lines indicate the yield response for 2020 (2021), without
water stress. The dotted red line (in the right panel) indicates the yield response for 2020 with
drought stress taken into account. The dashed lines indicate hypothetical response curves at lower
N application rates. The red and grey symbols refer to the actual observations in the field. The green
symbol refers to a random field. Situation 1 refers to a scenario of narrowing the yield gap, situation
2 to minimizing input use while maintaining yield and situation 3 to optimizing the yield and
resource use efficiency gap simultaneously.

input requirements at certain yield levels or to minimise trade-offs between yield and
resource use efficiency (Kheir et al., 2022; ten Berge et al., 2019). Model outcomes should
be evaluated through long-term experiments at systems level to evaluate changes in
management practices for a wide variety of conditions, similar to the conditions that
farmers face (e.g., Li et al., 2023).

7.5.2 Economics related to resource use efficiency

Low resource use efficiency does not only come with emissions to the environment, it also
comes with economic losses to the farmer as inputs remain unutilised (Steyn et al., 2016).
An often used argument to keep using large amounts of inputs, is the risk that crop
productivity may decline when inputs are reduced or that the cost of overapplication is
lower compared to the cost of underapplication (i.e., when it results in yield reduction)
(Meyer-Aurich and Karatay, 2019; Rajsic and Weersink, 2008). In this section, | evaluate how
much money can be saved on inputs compared to the revenue loss if an input is limiting
yield (Table 7.1), assuming potential input use efficiency (see footnotes in Table 7.1 for
details on assumptions).
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First, | compare the cost savings of fertiliser reduction to the revenue loss as a result of
potentially lower yield. KWIN-AGV (Quantitative information field crops and horticulture)
reports that an average farmer in Flevoland applies 250 kg N ha? year™ to the potato crop
(van der Voort, 2022). If the farmer would reduce N input by 10%, this equals an input
reduction of 25 kg N ha* which saves € 23,- ha on N fertiliser (Table 7.1). When the crop is
limited by N and assuming 67% N use efficiency (Silva et al., 2021), this could result in a yield
loss of 5.4 t hal, which equals a revenue loss of € 540,- ha! to € 1080,- ha'. Hence, the
potential revenue loss due to lower yield is 23 — 47 times higher than the cost savings by
reducing N fertiliser input. Similar calculations can be done for P and K and indicate that
revenue loss is 118 — 235 times higher than cost savings for P, and 37 — 74 times for K.
Although yield (and thus revenue) losses as a result of reduced fertiliser inputs will likely not
be as large as depicted in this optimistic scenario, these numbers clearly indicate that the
costs of overapplication are indeed much lower than the potential losses as a result of
underapplication (see also Neeteson, 1990).

For irrigation, revenue loss divided by the cost savings is much smaller than for fertilisers.
When one irrigation event of 25 mm is skipped, its cost savings are 2 — 9 times lower than
its potential revenue loss. This is calculated with ware potato prices of € 0.10 to € 0.20 and
indicates that product price is an important determinant whether irrigation is profitable, as
was also indicated by the farmers in the questionnaire (Chapter 2). When the potato prices
were very low (as low as € 0.02 kg!) due to the COVID-19 pandemic, part of the farmers
stopped irrigating the crop because of the low return on investments.

Crop protection products was another important input evaluated in this thesis. However, it
was not possible to calculate a revenue loss due to lower application rates. Whilst fertilisers
and irrigation are applied to get a yield gain, crop protection products are used to prevent
ayield loss. Instead, it is possible to compare the cost savings of a lower application rate to
the maximum yield loss that is required to ‘break even’. On an average farm in Flevoland, €
800,- hal is spent on crop protection products® (Van der Voort, 2022). Reducing crop
protection product input by 10% saves € 80,- ha. With a potato price of € 0.10 this allows
for a maximum yield loss of 0.8 t FM™! to break even.

The three examples for fertiliser, water, and crop protection product use indicate that the
potential revenue loss due to a yield loss is much larger than costs of overapplying inputs
and thus can be an explanation for the high input rates, especially when also considering
the high fixed costs of land, buildings, and machinery that also need to be paid at farm level.

1 This excludes plant growth regulators and sprout suppressants, which are used to control sprouting
in storage
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Table 7.1. Cost savings with decreasing input rates, potential yield loss if a particular input is limiting
yield, potential revenue loss and revenue loss/cost savings.

Decrease in Cost Potential yield Potential revenue loss if Revenue loss
input savings loss if input is input is limiting (€ ha't) / Cost savings
hal (€) limiting (t FM
ha1)

Price = Price =

€0.10kg?  €0.20 kgt

potato potato
25kg N hal? 234 5.46 540 1080 23-47
1.7kgP hatt 3.44 4.07 400 800 118 - 235
15 kg K hal? 9.44 3.57 350 700 37-74
25 mm 108 239> 4.8 480 960 2-9
irrigation?
10% less crop 804 Not available?® Not Not Not available
protection available available
products?

1 It is assumed that fertilisers are applied in the form of calcium ammonium nitrate (N), triple super
phosphate (P) and muriate of potash (K).

2This is a standard application rate for one irrigation event.

3 Assuming an equal 10% decrease over all applied crop protection products.

4 Source: van der Voort (2022)

> Source: van der Voort (2019), excludes labour costs.

6 Assuming 67% nitrogen use efficiency (median NUE in Silva et al. (2021)), an N concentration in tubers
of 1.49% (average of measurements in Chapter 6), and a dry matter concentration of 21%.

7 Assuming equal input and output rates (100% efficiency), and thus maintaining a net zero balance
(Chapter 4, 6), a P and K concentration of 0.20% and 2.05% respectively (average of measurements in
Chapter 6), and a dry matter concentration of 21%.

8 Assuming 80% of irrigation water evapotranspired, a 0.05 t DM yield reduction mm drought stress!

hal(Chapter 4), and a dry matter concentration of 21%.

9 Crop protection products are used to prevent a yield loss and their use does not directly correlate to
yield. Therefore, no estimate is provided of a potential yield loss.

7.5.3 Beyond currently common practices

Sustainability assessments in this thesis have mostly focused on improving efficiency of the
current ware potato production system. In addition to increasing efficiency, substitution
and redesign have been proposed as two other stages to transition towards more
sustainable production systems (Pretty, 2018). Substitution focuses on replacing current
technologies or practices. In the context of ware potato production an important example
is introducing late blight resistant varieties. Farmers use large amounts of fungicides to
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prevent late blight infections in the fields (Chapter 6). However, application comes with
harmful effects to the environment. In addition, by overapplying fungicides there is a risk
that Phytophthora becomes resistant to certain fungicides, reducing the efficacy of the
product (Schepers et al., 2018). By combining highly resistant varieties with reduced
application of fungicides, fungicide inputs can be reduced by 80 — 90% (Kessel et al., 2018).
This way, substitution could be more effective in reducing fungicide use than by optimizing
the current application strategies.

Redesign focuses on transforming current production systems and could for instance be
achieved by diversifying crop choice. Current rotations are relatively narrow with potential
negative effects on disease (or pest) pressure (Fig. 7.3) (e.g., Carter & Sanderson, 2001; Qin
et al., 2022; Wang et al., 2022). Widening rotations is likely to reduce disease pressure,
which potentially increases yield and resource use efficiency. However, farmers will need
to be able to adapt to the cultivation of a larger diversity of crops. In addition to diversifying
in time, diversification can take place in space, for instance through strip or pixel cropping
(Ditzler et al., 2023; Juventia et al., 2022). Such spatially diverse systems can have positive
effects on weed species compositions or abundance of natural enemies, but can also be a
challenge to farmers in terms of crop management (Ditzler et al., 2023). Furthermore,
widening rotations and/or extensifying current ware potato production systems could mean
that total ware potato production goes down. There is a need to learn from different type
of systems to assess how environmental impact can be reduced while productivity is
maintained.

7.6 Methodological considerations
7.6.1 The added benefit of detailed field monitoring

Yield gap analyses have been done for various crops in different environments and have
provided valuable insight at regional or higher aggregation levels in scoping the increases in
yield or resource use efficiency (Caldiz and Struik, 1999; Dadrasi et al., 2022; Espe et al.,
2016; Gobbett et al., 2017; Rattalino Edreira et al., 2017; van Loon et al., 2019; Wang et al.,
2018). Also, for ware potato production in the Netherlands yield (gap) variability analyses
have been done (Mulders et al., 2021; Silva et al., 2021, 2020, 2017). However, available
data in previous studies have proven insufficient for a detailed understanding of yield gap
variability and its explaining factors at field level and for a large number of farms. In
addition, farmer reported data can contain inaccuracies, providing uncertainty about
reported findings (Fraval et al., 2019; Silva et al., 2021).

In Chapter 3, we showed that with frequent field monitoring at field level we were able to
get detailed understanding of yield gaps and yield gap explaining factors at individual fields.
Several production levels could be quantified at field level and various causes of yield gaps
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have been identified with relatively high R? values up to 0.65. Also, in terms of resource use
efficiency and environmental impact, large variability has been observed among fields.
Detailed analyses at field level showed that it is likely feasible to maintain high yields with
reduced resource input (Chapter 6). Our findings indicate the advantage of detailed field
monitoring compared to other yield gap studies at regional or higher aggregation levels that
were able to identify yield gaps and yield gap influencing factors at regional level, but could
not identify variability and constraints at individual fields (e.g., Dadrasi et al., 2022; Espe et
al., 2016; Gobbett et al., 2017; Rattalino Edreira et al., 2018).

Despite the improved understanding of yield gaps at field level, part of the yield gap
remained unexplained. In addition, specific factors could not be evaluated in comparison of
yield gaps among multiple fields. The additional performed on-farm experiments were
useful to assess the effect of specific agronomic factors in a wide variety of conditions within
the context of the farm. It provided an opportunity to translate findings from experimental
farms to commercial fields to understand what the effect of different management
practices means in practice (Cassman and Grassini, 2020; Silva et al., 2017).

To address yield gaps, it is essential to provide a wider perspective of the farming system
and the context in which farmers operate. In Chapter 2, we obtained valuable insights in
yield variability across multiple scales and confirmed the importance of understanding yield
variability among fields, because at that level the largest yield variability was observed.
Answers provided to the questionnaire presented in the same chapter provided insight in
the socio-economic context at farm level, which could not be obtained from the yield gap
analysis. In addition, it showed the similarities and differences between farmers perceptions
on yield gaps and measurements in the field.

