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Disclaimer

Information contained in this document results from research funded wholly or in part by the Potato Industry
Development Trust upon request of Potatoes South Africa acting in good faith. Opinions, attitudes and points of
view expressed herein do not necessarily reflect the official position or policies of the Potatoes South Africa.
Potatoes South Africa makes no claims, promises, or guarantees about the accuracy, completeness, or adequacy
of the contents of this document and expressly disclaims liability for errors and omissions regarding the content
thereof. No warranty of any kind, implied, expressed, or statutory, including but not limited to the warranties of non-
infringement of third party rights, title, merchantability, fitness for a particular purpose or freedom from computer
virus is given with respect to the contents of this document in hardcopy, electronic format or electronic links thereto.
References made to any specific product, process, and service by trade name, trade mark, manufacturer or another
commercial commodity or entity are for informational purposes only and do not constitute or imply approval,
endorsement or favouring by Potatoes South Africa.

Vrywaring

Die inligting vervat in hierdie dokument is die resultaat van navorsing wat ten volle of gedeeltelik befonds is deur
die Potato Industry Development Trust op versoek van Aartappels Suid-Afrika, handelend in goeder trou. Menings,
sienings en standpunte hierin vervat reflekteer nie noodwendig die amptelike standpunte of beleid van Aartappels
Suid-Afrika nie. Aartappels Suid-Afrika maak geen aansprake, beloftes of waarborge oor die korrektheid,
volledigheid of toereikendheid van die inhoud van hierdie dokument nie en ontken uitdruklik aanspreeklikheid vir
foute en weglatings oor die inhoud daarvan. Geen waarborg van enige aard, hetsy geimpliseerd, uitdruklik, of
statutér, insluitende maar nie beperk tot die waarborge van nie-skending van derdeparty-regte, titels,
verkoopbaarheid, geskiktheid vir 'n bepaalde doel of vry van rekenaarvirus word gegee te opsigte van die inhoud
van hierdie dokument in gedrukte formaat, elektroniese formaat of elektroniese koppeling daaraan. Verwysings na
enige spesifieke produk, proses en diens by wyse van handelsnaam, handelsmerk, vervaardiger of ander
kommersiéle kommoditeit of entiteit is slegs vir inligtingsdoeleindes en vorm of impliseer nie goedkeuring,
onderskrywing of begunstiging daarvan deur Aartappels Suid-Afrika nie.
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EXECUTIVE SUMMARY

1. Nitrogen (N) is an important plant nutrient that affects all aspects of potato growth, including tuber initiation.
Tuber initiation (TI) is an important stage, which affects crop growth and development, and subsequently
tuber yield, size distribution, quality and ultimately profitability.

2. Potato producers are under immense input cost pressure and fertiliser contributes significantly to the direct
input cost. Efficient nutrient management is therefore key to more sustainable production.

3. This study investigated the effects of N rate and timing on TI, tuber yield, size distribution and quality of
selected potato cultivars. Field experiments were conducted in 2013 and 2014 on a sandy clay loam soil (15-
20 % clay) at the Hatfield Experimental Farm of the University of Pretoria.

4. Three cultivars (BP1, Eos and Lanorma), three N levels (R1=160 kg/ha N, R2=240 kg/ha N and R3=320
kg/ha N), and three N timing treatments (T1=30 % N at planting and 70 % N at +3 weeks after emergence;
T2=50 % N at planting and 50 % N after emergence; T3=70 % N at planting and 30 % N after emergence),
were evaluated in the 2013 spring. In the 2014 autumn trial, N rates were slightly lower (R1=140 kg/ha N,
R2=220 kg/ha N and R3=300 kg/ha N).

5. Weekly to two-weekly destructive harvests were conducted to perform growth analyses and monitor Tl status.
At final harvest, the tuber yield, size distribution and quality were assessed. Eos and especially Lanorma
tended to initiate most tubers early in the season, whereas BP1 initiated tubers until late in the season.