7.6.2 Limitations of the study

For each chapter, limitations to data and analyses remain. Several of these limitations have
been discussed in the discussion sections of these chapters. However, there are a few
limitations that require further elucidation, because they determine the overall outcome
and conclusions of this thesis.

The yield gap assessment was done for only two years, with distinct differences in the yield
gaps and yield gap explaining factors between the two years. Grassini et al. (2015) showed
that for stable yield gap estimates preferably a ten-year period should be used. The same
would apply to yield gap explaining factors. We experienced an average and a dry year in
our study, so two different conditions with two different results. Although | expect that the
same yield gap explaining factors will determine the yield gap in other years, the relative
contribution of these factors can be different. Furthermore, additional yield gap explaining
factors might play a role. We did for instance not record a weather extreme resulting in
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yield loss due to rotten tubers, which happened on a large scale in 1998 and 2016 (Gobin
and Van de Vyver, 2021; van Oort et al., 2023; Wustman, 2005). Similarly, 2018 was an even
drier year than 2020 (Gobin and Van de Vyver, 2021; van Oort et al., 2023), aggravating the
effect of drought stress and perhaps reducing the effect of oxygen stress. If dry or wet
weather extremes will occur more frequently in future (van den Hurk et al., 2014), this will
impact the effect of yield limiting and/or reducing factors on the yield gap (Gobin, 2012),
which could vary over the country (van Oort et al., 2012).

We did this yield gap analysis on ware potato production in the Netherlands for two
important cultivars only. We showed the importance of considering different cultivars and
soils in terms of its yield potential and yield gap explaining factors (Chapter 3). However,
the yield gap and yield gap explaining factors could be different for other cultivars. For
instance, the impact of drought stress and diseases can vary with drought sensitivity and
disease tolerance of different cultivars (Sinton et al., 2022; Stark et al., 2013). Also, resource
use efficiency can vary among cultivars, such as differences in nitrogen use efficiency (Cohan
et al., 2018).

A considerable part of the output in this thesis is based on crop modelling. Although we
used an updated model for estimating potential yield (ten Den et al., 2022), there are
uncertainties about the model outcomes as well, particularly in relation to the soil
hydrological modelling using SWAP. Oxygen stress was hypothesised to be a major yield
limiting factor on clayey soils. The outcomes were not validated with field experiments
designed to evaluate the effect of oxygen stress on tuber yield. Further experimentation in
the field will be necessary to validate the outcome. In addition, the (Yw — Ya) yield gap (i.e.,
the yield gap between water-limited yield and actual yield) is largely determined by the
estimated level of water-limited yield. Hence, a validation of oxygen stress is also necessary
to evaluate the effect of nutrient limiting or reducing factors on ware potato yield.

7.7 Conclusions and towards the future

This thesis showed large variability in yield and yield gaps in ware potato production in the
Netherlands. Variability was largest among and within fields, indicating the importance of
understanding and addressing yield variability at low aggregation levels. On clayey soils,
lower yields were mostly attributed to oxygen stress and partly to late planting, drought
stress and reducing factors. On sandy soils, major yield gap influencing factors were drought
stress and reducing factors (pests and diseases). Late planting contributed to lower yields
on sandy soils as well. On both soil types, frequent field monitoring provided a detailed
gualitative understanding of the various yield limiting and reducing factors that affect ware
potato yield at field level and shows the added benefit of in-season field monitoring
compared to big data analyses. The numerous factors that influence yield in combination
with the already high productivity plus the socio-economic constraints identified at farm
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level, indicate that on average there is limited scope for narrowing the ware potato yield
gap in the Netherlands. Only in particular fields a yield gain could be achievable, which
would then result in decreased yield variability.

In addition to variability in yield, large variability was found in resource use, use efficiency
and environmental impact of ware potato production in the Netherlands. The findings in
this thesis reveal inefficient use of N and hugely variable use of crop protection products in
particular. For all studied environmental indicators, variability in resource use efficiency and
environmental impact was mostly related to input rates and showed an absence of yield
response to inputs. Given the environmental challenges that the Netherlands is facing,
there is a need to increase resource use efficiency of current production system by reducing
inputs. Simultaneously, there is a need to produce sufficient food to feed a growing
population. The observed variability among fields suggests that it is possible to obtain high
yields while reducing the environmental impact of ware potato production. However, there
will be a need to evaluate how far and under which conditions input reduction is possible
without yield loss. In addition, it needs to be assessed how current ware potato production
systems can be integrated with alternative cropping systems that can contribute to
improved sustainability of ware potato production in the Netherlands.
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Appendix A Chapter 2
A.1 Within-field yield variability for all studied years
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Figure A.1. Boxplots showing within-field yield variability (in t ha') per field per year for the farms
Scholtenszathe and Van Den Borne Aardappelen. Figure is based on the commercial farms dataset.
Boxplot whiskers indicate lowest ten and highest 90% yield. The mean range depicted in each figure
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A.2 Standard deviation across scales for a selected period and all years

Table A.2. Standard deviation (in t ha) as indication for yield variability across scales calculated

with mixed effects models for the period 2015 — 2020.

Data source Province Farm Field Within-field year
CBS 1.6 - - - 3.8
Industry samples 2.0 - - - 4.7
FADN 3.5 6.1 - - 3.5
Questionnaire 2.7 4.0 - - 0.8
Farm 1 - - 8.5 7.7 14.1
Farm 2 - - 11.1 8.7 9.0

Table A.3. Standard deviation (in t ha) as indication for yield variability across scales calculated
with mixed effects models for all years that were available.

Data source Province Farm Field Within-field year
CBS 2.6 - - - 3.0
Industry samples 1.9 - - - 4.3
FADN 4.2 7.1 - - 3.2
Questionnaire 2.7 4.0 - - 0.8
Farm 1 - - 8.5 7.7 14.1
Farm 2 - - 11.1 9.7 9.0
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A.3 Variance explained by different scales for all years included in the
analysis
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Figure A.4. Variance explained (in %) by the different model parameters for each dataset for all
years that were available. Different colours indicate different sources of variance.
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Appendix B Chapter 3

B.1 Complete overview of the methodology

Table B.1. Complete overview of measurements taken during the experiment, including
measurements that were not used in the analysis.

Type of measurement

Method

Soil measurements
Soil organic matter

Soil pH
Total nitrogen and phosphorus

Available nitrogen, phosphorus,

and potassium

Soil penetration resistance

Potato cyst nematodes
(2021 only)

Soil profile

Crop measurements
Soil cover

SOM was measured using the loss on ignition method by
placing the sample in a furnace at 550 °C for 3 hours. SOM
was corrected for clay content using Hoogsteen et al. (2015),
where clay content was provided from the farmer or taken
from a soil map.

Soil pH was measured in water in a 1:2.5 soil:water ratio.

Total N and P were measured spectrophotometrically with a
Skalar san++ system from a digestion with a mixture of H,SO,—
Se and salicylic acid.

Available N and P were measured spectrophotometrically
with a Skalar san++ system from a 0.01 M CaCl, extraction
(Houba et al., 2000). Available K was measured with a Varian
AA240FS fast sequential atomic absorption spectrometer
from the same extracts.

Soil penetration resistance was measured using a
penetrologger (Royal Eijkelkamp, 2022) at the beginning of
the growing season when it could be assumed that the soil
moisture was at field capacity. The measurements were
repeated on three locations per plot.

Potato cyst nematode pressure was measured in each field in
2021 only. From exactly the same area as where the final
harvest was measured, one square meter was intensively
sampled for potato cyst nematodes at the beginning of the
growing season. For each sample, the number of living eggs
and larvae per gram dry soil was counted.

At the start of the growing season the soil profile was
assessed visually till a depth of 60 cm to examine at which
depth there were changes in soil layers or texture.

Soil cover was determined at each field visit with the
Canopeo-app (Patrignani and Ochsner, 2015). Measurements
were repeated four times per plot.
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Crop health

Stem length

Number of leaf layers

Crop developmental stages

Emergence rate

Number of stems

SPAD

(2021 only)
Aboveground biomass
(2021 only)

Yield measurements
Gross yield

Underwater weight / dry matter
concentration

Tuber size distribution

176

Crop health was scored each visit using a scale from 1-5,
where 5 was considered healthy and 1 was considered very
diseased based on visual inspection.

Stem length was measured each visit from the base till the
youngest leave by stretching out the stem. Measurements
were repeated four times per plot.

Number of green fully emerged leave were counted at each
visit. Measurements were repeated four times per plot.

Crop developmental stages were recorded throughout the
growing season. Emergence was assumed when 80% of the
plants in the middle two ridges of a plot emerged. Tuber
initiation was assumed when 3 out of 4 plants formed 3 or
more tubers with a diameter of at least 1 cm. Flowering was
assumed to take place when 50% of the plants were
flowering. Senescence was assumed when less than 20% soil
cover was remaining at the end of the growing season.

Emergence rate was assessed before canopy closure by
counting the number of emerged plants per plot.

The number of stems per plot were counted from a 3 m2 area
around canopy closure.

SPAD was measured in 2021 at each visit using a SPAD-meter.

In 2021, aboveground biomass was measured four times
during the growing season for Innovator and five times during
the growing season for Fontane. Haulms were collected from
a 2 m2 plot and measured for fresh weight in the field. A
subsample was taken to measured dry matter concentration.

Gross yield was measured as the total harvested tuber
biomass from a 2 m? area during the growing season and a 3
m? area at the final harvest.

Dry matter concentration of the final yield was determined
using underwater weight measurements in both years. In
2021, dry matter concentration was also measured after oven
drying the tubers for 72 hours at 70 °C. In 2021, dry matter
concentration was also measured for the intermediate
harvests. This was done by oven drying tubers if the sample
did not yet reach 6 kg and was done through underwater
weight measurements once the composite soil sample
reached 6 kg or more.

The tuber size distribution was measured by measuring the
tuber weight in the following size classes: 0-35mm; 35-40mm;
40-50mm; >50mm.
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Number of tubers

Tuber length

Percentage of green tubers

Crop registration
Irrigation

Fertilisation

Pesticide application

Crop management dates

Crop rotation

Seed quality and planting
characteristics

Total number of tubers and number of tubers per size class
were counted.

Tuber length was measured from 10 tubers in the size class
>50 mm.

Weight percentage of green tubers were measured for the
size class >40 mm.