6. Timing of Tl played a crucial role in Lanorma’s higher proportion of marketable yield, since this cultivar
initiated most of its tubers early, which extended the bulking period.

7. Nitrogen timing significantly affected Tl early in the season, with treatments that received higher proportions
of N at planting (T2 and T3) initiating significantly more tubers than T1 did.

8. Marketable yield (medium and large tubers) was significantly influenced by cultivar, N timing and N rate. Total
and marketable yields increased significantly with increase in N rate when a high proportion of the N was
applied at planting (T3).

9. The lowest N rate (R1) did not produce sufficient leaf canopy early in the season due to depleted soil N
reserves, which inhibited Tl due to stolon die-off and hampered tuber bulking.

10. Although the highest N rate (R3) produced a large and efficient canopy early, the excess N stimulated canopy
growth at the expense of tuber development and bulking, resulting in a lower harvest index. The vegetative
stage was also extended, which delayed maturity, lowered tuber quality and increased residual soil N after
harvest.

11. The treatment that received 70 % N at planting (T3) ensured sufficient canopy cover throughout the season
to ensure optimum growth, tuber bulking and final yield. On the contrary, 30 % N at planting (T1) resulted in
an initial inadequate canopy, but due to a large amount of N later in the season, vegetative growth was
extended, delaying maturity, and compromising quality.

12. The treatment combination with recommended N rate (R2) and application timing (T3) according to the current
fertiliser guidelines, was optimal for the specific set of trial conditions for all three cultivars, ensuring high
yields, optimal tuber size distribution and acceptable tuber quality. It can therefore be concluded that the
current N rate and timing guidelines for potatoes still apply to the specific two newer cultivars.
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13. Further research is recommended to explore how tuber initiation, growth and yield of other new potato
cultivars will react to N management on other soil types.

14. This research has demonstrated that N rate and timing management can be manipulated to achieve
maximum yields of desirable tuber size distribution and quality for specific cultivars and should contribute to
better nutrient-use efficiency and more sustainable production practices.
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CHAPTER 1: GENERAL INTRODUCTION

1.1  Background

Potato farmers in all production regions of South Africa are currently experiencing immense financial pressures
due to huge increases in the costs of inputs in the recent past, which threatens their economic viability (Steyn et
al. 2016). These are often factors beyond the control of the farmer, but their combined effect results in very low, or
negative, rates of return on the potato farmers’ investment (Van Zyl and Jooste 1999, Du Plessis and Van Zyl
2012). The challenge for potato farmers is to optimise production methods and improve the efficient use of inputs
(Figure 1.1). Seed comprises the biggest component of production cost in all production regions of South Africa.
A farmer cannot afford to compromise on seed quality, which is the biggest contributor to optimum yield under
normal conditions. Aspects such as correct cultivar choice, use of disease-free material, and efficient use of seed
at the optimal physiological stage are therefore imperative.

Admin &
Pack house overheads
10% 3%

Seed
16%

Market
commission

11%
Fertilizer

0
Transport to 135

markets \
13% 3

Crop insurance
3%

Insecticide,
fungicide,
herbicide
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Mechanisation

Rent of disease 7%

free land Labour costs Irrigation costs
3% 6% 4%

Figure 1.1: Production cost breakdown for the North West region at the end of 2012 (Du Plessis and Van Zyl
2012).

Furthermore, production practices are interlinked like the pieces of a puzzle (Figure 1.2), and only when all
practices are optimised, can environmentally friendly and sustainable production of a better quality product be
ensured. The best production practices and methods can only be selected once all the crop requirements are
properly understood. This includes using optimum amounts of chemicals to ensure high nutrient-use efficiency,
which will also enhance profitability and financial sustainability (Pisante 2010, Franke et al. 2011, Defauw et al.
2012, Birch et al. 2012).

The focus of scientists should be on the optimisation of production inputs and practices in order to improve
production efficiency, i.e. better yield and quality potatoes per unit of input (Steyn et al. 2016). One such a
production aspect that deserves further research is the characterisation of tuber initiation of selected potato
cultivars. Although much research has already been conducted on this topic, it is still not fully understood. For
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example, little is known about the effects of N management on the onset and duration of tuber initiation, especially
of the newer potato cultivars available in South Africa. A better understanding of this important process can provide
farmers with a tool that can be used to optimise production practices, such as fertiliser management, to ensure
optimal plant response and production.

/ Quality Product

' Environmentally
Safe Practices

\ Sustainable

Production

Designed by C du Raan

Figure 1.2: Production practices are interlinked like a puzzle, and when all practices are optimally fulfilled, it
ensures environmentally friendly and sustainable production as well as a high quality product (adapted from
Rowe et al. 2008).

Tuber initiation is considered a very important fundamental stage in the life cycle of a potato plant. This is
attributable to the fact that the timing of this stage will affect crop growth, development, and subsequent tuber yield,
size distribution and quality (Ewing and Struik 1992, O’'Brien et al. 1998). The total numbers of tubers initiated, as
well as the yield potential and quality of the tubers, are determined by the onset and duration of tuber initiation.
Thus, the timing of tuber initiation is a crucial factor to be considered to ensure high yield and profitability (Ewing
and Struik 1992).

When growers aim to influence tuber initiation in order to manipulate yields, tuber numbers (by controlling size
distribution) and general health of the plant, it is of utmost importance to understand that tuber initiation depends
on various abiotic and management factors. It is also important to acknowledge that the various factors that
influence tuber initiation are integrated (Kleinkopf et al. 1981, Ewing and Struik 1992, O'Brien et al. 1998). For
instance, each cultivar has its own unique set of requirements and characteristics due to its unique genetic make-
up. Cultivars, therefore, differ in their required critical photoperiod and ability to extract nutrients from the soil and
efficiently use it. This leads to the conclusion that each cultivar has its own unique optimal nutrient requirements.
Cultivars thus differ in morphology and developmental characteristics and therefore each cultivar reacts differently
to external factors. As a result, the various growth stages of the potato plant, such as tuber initiation, will also
respond differently to factors such as critical photoperiod (Kleinkopf et al. 1981, Love et al. 2005).

When stimulating the potato plant to initiate and produce tubers, it is important to produce and maintain an efficient
leaf canopy (O'Brien et al. 1998) in order to produce sufficient carbohydrates through photosynthesis. These
carbohydrates serve as a source of energy, which is required for crop growth. When the potato plant produces
excess carbohydrates, it is directed to the stolons, and tubers will be initiated (Kleinkopf et al. 1981, O'Brien et al.
1998). The size distribution, quality and yield of the crop will therefore be determined by the availability of
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photosynthates, which is related to the canopy size or leaf area index of the plant at that stage (Kleinkopf et al.
1981).

The function of nitrogen (N) in the plant is to aid vital plant processes, such as growth, photosynthesis, and
reproduction, as well as the maintenance of genetic identity in the plant. Nitrogen can thus be used to regulate the
canopy and consequently photosynthetic products, which will influence tuber initiation. For example, it is crucial to
maintain a balance between shoot and root ratio to avoid stimulation of canopy growth at the expense of tuber
growth and development (Kleinkopf et al. 1981, Love et al. 2005). The results of Love et al. (2005) indicated that
excess N can particularly affect tuber initiation negatively in late maturing varieties. There is also evidence that N
not only influences the crop canopy, but also the hormone balance in plants. These hormones include gibberellin
(GA) and abscisic acid (ABA), which affect tuber initiation and development (Kleinkopf et al. 1981).