Information was collected on irrigation time and quantity

Information was collected on the type, timing, and quantity of
the applied fertilisers. We processed the information on
applied fertilisers to calculate total applied nitrogen,
phosphorus, and potassium. Total amounts were calculated as
the sum of applied nutrients starting from the harvest of the
previous crop till the end of the potato growing season. We
calculated effective applied nitrogen in the same way, but
used nitrogen fertiliser replacement values from the Dutch
government to correct for the readily available nitrogen (RVO,
2018).

Information was collected on the type, timing, and quantity of
the applied crop protection products. We processed the
information on crop protection products further to calculate
the Environmental Impact Points of the product application,
using the Environmental Yardstick tool (Reus and Leendertse,
2000). It is a tool that combines information on the applied
quantity and harmfulness of the applied product to calculate
the environmental pressure of the applied crop protection
products.

Farmers provided information on planting, haulm killing and
harvesting dates.

Farmers provided information on the crop rotation and in
which year potatoes were cultivated previously.

Farmers shared information on the seed tuber size, planting
distance and planting depth. Also, information was shared on
the quality class of the planting material.
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B.2 Overview of important crop development and management dates
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Figure B.1. Planting, emergence, tuber initiation, flowering, and haulm killing/harvesting date of
the sampled fields. Different greyscales indicate different years.
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B.3 Detailed results on the yield gap analysis

Comparing the 12 highest yielding fields (Yarm) with the 12 lowest yielding fields showed
that for only two other variables there were significant differences between the two groups
(Table B.2). Significantly more active ingredients were sprayed in high yielding fields with
Innovator than in low yielding fields. Furthermore, the emergence rate in high yielding fields
with Fontane was significantly higher than in low yielding fields.

Table B.2. Significant T-test or Mann-Whitney U test results of comparing the 12 highest with the
12 lowest yielding fields of 2020 and 2021 (yield in t fresh matter per ha).

Soil type Standard

(variety) Variable p-value Significance Mean deviation
High Low High Low
yield yield yield yield

Active

Clay ingredients

(Innovator) (kg ha') 0.045 * 11.6 8.8 3.8 2.2

Sand Emergence

(Fontane) rate (%) 0.007 ** 97.6 93.4 2.9 8.1

*p<0.05 ** p<0.01 *** p <0.001

Comparing the 12 fields with the largest (Ywir — Ya) yield gap with the 12 fields with the
smallest (Ywirr — Ya) yield gap revealed more significant differences between the two groups
(Table B.3). For Innovator, the (Ywirr — Ya) yield gap was smaller in fields with water stress,
indicated by higher values of drought stress, oxygen stress and total water stress variables.
This implies that in fields where water stress was large, nutrient availability or pests and
diseases did not seem to limit or reduce yields. However, with decreasing water stress more
of the actual yield gap could be explained by nutrient limitation or pest and diseases,
suggesting farmers have difficulties to achieve the potential yield, even when water stress
is not limiting yields. Furthermore, it was found that the Innovator yield gap was smaller in
the group with higher scores for crop health. Finally, plant available P was larger in fields
with a large yield gap than fields with a small yield gap, which is counterintuitive if P is
limiting yield.

For Fontane, the (Ywirr— Ya) yield gap was smaller in fields with larger drought stress. As for
Innovator, this implies that nutrients or pests and diseases seemed to limit or reduce yield
little when there was large water stress. However, as drought stress reduced, more of the
(Ywirr — Ya) yield gap could be explained by nutrient limitation or reducing factors.
Furthermore, it was found that P and K application rates were significantly higher for the
fields with a large yield gap. This would be somewhat understandable if soil fertility in these
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fields was lower. However, no difference in soil fertility was found between the two groups.
Hence, a larger yield gap with larger nutrient application rates contradicts to what may be
expected if nutrients are limiting.

Later in this appendix, a comparison of all variables is provided. It also provides the test
results for Yapm and the (Yprs — Ya) yield gap. Group comparisons were also done for both
years individually. These results provided similar insights in the potato yield gap and are
therefore not shown.

Table B.3. Significant t-test or Mann-Whitney U test results for comparing the 12 fields with the
highest yield gap (Ywi. - Ya) and 12 fields with lowest yield gap of 2020 and 2021 (yield gap in dry
matter). Tact refers to the actual transpiration during the growing season (in mm), total water stress
refers to the sum of oxygen and drought stress (in mm).

Soil type Variable p-value Signifi- Mean Standard

(variety) cance deviation
Large Small Large  Small
gap gap gap gap

Plant

Clay available P

Innovator) (mg kg-1) 0.033 * 2.7 1.2 2.0 0.7

( g kg

Clay

(Innovator) Tact (mm) 0.001 Hkk 219 153 36 28

Clay Drought

(Innovator) stress (mm) 0.010 *x 2.1 7.7 2.7 7.6

Clay Oxygen stress

(Innovator) (mm) 0.000 HoAk 11.7 38.9 8.7 8.8

Clay Total water

(Innovator) stress (mm) 0.000 HAx 13.8 46.7 9.6 135

Clay Crop health

(Innovator) score (-) 0.037 * 4.7 4.9 0.2 0.2

Sand P applied (kg

(Fontane) ha-1) 0.001 *x 51 22 28 6

Sand K applied (kg

(Fontane) ha-1) 0.028 * 314 248 98 46

Sand Drought

(Fontane) stress (mm) 0.001 ** 3.2 36.5 5.3 28.2

Sand Total water

(Fontane) stress (mm) 0.000 *kx 3.8 37.2 5.5 27.7

* p<0.05 ** p < 0.01 *** p <0.001
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For Innovator, linear model results showed a significant effect of year and total active
ingredients on Yarw (Table B.4). Plant available N, total N, pH, and crop health score
appeared in one of the top-ranking models. However, their parameters were not significant
in the final linear model, that was composed of the variables that appeared in one of the
top-ranking models. Planting date, total water stress and environmental impact points had
a significant negative effect on the (Ywir — Ya) yield gap for Innovator. For Fontane,
increasing total water stress and total P application significantly reduced Yarm and
increasing K application significantly increased Yarm. The (Ywirr — Ya) yield gap was negatively
related to harvesting date and emergence rate and positively related to season length, total
P applied and pH.

Linear model results for the whole dataset showed similar relationships. Different was that
the crop health score was negatively correlated to the (Ywir — Ya) yield gap, indicating that
a healthier crop resulted in a lower yield gap. In addition, the model result showed that later
planting increased actual yield or reduced the yield gap. This contradicts to earlier findings
that earlier planting leads to a higher potential yield. Hence, it shows that although earlier
planting increases potential yield, actual yield is not always higher for earlier planting date.
All models were able to predict yield quite accurately with R? ranging from 0.40 to 0.65. In
Appendix B.3.1, it is shown that the linear regression results were similar for Yapm and the
(Ypss — Ya) yield gap.

Plotting Yaom or the (Ywir — Ya) yield gap against factors that explained Yaom or (Ywir — Ya)
yield gap variability in earlier presented statistical analyses (Tables B.2, B.3 and B.4), showed
often poor relationships between the parameters (Fig. B.2). Yapm or the (Ywir—Ya) yield gap
were not directly correlated to planting date, harvesting date, growing season length, total
P or K applied, plant available P, and pH (Fig. B.2A —C, E— H and J). We found a significant
negative relationship between Yaom and total water stress (due to oxygen and/or drought
stress) for the 90" percentile (Fig. B.2D). Excluding the deviating observation from Innovator
in 2020 (top right, Fig. B.2D) improved the fit of the correlation (the outlier is field 46, see
Fig. 3.5). This regression line indicates that yield was reduced by 1 t DM ha™ for every 20
mm water stress. Emergence rate did not show a clear relationship with the (Ywir— Ya) yield
gap, but it was observed that the yield gap was 3 t ha or more for the fields with an
emergence rate lower than 90%. Significant correlations were found between Yapm for
Innovator and active ingredients or environmental impact points. However, the adjusted R?
for both relationships were only 0.12 and 0.01 respectively, and thus explained little of the
observed variation.
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Table B.4. Linear regression model results. Yar or the (Yw; — Ya) yield gap were used as dependent
variables. Total water stress refers to the sum of oxygen and drought stress (in mm). doy indicates
the day of the year. Results for Yapm and the (Ypgs — Ya) yield gap can be found in Appendix B.3.1.

Clay (Innovator) Sand (Fontane) All fields

YaFM YWir,—-Ya YaFM Ywi,r-Ya YaFM Ywirr-Ya

Intercept 57.3 17.4%** 68.3*** 53 40.6 32, 1%**
Year 2021 -9.9¥** 0.2 -6.8 0.8 -11.7%** -

Innovator 53 1.7*

Planting

date (doy) - -0.101%** - - 0.209* -0.102%**
Harvesting

date (doy) - - - -0.078* - -

Season

length

(number of

days) - - - 0.116*** - -

Total water

stress (mm) - -0.126*** -0.252*%*  -0.461 - -0.0416***
Drought -

stress (mm) - - - 0.429 0.250%** -

Oxygen

stress (mm) - - 2.201 - - -0.104***

Total N

applied

(kg ha1) - - - - -0.007 -
Effective N

applied

(kg ha1) - - - - - -
Total P

applied

(kg ha't) - - -0.271**  0.046** - -
Total K

applied

(kg ha't) - - 0.047**% - 0.0119 -

Plant

available N

(mg kg1) 0.021 - - - - -
Plant

available P

(mg kg?) - - - - - -
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Plant
available K
(mg kg?)
Total N in
soil (g kg1)
Total P in
soil (g kg1)
pH (-)

Soil organic
matter (%)

Emergence
rate (-)
Crop health
(score)
Total active
ingredients
(kg ha')
Total
environmen
tal impact
points (EIP
ha?)

R2-adjusted

0.062
-6.176

8.738

0.769*

0.39

-0.409

-0.00075*

0.65

1.610** -7.9**

- -0.828
-0.107* -0.397*
- 3.884

- -0.00097
0.53 0.41

-0.109*

-1.592*

0.56

+*p<0.1* p <0.05 ** p<0.01 *** p < 0.001
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Figure B.2. (Yw,, — Ya) yield gap (in t DM ha) (A, B, C, G, H, 1) or yield (in t DM ha!) (D, E, F, J, K, L)
against planting date (in day of the year) (A), harvesting date (in day of the year) (B), length of the
growing season (number of days) (C), total water stress due to drought and oxygen stress (in mm)
(D), total P applied (in kg ha) (E), total K applied (in kg ha) (F), plant available P (in mg kg) (G),
pH (-) (H), emergence rate (%) (1), crop health score (-) (J), active ingredients (in kg ha) (K) or
environmental impact points (-) (L). The dashed line in panel D indicates a significant quantile
regression line for the 90t percentile excluding the outlier from clayey soils on the top right. The
dotted line in panel D indicates a significant quantile regression line for the 90 percentile including
all data points. The solid line in panel K and L indicates a significant linear regression. doy indicates
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B.3.1 Extra tables to Appendix B.3

This section shows t-test or Mann Whitney U test results of all comparisons between 12
highest and lowest yields or 12 largest or smallest yield gaps for both 2020 and 2021.
Comparative analyses between groups were also done for each year individually. These
results provided similar insights and are therefore not shown.

Table B.5. All t-test or Mann-Whitney U test results of comparison of 12 highest and 12 lowest
yielding fields of 2020 and 2021 (yield in dry matter). Tact refers to the actual transpiration (in mm),
Eact refers to the actual evaporation (in mm), total water stress refers to the sum of oxygen and
drought stress (in mm).

Soil Variable p-value Significance Mean Standard
type deviation
large small large small
gap gap gap gap
Clay Planting date 0.986 ns 106 106 7 10
Clay Harvesting date 0971 ns 251 253 12 11
Clay Season length 0.563 ns 145 148 10 12
Clay SOM 1.000 ns 4.1 3.8 1.6 0.8
Clay pH 0.971 ns 7.6 7.6 0.1 0.2
Clay Available N 0971 ns 117 102 63 56
Clay  Available P 0.285 ns 1.8 1.9 1.5 2.2
Clay Available K 0.843 ns 149 141 117 67
Clay Total soil N 0.630 ns 1.9 1.7 0.7 0.4
Clay Total soil P 0971 ns 0.9 0.9 0.1 0.1
Clay N applied 1.000 ns 438 414 185 120
Effective N
Clay applied 0.971 ns 345 338 86 67
Clay P applied 0.194 ns 54 65 36 32
Clay K applied 0.630 ns 358 302 195 117
Clay Tact 0.971 ns 216 191 41 55
Clay Eact 0.971 ns 197 192 26 23
Clay Drought stress 0.713 ns 6.8 5.7 8.5 6.9
Clay Oxygen stress 0.971 ns 26.3 20.7 16.3 133
Total water
Clay stress 0.971 ns 33.0 26.4 20.9 17.4
Number of
Clay stems 0971 ns 13.0 15.2 2.9 3.9
Clay Rooting depth 0.971 ns 47.7 50.3 19.0 18.7
Active
Clay ingredients 0.141 ns 11.5 9.2 3.7 2.1
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Clay
Clay

Clay
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand

Sand
Sand
Sand
Sand
Sand
Sand
Sand

Sand

Sand
Sand

Sand
Sand
Sand

Sand

Environmental
impact points
Crop health
score
Emergence
rate

Planting date
Harvesting date
Season length
SOM

pH

Available N
Available P
Available K
Total soil N
Total soil P

N applied
Effective N
applied

P applied

K applied
Tact

Eact

Drought stress

Oxygen stress
Total water
stress
Number of
stems

Rooting depth
Active
ingredients
Environmenta
impact points
Crop health
score
Emergence
rate

0.463

0.186

0.347
0.986
0.971
0.971
0.755
0.375
0.644
0.971
0.590
0.590
0.971
0.971

0.971
0.402
0.971
0.971
0.986
0.163
0.707

0.143

0.219
0.971

0.986

0.971

0.971

0.006

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

* %

2317

4.9

97.5
107
265
158
4.5
5.1
53
6.2
92
1.6
0.7
307

236
28
287
240
156
18.7
0.7

19.4

14.7
313

14.8

3319

4.6

97.7

1624

4.8

96.8
107
261
154
4.7
5.5
50
7.0
110
14
0.8
324

243
42
297
223
156
47.2
0.4

47.5

133
32.0

15.0

3227

4.5

93.4

848

0.1

2.4
12
12
17
15
0.4
40
4.9
61
0.6
0.2
44

29

84

25

17

24.6
1.2

24.5

3.4
7.1

4.1

939

0.3

2.9

618

0.2

3.1

14
16
2.4
0.4
46
4.8
74
0.5
0.3
85

54
32
125
43
14
422
0.5

41.9

4.4
4.5

5.6

1146

0.3

8.3

* p<0.05 ** p < 0.01 *** p <0.001
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Table B.6. All t-test or Mann-Whitney U test results of comparison of 12 highest and 12 lowest
yielding fields of 2020 and 2021 (yield in fresh matter). Tact refers to the actual transpiration (in
mm), Eact refers to the actual evaporation (in mm), total water stress refers to the sum of oxygen
and drought stress (in mm).

Soil Variable p-value  Significance Mean Standard
type deviation
Large Small Large Small
gap gap gap gap
Clay Planting date 1.000 ns 106 106 8 10
Clay Harvesting date 0.705 ns 248 253 7 11
Clay Season length 0.583 ns 142 147 8 12
Clay SOM 0.932 ns 4.2 3.8 1.6 0.8
Clay pH 0.453 ns 7.6 7.6 0.2 0.2
Clay Available N 0.705 ns 123 105 67 51
Clay  Available P 0.078 ns 2.2 1.5 1.9 1.8
Clay Available K 0932 ns 157 135 117 64
Clay Total soil N 0.410 ns 2.0 1.7 0.7 0.4
Clay Total soil P 0.860 ns 0.9 0.9 0.1 0.1
Clay N applied 0.443 ns 453 406 178 118
Effective N
Clay applied 0.705 ns 353 328 83 61
Clay P applied 0.977 ns 58 59 34 27
Clay K applied 0.705 ns 379 323 180 121
Clay  Tact 0.333 ns 214 174 45 49
Clay Eact 0.705 ns 204 191 23 19
Clay Drought stress 0.551 ns 7.1 5.6 8.5 7.0
Clay Oxygen stress 0.705 ns 28.3 23.8 15.5 12.6
Total water
Clay stress 0.705 ns 354 294 19.6 16.7
Number of
Clay stems 0.086 ns 11.8 15.8 2.1 3.6
Clay Rooting depth 0.863 ns 47.9 50.0 19.1 20.1
Active
Clay ingredients 0.045 * 11.6 8.8 3.8 2.2
Environmental
Clay impact points 0.333 ns 2363 1759 844 575
Crop health
Clay score 0.302 ns 4.9 4.9 0.1 0.2
Clay Emergence rate 0.590 ns 97.7 97.2 2.3 3.1
Sand  Planting date 0.942 ns 108 109 11 9
Sand  Harvesting date 0.954 ns 262 261 11 11
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Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand

Sand
Sand
Sand
Sand
Sand
Sand
Sand

Sand

Sand
Sand

Sand

Sand

Sand
Sand

Season length
SOM

pH

Available N
Available P
Available K
Total soil N
Total soil P

N applied
Effective N
applied

P applied

K applied
Tact

Eact

Drought stress

Oxygen stress
Total water
stress
Number of
stems

Rooting depth
Active
ingredients
Environmental
impact points
Crop health
score

Emergence rate

0.860
0.799
0.333
0.453
0.705
0.705
0.590
0.705
0.860

0.705
0.862
0.860
0.333
0.860
0.284
0.112

0.378

0.630
0.705

0.860

0.644

0.705
0.007

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

* %

154

5.1
52
6.5
96
1.6
0.7
312

243
26
275
245
156
18.9
0.9

19.7

13.8
313

14.7

3052

4.6
97.6

152

5.5
45
8.0
128
14
0.8
300

226
30
259
218
154
45.1
0.2

45.3

13.4
341

14.1

2968

4.5
934

15

0.5
40
4.7
58
0.6
0.2
50

38

82
28
16
19.1
1.2

19.1

3.3
7.0

4.1

772

0.3
2.9

12

0.4
45
5.0
66
0.5
0.3
68

49
16
92
39
14
43.3
0.3

43.2

3.7
4.0

6.0

1187

0.3
8.1

*p<0.05 ** p<0.01 *** p <0.001
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Table B.7. All t-test or Mann-Whitney U test results of comparison of 12 fields with the highest (Ypy,
- Ya) yield gap and 12 fields with the lowest (Ypy; - Ya) yield gap of 2020 and 2021. Tact refers to the
actual transpiration (in mm), Eact refers to the actual evaporation (in mm), total water stress refers
to the sum of oxygen and drought stress (in mm).

Soil Standard
type  Variable p-value Significance Mean deviation
Large Small Large Small
gap gap gap gap
Clay Planting date 0.694 ns 104 107 10 8
Clay Harvesting date 0.520 ns 253 248 12 7
Clay Season length 0.022 * 150 141 11 7
Clay SOM 0.932 ns 3.9 4.2 1.3 1.6
Clay pH 0.787 ns 7.6 7.6 0.2 0.2
Clay Available N 0.694 ns 97 116 58 66
Clay  Available P 0.078 ns 1.5 21 1.8 1.7
Clay Available K 0.478 ns 124 167 62 120
Clay Total soil N 0.590 ns 1.7 1.9 0.6 0.7
Clay Total soil P 0.731 ns 0.9 0.9 0.1 0.2
Clay N applied 0.443 ns 412 472 128 192
Effective N
Clay applied 0.694 ns 338 357 74 89
Clay P applied 0.624 ns 63 59 32 38
Clay K applied 0.291 ns 302 400 124 198
Clay  Tact 0.520 ns 187 214 52 44
Clay Eact 0.694 ns 193 200 27 25
Clay Drought stress 0.887 ns 7.8 6.5 10.8 8.7
Clay Oxygen stress 0.789 ns 23.9 223 13.5 15.2
Total water
Clay stress 0.799 ns 31.7 28.9 215 20.6
Number of
Clay stems 0.694 ns 14 13 4 3
Clay Rooting depth 0.694 ns 51 44 17 19
Active
Clay ingredients 0.315 ns 9.1 11.9 2.1 3.6
Environmental
Clay impact points 0.134 ns 1568 2481 686 752
Crop health
Clay score 0.303 ns 4.9 4.9 0.2 0.1
Clay Emergence rate 0.671 ns 96.5 97.0 3.3 2.4
Sand  Planting date 0.520 ns 106 112 8 13
Sand  Harvesting date 0.385 ns 266 260 15 7
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Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand

Sand
Sand
Sand
Sand
Sand
Sand
Sand

Sand

Sand
Sand

Sand

Sand

Sand
Sand

Season length
SOM

pH

Available N
Available P
Available K
Total soil N
Total soil P

N applied
Effective N
applied

P applied

K applied
Tact

Eact

Drought stress

Oxygen stress
Total water
stress
Number of
stems

Rooting depth
Active
ingredients
Environmental
impact points
Crop health
score

Emergence rate

0.330
0.977
0.520
0.908
0.773
0.101
0.694
0.694
0.315

0.520
0.100
0.694
0.694
0.198
0.116
0.728

0.114

0.694
0.694

0.694

0.356

0.694
0.021

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

160
4.8
5.5
57
6.3
126.0
14
0.7
337

250
42
294
229
152
45.6
0.3

46.0

13
32

16.4

3390

4.5
91.8

148
4.5
5.2
51
5.7
84.6
1.6
0.8
275

219
24
252
238
161
15.3
0.7

16.0

14
33

14.4

3100

4.6
96.8

16
2.4
0.4
47
5.0
68.2
0.5
0.3
76

45
31
128
41
15
40.7
03

40.5

4.6

998

0.3
9.0

12
1.8
0.6
40
5.0
58.4
0.5
0.2
58

50

68
26
15
14.9
1.2

14.9

4.7

1043

0.3
3.2

* p < 0.05 ** p < 0.01 *** p < 0.001

190



Appendix B

Table B.8. All t-test or Mann-Whitney U test results of comparison of 12 fields with the highest (Ypys
- Ya) yield gap and 12 fields with the lowest (Ypy; - Ya) yield gap of 2020 and 2021. Tact refers to the
actual transpiration (in mm), Eact refers to the actual evaporation (in mm), total water stress refers
to the sum of oxygen and drought stress (in mm).

Soil Standard
type Variable p-value  Significance Mean deviation
Large Small Large Small
gap gap gap gap

Clay  Planting date 0.682 ns 107 110 10 10
Harvesting

Clay date 0.622 ns 254 258 10 12

Clay  Season length 0.807 ns 147 148 7 11

Clay SOM 0.354 ns 3.6 4.1 0.8 0.7

Clay pH 0.525 ns 7.5 7.6 0.2 0.3

Clay  Available N 0.787 ns 98 92 40 45

Clay  Available P 0.033 * 2.7 1.2 2.0 0.7

Clay  Available K 0.068 ns 180 111 88 43

Clay Total soil N 0.233 ns 1.5 1.8 0.4 0.3

Clay Total soil P 0.506 ns 0.9 1.0 0.1 0.1

Clay N applied 0.422 ns 419 368 89 83
Effective N

Clay applied 0.630 ns 346 324 80 54

Clay P applied 0.065 ns 66 45 29 32

Clay Kapplied 0.506 ns 328 277 89 130

Clay Tact 0.001  *** 219 153 36 28

Clay Eact 0.233 ns 181 201 25 23

Clay  Drought stress 0.010 ** 2.1 7.7 2.7 7.6

Clay  Oxygen stress 0.000 *** 11.7 38.9 8.7 8.8
Total water

Clay  stress 0.000 *** 13.8 46.7 9.6 13.5
Number of

Clay stems 0.622 ns 14.6 13.6 3.3 2.8

Clay  Rooting depth 0.233 ns 44.2 57.5 18.0 13.9
Active

Clay ingredients 0.312 ns 10.4 11.7 5.1 4.6
Environmental

Clay impact points 0.590 ns 1754 2060 848 704
Crop health

Clay  score 0.037 * 4.7 4.9 0.2 0.2
Emergence

Clay rate 0.378 ns 96.3 97.6 3.5 1.9

Sand Planting date 0.506 ns 109 114 6 11
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Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand

Sand
Sand
Sand
Sand
Sand
Sand
Sand

Sand

Sand
Sand

Sand

Sand

Sand

Sand

Harvesting
date

Season length
SOM

pH

Available N
Available P
Available K
Total soil N
Total soil P

N applied
Effective N
applied

P applied

K applied

Tact

Eact

Drought stress

Oxygen stress
Total water
stress
Number of
stems

Rooting depth
Active
ingredients
Environmental
impact points
Crop health
score
Emergence
rate

0.622
0.310
0.291
0.916
0.312
0.603
0.143
0.797
0.410
0.079

0.268
0.001
0.028
0.506
0.787
0.001
0.212

0.000

0.433
0.544

0.682

0.682

0.193

0.060

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

* %

ns

ns

* %

ns

%k %k

ns

ns

ns

ns

ns

ns

264
155
5.2
5.4
50
7.1
146
1.6
0.9
336

242
51
314
250
162
3.2
0.6

3.8

12.0
36.7

14.5

2634

4.5

93.4

260
146
4.4
5.4
75
5.4
103
1.6
0.7
262

206
22
248
236
160
36.5
0.7

37.2

13.2
335

13.0

2840

4.6

96.5

13
12
2.0
0.4
33
5.6
51
0.5
0.4
71

41
28
98
29
12

5.3

0.5

5.5

2.4
11.2

5.4

788

0.3

5.4

12
1.8
0.6
58
3.6
68
0.5
0.1
60

53

46

31

13

28.2
1.2

27.7

1.7
6.8

6.4

925

0.3

3.1

* p<0.05 ** p < 0.01 *** p <0.001
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Table B.9. Linear model results. Yapy or the (Ypg — Ya) yield gap were used as dependent variables.

Fontane

Innovator

All

Yapm

Ypss-Ya

Yapm

Yps-Ya

Yapm

Yps-Ya

Intercept
Year 2021

Innovator

Planting date
Harvesting
date

season length

Total water
stress (mm)
Drought stress
(mm)

Oxygen stress
(mm)

Total N
applied (kg ha-
1)

Effective N
applied (kg ha-
1)

Total P
applied (kg ha-
1)

Total K
applied (kg ha-
1)

Plant available
N (mg kg?)
Plant available
P (mgkg?)
Plant available
K (mg kg?)
Total N in soil
(s ke?)

Total P in soil
(g ke?)

pH (-)

18.197**

0.033***

0.598*

-0.054**

0.0056

-0.0020

1.681***

-15.094

0.069**

-0.574*

0.608*

0.067

-0.0065

1.416*

7.134
-1.358**

0.0093

0.0032*

-3.264

-0.040

1.844

16.709%**
-1.522%**
1.496

-0.046***

-1.704**

21.807***
1.331**
1.398**

-0.066**

0.044***
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Soil organic
matter (%) -0.132

Emergence

rate (-) 0.0063
Crop health
(score) -
Total active
ingredients
sprayed (kg

ha1) -
Total
environmental
impact points

(EIP hat) -

R2-adjusted 0.455

-0.344

0.130*

0.225

0.00094**

0.155

-0.142 -

0.083* -0.230**
0.0035* -

0.361 0.266

* p<0.05 ** p<0.01 *** p <0.001
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B.4 Overview of the yield reducing factors in each field.
This appendix provides pictures of and information on the identified reducing factors in the
different fields. All pictures have been taken by Ravensbergen, A.P.P.

Field 11

An infection with Pectobacterium caused plants to die early which resulted in a lower plant
density.

15 06 2020- 07:33

Field 15

No picture shown, as no clear problem was indicated.

Field 18

No picture taken showing an infection with Pectobacterium in this field. Symptoms are
similar to field 27.
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Field 27

An infection with Pectobacterium caused plants to die early which resulted in a lower plant

density.

Field 28
No picture taken showing an infection with Pectobacterium in this field. Symptoms are
similar to field 27.

Field 33

Relatively low emergence rate because of rotten seed tubers.

04 06 2020 11:54
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Field 37

It is assumed that potato cyst nematodes infected parts of the field led to stunted growth
of the plants. On the picture it can be seen that in the front the canopy had not yet closed

whereas a bit further away the canopy already closed.

18 06 2020 16:59

Field 41

Irregular emergence because of planting cut seed tubers.

o TSR A e

08 06 2020.07:29

197



Appendix B

Field 44

Picture showing rust symptoms in the tubers, this is possibly caused by a calcium deficiency.

Field 62

Beginning of an early blight infection.
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Field 64

Irregular crop stand because of planting cut seed tubers.

1106 2020 17:34

Field 113
Beginning of a light late blight infection.
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Rotten ware tubers leading to a yield reduction.

Field 114

Lower emergence rate because of rotten seed tubers.
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Field 212

Recently emerged stems are wilting.

Field 214

Recently emerged plants are starting to wilt.
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Late blight infection.
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Field 217

Canopy development in this field was excessively large. Hence, we
hypothesise that the plants invested too much in canopy biomass,
resulting in a relatively lower investment in tubers which resulted in
relatively low yields. We measured a total stem length of 200 cm,
whereas average stem length for this variety was 120 cm. It is unclear
what caused the excessive growth of aboveground biomass.

There was a light late blight infection in this field. This picture shows
the beginning of the infection.
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Field 311

A disease affected sprouts. It is unclear which disease affected the sprouts.

Field 314

Lower emergence rate because of rotten seed tubers.
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Field 317

This picture shows that the plants are slightly wilting. Possibly because of a heavy nematode
infection. In this field, the average infection rate with potato cyst nematodes was 45 eggs

or larvae per gram soil. The damage threshold is assumed to be at 2 eggs or larvae per g of
soil at planting (Been and Schomaker, 2000). In another study this infection rate resulted in
a 6t halyield loss (Mburu et al., 2020).

Field 411
Early blight infection, mid-August.
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Field 413

Lower emergence rate as a result of Fusarium rot.
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Field 415

It appeared that in this field there was a second flush of tuber initiation. Although it is

unclear why it happened, it could have reduced overall yield development.