Kleinkopf et al. (1981) also determined that different N rates and application timings influence the stolon length
and timing of tuber initiation (onset and duration), whereas O'Brien et al. (1998) suggested that the timing of tuber
initiation affects the number of tubers, which consequently directly influences the tuber size distribution of the crop
(Ojala et al. 1990). Generally, the findings of various studies have shown that high N levels during the vegetative
and tuber initiation stages delay tuber initiation, whereas low N levels promote tuber initiation (Ewing and Struik
1992, Ojala et al. 1990, O'Brien et al. 1998). Nutrition, and more specifically N, is therefore one of the main factors
that regulate general crop health, growth, development, and total yield (Kleinkopf et al. 1981, Ojala et al. 1990,
Love et al. 2005). It is therefore important to investigate how the nutrient requirements of different cultivars vary in
different stages in order to optimise production factors and to ensure high tuber yield and quality (Kleinkopf et al.
19811 Love et al. 2005). More specifically, it is important to investigate how production factors that affect tuber
initiation can be optimised, because this stage affects the development and growth of tubers (Ewing and Struik
1992, O'Brien et al. 1998). Currently, only general N guidelines exist for all potato cultivars in South Africa (Steyn
and Du Plessis 2012).

The general aim of the present study was, therefore, to investigate how different N rates and application timings
will influence the onset of tuber initiation, stolon growth (length), duration of the tuber initiation stage, and number
of tubers initiated, as well as the final yield and size distribution of important potato cultivars (BP1, Eos and
Lanorma).

1.2 Problem statement

As time progresses, and due to the market demand, new cultivars are continuously being developed and released
to producers. Each of these new cultivars may have a new unique combination of characteristics and as a result,
each may react differently to the external environment (Kleinkopf et al. 1981, Love et al. 2005). Research gives an
opportunity to investigate the response of potatoes to production factors (e.g. N management) to improve our
understanding of each cultivar’s specific requirements.

The results of this study may help us to better understand how N management can be manipulated so that
producers can achieve high yields of desired size and quality for each cultivar. This should hopefully enable
researchers in generating more efficient fertiliser programmes. This should also contribute to improved economic
and environmental sustainability for the consumer, due to less wastage and losses of nutrients to the environment.
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1.3  Objectives

This study was conducted with the objectives to investigate:

o whether an excess in availability of N would stimulate canopy growth at the expense of tuber development
and growth, including the number of tubers initiated, final tuber yield and quality.

o how N management (rate and timing) could be manipulated to ensure that producers can achieve
optimum yields of desired size and quality, for each of the three studied potato cultivars (BP1, Eos and
Lanorma).

o the most optimal N application rate and timing combination to ensure high tuber yield and quality for potato
cultivars BP1, Eos and Lanorma.
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CHAPTER 2: LITERATURE REVIEW

The potato is a very useful, highly productive, well-known, and globally cultivated herbaceous crop and is the most-
consumed vegetable (Rowe et al. 2008, Birch et al. 2012, Defauw et al. 2012). The commercially cultivated potato
is botanically classified as Solanum tuberosum L. species, and is a member of the Solanaceae family, commonly
known as the nightshades. Tomatoes, aubergines, and capsicum peppers, as well as tobacco, are some of the
popular crops which also belong to this family (Ewing and Struik 1992, O’'Brien et al. 1998, Rowe et al. 2008, Birch
et al. 2012, Defauw et al. 2012).

21  Defining and understanding the importance of tuber initiation

The growth and development of the potato plant can be divided into different stages (Hammes 1973, Steyn, 2012).
The first stage is when tuber dormancy breaks, which usually happens in dark, humid and warm environments.
Sprouts are formed from the buds on the tuber and the starch stored in the tuber is converted to sugars and utilised
as a source of energy. The amount of heat unit accumulation needed to break the dormancy is unique to each
cultivar (Steyn 2012).

After this stage, the tubers are usually planted and the sprouts emerge from the ground, which then grow
vegetatively to form a canopy. The leaves of the plant use the radiation energy from the sun and convert it into a
source of energy for the plant through photosynthesis. The seed tuber still provides the plant with energy, but
during this stage, the energy will become depleted and the crop will later depend solely on photosynthesis for its
energy (Steyn 2012).