Early senesce of stems in this field around mid-august, which is expected to be related to
an infection with Colletotrichum coccodes (Black dot disease).
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Field 612

Missing plants as a result of a mal-functioning planting machine.
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Appendix C Chapter 4

1

C.1 crop management information of each field

2
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C.2 Example of field layouts
Field layout 2019

Field layout 2020

Figure C.1. Example of the experimental design in 2019 and 2020. In 2019 blocks were included in
the experimental design. Figures are not at scale. Grey area represents the field. The green, yellow
and orange boxes represent the C, P and K treatment plots, respectively.
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C.3 Figures on yield and yield quality
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Figure C.2. Dry matter gross yield (top row) and dry matter marketable yield (bottom row) (in t ha
1) of the different treatments for 2019 and 2020 for fields on sandy soils and fields on clayey soils.
Significant differences between treatments within year and soil type group are indicated by
different letters.
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Figure C.3. Under water weight (in g) of the different treatments for 2019 and 2020 for fields on clay
and sandy soils. Significant differences between treatments within year and soil type group are
indicated by different letters.
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Percentage marketable yield (%)
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Figure C.4. Percentage marketable yield (in %) of the different treatments for 2019 and 2020 for
fields on sandy soils and fields on clayey soils. Significant differences between treatments within
year and soil type group are indicated by different letters.
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Figure C.5. Yield of tubers larger than 50 mm (in t ha) of the different treatments for 2019 and 2020
for fields on sandy soils and fields on clayey soils. Significant differences between treatments within
year and soil type group are indicated by different letters.
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Figure C.6. Number of tubers (in number of tubers m2) of the different treatments for 2019 and 2020
for fields on sandy soils and fields on clayey soils. Significant differences between treatments within
year and soil type group are indicated by different letters.
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C.4 Figures on yield and yield response against soil parameters
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Figure C.7. Yield of the control treatment (in t ha) (A), yield response to P application (in t ha'!) (B)
and yield response to K application (in t ha?) (C) against soil organic matter (in %). The dotted
horizontal line (B, C) indicates no response of the crop to the P or K treatment. The dashed horizontal
line (B, C) indicates the average response to the P or K treatment.
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Figure C.8. Yield of the control treatment (in t ha) (A), yield response to P application (in t ha'!) (B)
and yield response to K application (in t ha') (C) against soil pH (-).The dotted horizontal line (B, C)
indicates no response of the crop to the P or K treatment. The dashed horizontal line (B, C) indicates
the average response to the P or K treatment.
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Figure C.9. Yield of the control treatment (in t ha*) (A), yield response to P application (in t ha'') (B)
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line (B, C) indicates the average response to the P or K treatment.
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C.5 Figures on yield and yield response against fertiliser application
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dotted horizontal line (B, C) indicates no response of the crop to the P or K treatment. The dashed
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Figure C.11. Yield of the control treatment (in t ha') (A), yield response to P application (in t ha'l)
(B) and yield response to K application (in t ha) (C) against farmer applied effective N (in kg ha*).
The dotted horizontal line (B, C) indicates no response of the crop to the P or K treatment. The dashed
horizontal line (B, C) indicates the average response to the P or K treatment.
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Appendix D Chapter 6

D.1 Overview of measurements taken during on-farm observations
This following explanatory variables were used in linear regression analysis:

Soil organic matter

Soil pH

Total N and P in the soil

Plant available N, P and K

Crop health score

Emergence rate

Fertilisation

Pesticide application

Crop management dates

10 Transpiration reduction due to drought and/or oxygen stress

©oNOUEWNE

See for a full overview of the methods Appendix B.1. In addition, crop growth modelling
output was used (Table C.2).

Table C.2. Additional information to table B.1 which is particularly relevant for Chapter 6.

Crop growth model Method

output

Water-limited potential SWAP-WOFOST was run to simulate water-limited yield under rainfed

yield under rainfed and and partially irrigated conditions (Kroes et al., 2017; ten Den et al.,

partially irrigated 2022). For sandy soils it was assumed that there was no interaction

conditions with the groundwater level, while for clayey soils there was an
interaction with the groundwater level.

Transpiration reduction The output from the SWAP-WOFOST model simulations under

due to drought and/or partially irrigated conditions were used to assess transpiration

oxygen stress reduction due to drought and/or oxygen stress. Drought stress was
simulated using Feddes (1982) and oxygen stress using Bartholomeus
et al. (2008).
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D.2 Nutrient use

Clay (Innovator) | | Sand (Fontane) |
400 o

Transpiration

~ H

T 300 reduction (mm)

P -0

) m 25

=, 200 m 50

* W 75

S W 100

= 100

S

7 Year

z 0 ~ 2020
- 2021

100 200 300 400 500 100 200 300 400 500
Effective N input (kg ha™")

Figure D.1. N surplus (in kg ha') against effective N input (in kg ha*) for two different years and soil
types (and respective cultivars). The solid lines indicate the regression lines without any
transpiration reduction due to drought and/or oxygen stress. The dotted lines indicate the

regression lines with 100 mm transpiration reduction due to drought and/or oxygen stress. Different
colours and symbols indicate different years.
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Figure D.2. N use efficiency (in kg N kg N-!) against total N input (in kg ha!) for two different years
and soil types (and respective cultivars). The dashed lines indicate the exponential regression lines.
Different colours and symbols indicate different years.
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Figure D.3. N use efficiency (in kg N kg N1) against effective N input (in kg ha) for two different

years and soil types (and respective cultivars). The dashed lines indicate the exponential regression
lines. Different colours and symbols indicate different years.
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Different colours and symbols indicate different years. Different symbol sizes indicate differences in
transpiration reduction due to drought and/or oxygen stress.

P use efficieny (-)
N

-

220



Appendix D

Clay (Innovator) | | Sand (Fontane)
[ ]
6
>
GCJ \ Y
3 4 & Year
r.q:) | | A 2020
(0] Y ‘A * 2021
@2 K
:c . ‘9*
‘g A
® '.Q .‘ ® A‘*‘. A w= *:‘_?- :
0 Bl e
200 400 600 200 400 600

K input (kg ha™")

Figure D.5. K use efficiency (in kg K kg K1) against total K input (in kg ha!) for two different years
and soil types (and respective cultivars). The dashed lines indicate the regression lines. Different

colours and symbols indicate different years. Different symbol sizes indicate differences in
transpiration reduction due to drought and/or oxygen stress.
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Figure D.6. Total N surplus (A, B, C), Effective N surplus (D, E, F), NUE (based on total N; G, H, I) or
NUE (based on effective N; J, K, L) against plant available N (A, D, G, J), P (B, E, H, K) or K (C, F, I, L).
Different colours indicate different years and different symbol shapes indicate different soil types
(with respective varieties).
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D.3 Pesticide use
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Figure D.7. Active ingredients (in kg ha') from crop protection product application for two different
years and soil types (and respective cultivars). Different colours indicate different product types.
Different colours in panel B indicate how the environment is impacted. Fungicide LB and/or EB refer
to fungicides that protect the crop against late and/or early blight. Fungicide other refers to
fungicides that are used against other fungi. Horizontal dashed lines show average applied active
ingredients.
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Summary

In the Netherlands, the potato is a high value crop that serves as a cash crop for farmers
and is economically important for the value chain. In addition, it plays an important role in
the agricultural landscape as it is cultivated on 30% of the cropped land, by 50% of the
farmers, and in all provinces of the Netherlands. Average ware potato yield is high, with a
reported mean fresh matter yield around 52 t ha™. Despite its high mean productivity, large
yield variability is observed among fields and farms. This implies that there is potential to
increase production and hence farmers’ revenues. Moreover, when relatively low yields
come with similar input levels, resources are not well utilised leading to low resource use
efficiency and larger emissions to the environment. This provides scope to reduce the
environmental impact of ware potato production in the Netherlands.

Productivity of cropping systems can be quantified using yield gap analyses. In such
analyses, actual farmers’ yields are compared to a productivity benchmark, which can be
defined based on the climatic conditions and adjusted considering limiting factors such as
water availability. Previously, yield gap analyses have been done for ware potato in the
Netherlands. These analyses provided useful information on the existing yield gap and yield
gap explaining factors at higher aggregation levels, but were insufficient to understand yield
gap variability and its causes across individual fields. To potentially increase production and
farmers’ revenues, and to reduce the environmental impact of ware potato production,
there is a need to better understand variability among fields. It complements earlier studies
by using frequent on-farm monitoring along with datasets at different levels, questionnaires
and experiments to better understand variability among fields, and provide solutions
towards more sustainable and resilient potato production.

This thesis aims to quantify and explain variability in yield, yield gaps, resource use efficiency
and environmental impact of ware potato production at field level in the Netherlands. The
results can be used to provide recommendations on how to increase vyields, improve
resource use efficiency and reduce the environmental impact of ware potato production.
The research was approached in three steps: (1) to quantify spatio-temporal yield variability
using existing data sources, (2) to identify different productivity levels and asses factors that
explain yield (gap) variability through questionnaires, frequent on-farm monitoring and
experiments and (3) to quantify and explain variability in resource use, use efficiency and
environmental impact of ware potato production in the Netherlands using on-farm
observations.

Chapter 2 starts with an assessment of spatio-temporal yield variability at four
agronomically relevant scales (among provinces, farms and fields and within fields) using
five datasets with data on potato yield across space and time. We found that spatial yield
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variability was largest among fields, with a standard deviation of 8.5—11.1 t hal, and within
fields, with a standard deviation of 7.7 — 8.7 t ha™. Spatial yield variability was lower at
higher aggregation levels, i.e., the standard deviation of among-farm yield variability was
4.0 - 6.1 t hal and that of among-provinces 1.6 — 3.5 t ha’. Temporal yield variability
explained 10 — 55% of the total observed variation in crop yield and its magnitude was equal
or larger than the spatial yield variability for almost all datasets. We conclude that reducing
spatial potato yield variability in the Netherlands can be achieved best at the field and
within-field level, rather than at farm or regional level. In addition, reducing temporal
variability is an important contributor to reducing overall yield variability.

In Chapter 2, we also explored farmers’ perception on the yield gap and yield gap explaining
factors. Farmers estimated the ware potato yield gap at 13 — 18 t hal, corresponding to 20
— 24% of estimated yield potential, depending on the soil type and variety. Water deficit
and water excess were considered the most important yield gap explaining biophysical
factors. In addition, soil structure was an important biophysical factor on clayey soils and
diseases on sandy soils. Irrigation and fertilisation were identified as the most important
yield gap explaining management factors, whereas legislation and potato prices were
identified as the key socio-economic factors influencing potato yields.

Yield gap variability and its causes were explored further in Chapter 3, where we found that
frequent on-farm monitoring across 96 commercial fields combined with crop growth
modelling was a powerful way to benchmark productivity and to evaluate the most
important yield gap explaining factors at field level. The average yield gap ranged from 20 —
31% depending on the year and soil type. Among fields, the yield gap ranged from 0 — 51%.
On clayey soils, the yield gap was mostly attributed to oxygen stress. On sandy soils, the
yield gap was mostly attributed to drought stress in 2020, a relatively dry year, and by
reducing factors (pests, diseases and poor agronomic practices) in 2021, an average year in
terms of precipitation. It varied widely from field to field which reducing factor(s) affected
crop yield. Lastly, we found that the potential yield was determined by radiation and that
earlier planting and/or later harvesting could also increase yield.

The on-farm monitoring in Chapter 3 provided detailed insight in the yield gap and yield gap
explaining factors. However, the collected data did not allow to study the effect of specific
factors on potato yield that require testing under controlled conditions or that are not
commonly reported by farmers. In Chapter 4, using on-farm experiments, we analysed for
46 farmers’ fields on sandy and clayey soils whether increased phosphorus (P) and
potassium (K) fertiliser application rates led to a higher yield. We found that, on average,
increased P and K fertiliser application rates did not result in a significantly higher yield on
both soil types and in two years (2019 and 2020). However, on sandy soils at relatively low
farmer K application rates, our K application led to a small positive yield response up to 5t
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ha. On clayey soils, there was an average positive yield response to our K application at
lower vyield levels of the control. For P, we did not find any correlation between vyield
response to P application and the amount of P applied by farmers or any of the measured
soil parameters. We conclude that, although in some fields there was a small positive yield
effect of increased K application, increasing P and K application rates will not narrow the
potato yield gap and improve potato yield quality in the Netherlands. Instead, in most fields
increasing P and K application will decrease P and K use efficiency, and hence is not
recommended from an environmental and economic perspective.

In Chapter 5, we tested through a two-year on-farm experiment on a large-scale potato
farm, whether seed potatoes (cultivar Fontane) originating from different seed potato
growers show variability in crop characteristics and yield. Furthermore, we evaluated if seed
potato origin interacted with planting date and/or field type. Origin significantly affected
the number of stems per plant and number of tubers per stem in both years. This resulted
in a significant effect of origin on number of tubers per plant in the first year. In that year,
the origin with the lowest number of tubers per plant also produced the highest yield of
tubers larger than 50 mm. Despite these (small) effects of seed potato origin on crop
characteristics, origin did not significantly affect gross and marketable yield. Moreover,
there was no significant interaction between origin and planting date and/or field type.
However, there was a significant main effect of field type and planting date on yield. Yield
in the wet rainfed field was up to 17 t ha? higher than in the dry irrigated field and late
planting resulted in a yield reduction of up to 10 t ha™. In conclusion, physiological aspects
of seed potato origin for the cultivar Fontane were not important in explaining yield
variability on this farm and likely also not on other farms in the Netherlands.

Throughout Chapter 2 — 5, it became apparent that ware potato productivity in the
Netherlands is high but that the scope to increase yield in the Netherlands is limited because
of a multitude of challenges farmers are facing and because crop management priorities are
also given to other crops. In addition, we observed that high input rates were used to obtain
high yields, but that variability in input rates were not correlated to variability in yield. In
Chapter 6, we therefore evaluated whether there is scope to reduce input levels and
environmental impact of ware potato production without compromising yield. We assessed
variability in yield, use and use efficiency of nitrogen (N), phosphorus, potassium and crop
protection products as well as water productivity using the same data as employed in
Chapter 3. Average total N surplus was large, being 265 kg N ha™* on clayey soils and 139 kg
N ha on sandy soils. Variability in N surplus among fields was also large; it varied among
fields by a factor three. Phosphorus and K input exceeded P and K output on clayey soils by
33 and 105 kg ha'l, respectively, while on sandy soils P and K balances were close to zero.
Mean water productivity was 43 kg DM mm™ ha! and ranged from 30 to 60 kg DM mm ha
for both soil types. In terms of crop protection product use, lowest and highest use differed
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by a factor four. Variability in environmental impact of the different indicators was mostly
explained by variability in input use. Mean performance across indicators showed that it
was possible to achieve relatively high yields with relatively low N surplus, high water
productivity and low crop protection product use. Yet, in the best performing fields N
surplus was still above the environmental threshold for nitrate concentration in the
groundwater and crop protection product use would not meet the 50% reduction (as
targeted in the Farm to Fork strategy) compared to the average pesticide use of all fields.
Hence, this means that further reduction in input use will be needed to meet environmental
targets for N surplus or crop protection product use reduction.

This thesis showed that a wide variety of yield gap influencing factors determine yield and
therefore also affect resource use efficiency in potato cultivation. However, not all yield gap
influencing factors could be taken into account. In Chapter 7, | identified that soil
compaction, narrow rotations and flooding are also expected to influence yields. Overall, |
conclude that yields could be increased for individual fields through improved irrigation on
sandy soils, better drainage on clay soils, earlier planting and improved disease control.
However, | identified that there are additional environmental and socio-economic
constraints that play a role at farm level and that prevent farmers from obtaining higher
yields. Therefore, there is limited scope to increase average actual ware potato yields in the
Netherlands. Only in particular fields a yield gain could be achievable, which would then
result in decreased yield variability.

Given the environmental challenges that the Netherlands is facing, there is a need to reduce
environmental impact of ware potato production Netherlands. Simultaneously, there is a
need to maintain minimum productivity levels. The observed variability among fields
suggests that it is possible to obtain similar high yields while reducing the environmental
impact of ware potato production. However, there will be a need to evaluate how far and
under which conditions input reduction is possible without yield loss. In addition, it needs
to be assessed how current ware potato production systems can be integrated with
alternative cropping systems that can contribute to improved sustainability of ware potato
production in the Netherlands.
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In Nederland is de aardappel voor boeren een hoog salderend rooivrucht en een belangrijk
gewas voor de keten. Het gewas wordt geteeld op 30% van de akkerbouwgrond, door 50%
van de akkerbouwers en in alle provincies in Nederland. Gemiddelde opbrengsten van
consumptieaardappelen zijn hoog; rond de 52 ton versgewicht per ha. Ondanks de
gemiddeld hoge opbrengsten per ha, wordt er een grote variatie in opbrengsten
waargenomen tussen bedrijven en percelen van hetzelfde bedrijf. Dit suggereert dat
productie en dus het rendement voor telers zou kunnen toenemen. Bovendien, wanneer
relatief lage opbrengsten behaald worden met vergelijkbare inputs als bij hoge
opbrengsten, worden deze inputs niet volledig benut. Dit leidt tot een lagere
inputgebruiksefficiéntie en mogelijk grotere emissies naar de leefomgeving. Dit biedt
mogelijkheden om de impact van consumptieaardappelproductie op de leefomgeving in
Nederland te verlagen.

Productiviteit van akkerbouwsystemen kan gekwantificeerd worden door middel van een
analyse van de opbrengstkloof (“yield gap”). In een dergelijke analyse worden daadwerkelijk
behaalde opbrengsten van telers vergeleken met de potentiéle opbrengst. Deze
laatstgenoemde maatstaf wordt gedefinieerd op basis van weersomstandigheden en
perfect management en kan aangepast worden door rekening te houden met beperkende
factoren zoals waterbeschikbaarheid. In dit laatste geval is er sprake van de water-
gelimiteerde potentiéle opbrengst. In eerdere studies zijn er al opbrengstkloofanalyses
gedaan voor consumptieaardappelproductie in Nederland. Deze analyses hebben tot
waardevolle inzichten geleid met betrekking tot de bestaande opbrengstkloof en factoren
die de opbrengstkloof bepalen op hogere schaalniveaus. Echter, deze analyses konden de
variabiliteit in opbrengsten tussen percelen onvoldoende verklaren. Om opbrengsten en
rendement te verhogen, en om de impact van aardappelproductie op de leefomgeving te
verlagen, is het noodzakelijk om de variabiliteit tussen percelen beter te begrijpen.

Het doel van dit proefschrift is om voor de Nederlandse consumptieaardappelteelt de
variabiliteit in opbrengsten, opbrengstkloven, inputgebruiksefficiéntie en impact van
aardappelproductie op de leefomgeving te kwantificeren en verklaren. De resultaten
kunnen gebruikt worden om aanbevelingen te doen over hoe opbrengsten en
inputgebruiksefficiéntie verhoogd kunnen worden, en hoe de impact van
consumptieaardappelteelt op de leefomgeving verlaagd kan worden. Dit onderzoek is in
drie stappen verricht: (1) kwantificering van de ruimtelijke en temporele variatie in
opbrengsten met gebruik van beschikbare databronnen, (2) bepaling van verschillende
productiviteitsmaatstaven en beoordeling welke factoren variatie in opbrengsten en/of
opbrengstkloven kunnen verklaren middels enquétes en door observaties en experimenten
op boerenbedrijven, en (3) kwantificering en verklaring van variabiliteit in inputgebruik,
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gebruiksefficiéntie en impact op de leefomgeving van aardappelproductie in Nederland op
basis van gedetailleerde metingen op boerenbedrijven.

Hoofdstuk 2 begint met een beoordeling van de ruimtelijke en temporele variatie in
opbrengsten voor vier agronomisch relevante schaalniveaus (tussen provincies, bedrijven
en percelen en binnen percelen) door gebruik te maken van vijf verschillende datasets met
opbrengstdata in ruimte en tijd. De ruimtelijke variatie in versgewicht opbrengsten was het
grootste tussen percelen, met een standaarddeviatie van 8.5 — 11.1 t ha?, en binnen
percelen, met een standaarddeviatie van 7.7 — 8.7 t ha’. Ruimtelijke variatie in opbrengsten
was lager op hogere schaalniveaus, namelijk, de standaarddeviatie van ruimtelijke variatie
in verse opbrengst was 4.0 —6.1 t ha™ tussen bedrijven en 1.6 — 3.5 t hatussen provincies.
Temporele variatie in opbrengsten verklaarde 10 — 55% van de totale waargenomen variatie
in opbrengsten. De grootte van die variatie was gelijk of groter dan de ruimtelijke variatie
in opbrengsten voor bijna alle datasets. We concluderen dat het verlagen van de ruimtelijke
variatie in aardappelopbrengsten in Nederland het beste bereikt kan worden op
perceelsniveau en binnen percelen, in plaats van op bedrijfs- of regionaal niveau. Daarnaast
is het verlagen van de temporele variatie in opbrengsten een belangrijke factor in het
verlagen van de algehele variatie in opbrengsten.