After emergence and initial vegetative growth, tuber initiation is the following stage of the potato crop, which starts
when the tips of the underground stems (or stolons) start to differentiate and swell. The average optimal air
temperature for tuber initiation is in the range of between 15 and 20 °C (Hammes 1973, Kleinkopf et al. 1981, Van
Dam et al 1996, Steyn 2012). After tuber initiation, tubers bulk by increasing in size and mass. The fifth growth
stage is the maturation stage. During maturation the above-ground foliar (haulm) growth ceases and the foliage
dies back, the tuber skin thickens to prevent infections as well as mechanical damage, and the tuber reaches its
highest dry matter content (Hammes 1973, Kleinkopf et al. 1981, Levy and Veilleux 2007, Steyn 2012). The skin
steadily strengthens due to an increase in starch content (Tantowijoyo 2006).

Tuber initiation is considered a very important and fundamental stage in the life cycle of a potato plant. This is
attributable to the fact that this stage can influence crop growth and development, which will subsequently affect
tuber yield, size distribution, and quality (Ewing and Struik 1992, O'Brien et al. 1998). The total numbers of tubers
initiated, as well as the potential yield and quality of the tubers, are determined by the onset and duration of tuber
initiation. Thus, timing of tuber initiation is a crucial factor to be considered to ensure high yields and profitability
(Figure 2.1) (Ewing and Struik 1992).

The initiation of tubers usually takes place after the plant has emerged and produced a functional canopy and roots
(O’Brien et al. 1998). During tuber initiation, the stolon tip differentiates and form a tuber-primordium, which results
in the swelling of the stolon tip and can initially not be detected externally (Hammes 1973, Steyn 2012). For
research purposes, it can be assumed that tuber initiation has occurred when the swelling of the stolon tip reaches
twice the diameter of the stolon itself (Ewing and Struik 1992).
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Onset and duration of tuber initiation
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Figure 2.1: The importance of tuber initiation timing to ensure high yields and profitability.

A stolon is a horizontal, creeping, modified stem which consists of long internodes and a hook at the apical tip.
These stolons are produced from nodes that occur mainly underground, and normally without stolons, tuber
initiation is not possible. However, in some cases and under certain environmental conditions, the stolon can also
occur above ground, or the tuber can even form without a stolon. Aerial tubers usually occur when the translocation
of assimilates are inhibited due to injury, disease or inducing conditions (Hammes 1973, Ewing and Struik 1992,
O’Brien et al. 1998, Steyn 2012).

When the potato plant is stimulated to initiate and grow tubers, it is important to produce and maintain an efficient
leaf canopy (O’Brien et al. 1998) for the production of carbohydrates through photosynthesis. These carbohydrates
serve as a source of energy which is required for crop growth. When the plant produces excess carbohydrates, it
is directed to the stolons, when tubers will be initiated and the dominant carbohydrates end up in the tubers
(Kleinkopf et al. 1981, O'Brien et al. 1998). The size distribution, quality and yield of the crop will therefore be
determined by the availability of photosynthates, which is related to the canopy size or leaf area index of the plant
(Kleinkopf et al. 1981). Tuber initiation will usually commence when the crop has reached a leaf area index of
between 1.5 and 2.0, whereas the duration of tuber initiation will vary according to the growth period of the cultivar
and external growing conditions (Steyn 2012). There is also evidence that tuber initiation is not only influenced by
the production and availability of carbohydrates, but also by hormones and hormonal ratios, including GA
(gibberellin) and ABA (abscisic acid) levels (Kleinkopf et al. 1981, Steyn 2012).

When the plant is stimulated to initiate tubers, the process cannot be reversed. The environmental conditions
favouring tuber initiation also favour further tuber development and maturation (Hammes 1973, Ewing and Struik
1992). Not all the tubers, however, will necessarily set after initiation. Some of these small tubers, even if the tuber
has reached a diameter of more than 2 cm, can be resorbed. The contents (sugars) of these resorbed tubers are
then transported to other areas in the plant where they are needed (Ewing and Struik 1992).