In Hoofdstuk 2 hebben we tevens onderzocht hoe groot telers de opbrengstkloof schatten
en hoe de opbrengstkloof verklaard kan worden. Telers schatten de opbrengstkloof van
consumptieaardappelen op 13 — 18 t ha!, wat overeenkomt met 20 — 24% van de geschatte
opbrengstpotentie, afhankelijk van de grondsoort en het geteelde ras. Watertekort en -
overschot werden gezien als de belangrijkste biofysische factoren die de opbrengstkloof
kunnen verklaren. Daarnaast werd bodemstructuur gezien als een belangrijk biofysische
factor op kleigrond en ziekten op zandgrond. Irrigatie en bemesting werden benoemd als
de belangrijkste managementfactoren die de opbrengstkloof kunnen verklaren. Wetgeving
en aardappelprijzen werden gezien als de belangrijkste sociaaleconomische factoren die
aardappelopbrengsten beinvlioeden.

Variabiliteit in opbrengsten en de oorzaken ervan werden verder onderzocht in Hoofdstuk
3. In dit hoofdstuk vonden we dat het frequent monitoren van aardappelpercelen op 96
commerciéle bedrijven gecombineerd met het gebruik van gewasgroeimodellen een
geschikte manier was om productiviteit te beoordelen en te onderzoeken welke factoren
de verschillen in opbrengstkloven op perceelsniveau verklaren. De gemiddelde
opbrengstkloof varieerde van 20 — 31% afhankelijk van het jaar en grondsoort. Van perceel
tot perceel varieerde de opbrengstkloof van 0 — 51%. Op kleigronden werd de
opbrengstkloof voornamelijk toegeschreven aan zuurstofstress. Op zandgronden werd de
opbrengstkloof voornamelijk verklaard door droogtestress in 2020, een relatief droog jaar,
en door reducerende factoren (ziekten, plagen en suboptimale landbouwpraktijk) in 2021,
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een gemiddeld jaar wat betreft neerslag. Welke reducerende factoren de lagere
opbrengsten verklaarden varieerde sterk van perceel tot perceel. Als laatste vonden we dat
de potentiéle opbrengst bepaald werd door straling en dat door eerder poten en/of later
oogsten de opbrengstpotentie verhoogd kan worden.

De perceelsbezoeken in Hoofdstuk 3 gaven gedetailleerd inzicht in de opbrengstkloof en de
verklarende factoren. Echter, de verzamelde data was niet toereikend om het effect van
specifieke factoren op de opbrengst te onderzoeken. Het gaat hier om factoren die onder
gecontroleerde omstandigheden getest moeten worden of die niet algemeen vastgelegd
worden door telers. Door middel van experimenten op bedrijven hebben we in Hoofdstuk
4 voor 46 praktijkpercelen op zand- en kleigrond geanalyseerd of het verhogen van de fosfor
(P) en kalium (K) gift tot hogere opbrengsten leidt. Gemiddeld genomen was dat niet het
geval op beide grondsoorten en voor beide jaren (2019 en 2020). Echter, op zandgronden
met een relatief lage praktijk K gift, leidde onze K gift tot een licht positieve
opbrengstrespons tot 5 t ha’. Op kleigronden was er gemiddeld genomen een positieve
respons van een verhoogde K gift met lagere opbrengsten in de controleplots. Voor P
hebben we geen enkele correlatie gevonden tussen opbrengstrespons als gevolg van P
bemesting en de P giften van telers of bodemvruchtbaarheid. Alhoewel er in sommige
velden een licht positieve opbrengstrespons was als gevolg van de hogere K gift,
concluderen we dat het verhogen van P en K giften niet zal leiden tot een vermindering van
de opbrengstkloof of verbeteren van de opbrengstkwaliteit. In plaats daarvan zal het
verhogen van de P en K gift in de meest percelen leiden tot een verlaging van de P en K
gebruiksefficiéntie, en is daarom niet wenselijk vanuit een ecologisch en economisch
perspectief.

In Hoofdstuk 5 hebben we middels een tweejarig experiment op een grootschalig
aardappelbedrijf getest of pootgoed (van het ras Fontane) afkomstig van verschillende
pootgoedtelers varieert in gewasgroei en opbrengst. Daarnaast hebben we geévalueerd of
er een interactie was tussen herkomst van het pootgoed, pootdatum en type perceel.
Herkomst had een significant effect op het aantal stengels en het aantal knollen per stengel
in beide jaren. Dit leidde tot een significant effect van herkomst op aantal knollen per plant
in het eerste jaar. In dat jaar produceerde de herkomst met het laagste aantal knollen per
plant ook de hoogste opbrengst van knollen groter dan 50 mm. Ondanks de (kleine) effecten
van herkomst op gewasgroei had herkomst geen significant effect op bruto- en netto-
opbrengst. Bovendien was er geen significante interactie tussen herkomst en pootdatum
en/of type perceel. Echter, er was een significant effect van type perceel en pootdatum op
de opbrengst. Opbrengst in het natte, niet-beregende perceel was tot 17 t ha'! hoger dan
in het droge, beregende perceel en laat poten resulteerde in een opbrengstreductie tot 10
t ha. We concluderen dat fysiologische aspecten van herkomst van pootgoed voor het ras
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Fontane niet belangrijk waren voor het verklaren van opbrengstverschillen op dit bedrijf en
waarschijnlijk ook niet op andere bedrijven in Nederland.

In de Hoofdstukken 2 — 5 werd het duidelijk dat productiviteit van consumptieaardappelen
in Nederland hoog is, maar dat de mogelijkheden om opbrengsten te verhogen in Nederland
beperkt zijn door een grote verscheidenheid aan uitdagingen waar boeren tegenaan lopen
en omdat er in het management ook deels prioriteit gegeven wordt aan andere gewassen
op het bedrijf. Daarnaast hebben we gezien dat hoge giften van inputs werden gebruikt om
hoge opbrengsten te behalen, maar dat de variabiliteit in de giften niet gecorreleerd was
met de variabiliteit in opbrengsten. In Hoofdstuk 6 hebben we daarom geévalueerd of het
gebruik van inputs en de impact van aardappelproductie op de leefomgeving verlaagd
kunnen worden zonder dat dit ten koste gaat van de opbrengst. We hebben variabiliteit in
opbrengst, gebruik en gebruiksefficiéentie van stikstof (N), fosfor, kalium en
gewasbeschermingsmiddelen en de waterproductiviteit beoordeeld aan de hand van de
data uit Hoofdstuk 3. Het gemiddelde totale N overschot was hoog met een overschot van
265 kg N ha op kleigronden en 139 kg N ha op zandgronden. Het gemiddelde effectieve
N overschot was 182 kg N ha™* op kleigronden en 70 kg N ha op zandgronden. Variabiliteit
in N overschotten tussen percelen was ook groot; het varieerde van perceel tot perceel met
een factor drie. Fosfor en K giften overschreden P en K afvoer op kleigronden met
respectievelijk 33 en 105 kg ha?, terwijl op zangronden de P en K balansen rond de nul
lagen. De gemiddelde waterproductiviteit was 43 kg droge stof mm™ ha en varieerde van
30 tot 60 kg droge stof mm? ha'l voor beide grondsoorten. Gebruik van
gewasbeschermingsmiddelen varieerde met een factor vier tussen het hoogste en laagste
gebruik. Variabiliteit van impact op de leefomgeving werd voornamelijk verklaard door
variabiliteit in gebruik van inputs. De gemiddelde prestatie over de verschillende
indicatoren liet zien dat het mogelijk was om relatief hoge opbrengsten te behalen met een
relatief laag N overschot, hoge waterproductiviteit en laag gebruik van
gewasbeschermingsmiddelen. Echter, in de best presterende percelen was het N overschot
nog steeds boven de omgevingsnorm voor nitraatconcentratie in het grondwater en de
reductie in gebruik van gewasbeschermingsmiddelen zou niet de 50% halen (zoals beoogd
in de van Boer-tot-Bord strategie van de EU) vergeleken met het gemiddelde gebruik in alle
percelen. Dit betekent dus dat verdere reductie van gebruik van inputs nodig is om
omgevingsdoelen voor N overschot en reductie van gewasbeschermingsmiddelengebruik
te behalen.

Dit proefschrift heeft laten zien dat een grote verscheidenheid aan factoren
opbrengstniveaus bepaalt en daarmee ook inputgebruiksefficiéntie in de aardappelteelt.
Echter, niet alle bepalende factoren konden meegenomen worden in dit onderzoek; in
Hoofdstuk 7 suggereer ik dat van bodemverdichting, nauwe rotaties en wateroverlast ook
verwacht wordt dat deze opbrengsten beinvloeden. Op basis van het onderzoek in dit
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proefschrift concludeer ik dat voor individuele percelen de opbrengsten verhoogd zouden
kunnen worden door verbeterde irrigatie op zandgronden, betere drainage op kleigronden,
vroeger planten en betere bescherming tegen ziekten en plagen. Echter, ik heb ook
vastgesteld dat er additionele omgevings- en sociaaleconomische factoren zijn op
bedrijfsniveau die telers beperken in het behalen van hogere opbrengsten. Om die reden
lijken er beperkte mogelijkheden tot het verhogen van consumptieaardappelopbrengsten
in Nederland. Echter, in specifieke percelen is een verhoging van de opbrengst mogelijk,
welke dan zou leiden tot een verlaging van de opbrengstvariabiliteit.

Gezien de uitdagingen waar Nederland voor staat met betrekking tot de leefomgeving, is
het noodzakelijk om de impact van de aardappelteelt in Nederland te verlagen.
Tegelijkertijd zijn minimale opbrengstniveaus vereist voor voldoende voedselvoorziening en
bedrijffsrendement. De waargenomen variabiliteit tussen percelen suggereert dat het
mogelijk is om vergelijkbare opbrengsten te halen en tegelijkertijd de impact van de
aardappelteelt op de leefomgeving drastisch te verminderen. Echter, het is noodzakelijk om
te evalueren tot hoever en onder welke omstandigheden een reductie in het gebruik van
inputs mogelijk is zonder opbrengstverlies. Daarnaast zal onderzocht moeten worden hoe
het huidige systeem van consumptieaardappelproductie geintegreerd kan worden met
alternatieve gewasproductiesystemen die bijdragen aan een verhoogde duurzaamheid van
de aardappelteelt in Nederland.
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