Exposure of the plant to specific environmental conditions for a certain time is required before tuber initiation can
take place. The environmental conditions that affect tuber initiation include photoperiod, air temperature, daily
radiation, and nutrient availability (Hammes 1973, Ewing and Struik 1992) and these are further discussed in
section 2.3.

Final report: Nitrogen management effects on selected potato cultivars Page 6

)

potatoes
aartappelsSA



Although tuber initiation has been studied extensively before, the precise mechanism thereof and factors that
influence tuber initiation are still not fully understood (Hammes 1973, Ewing and Struik 1992, O'Brien et al. 1998).
It is, however, important to study previous research findings on tuber initiation before any further research is
attempted. The objective of this literature review was thus to report on literature regarding the factors that influence
tuber initiation in potato.

2.2 Factors that influence tuber initiation

When a crop is managed in order to manipulate tuber initiation, tuber numbers and the general health of the plant
to increase vyields, it is of utmost importance to understand that tuber initiation is largely affected by abiotic and
management factors. It is also important to acknowledge that these various factors are integrated (Kleinkopf et al.
1981, Ewing and Struik 1992, Steyn 2012).

Some of the factors that influence tuber initiation and which are investigated in this literature review include cultivar,
environmental conditions, and production factors, as well as the physiological age of seed tubers.

2.2.1 Cultivar

Each cultivar has its own unique requirements and characteristics due to its unique genetic make-up (Kleinkopf et
al. 1981, Love et al. 2005, Levy and Veilleux 2007). The requirements include factors such as critical photoperiod
and environmental conditions, whereas characteristics comprise aspects such as growth habit, tuber size
distribution, and maturity group or growth period (Ewing and Struik 1992, Visser 2012). For instance, the potato
cultivar Solanum tuberosum spp. andigena that originated from the Andes mountains, is genetically adapted to the
conditions in the area where it developed over many years (Ewing and Struik 1992, Birch et al. 2012). For this
reason, S. fuberosum spp. andigena requires, among other things, a short critical photoperiod to stimulate
tuberisation. Conversely, S. tuberosum spp. tuberosum is genetically adapted to temperate zones and thus
requires a much longer critical photoperiod (Ewing and Struik 1992). With the aim of creating new unique
combinations of characteristics which are adapted to other areas, breeders have crossed species and created new
hybrids. As a result, almost day-neutral cultivars exist today, which means that they can tuberise under both short
and long day photoperiods (Ewing and Struik 1992, Birch et al. 2012).

In addition to a critical photoperiod, cultivars also differ in their growth period and ability to take up and efficiently
use nutrients. This leads to the conclusion that each cultivar has its own unique optimal nutrient requirements.
Since cultivars differ in morphology and developmental characteristics, each cultivar therefore reacts differently to
various external factors (Kleinkopf et al. 1981, Love et al. 2005, Levy and Veilleux 2007). These unique responses
of different cultivars are well illustrated by various research studies on the topic of tuber initiation. For example,
Love et al. (2005) found that four cultivars differed in characteristics such as nutrient uptake, nutrient use efficiency,
petiole nitrate nitrogen concentration, optimal N response and consequently final yield, and therefore also to
different rates and timings of N application treatments.

Each potato production area differs in environmental and soil conditions, which means that cultivars may respond
differently from one area to another. Potato producers should take this into consideration when selecting a cultivar
to suit their unique combination of circumstances of their specific area. In addition, when selecting a suitable potato
cultivar, producers also need to consider market preferences, morphology and developmental characteristics,
including maturation, growth type, and onset and duration of tuber initiation, as well as the ability to extract and
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utilise soil N. To ensure high quality yields at the lowest input cost, all these cultivar factors should be taken into
account (Hammes 1973, Levy and Veilleux 2007, Steyn 2012).

As time progresses and market demands change, new cultivars are continuously being developed and released.
Each of these new cultivars may have a new unique combination of characteristics and requirements, which
suggests that it may react differently to external factors (Love et al. 2005). The research opportunity therefore
arises to investigate the effect of nutrient (such as N) management in order to improve our understanding of each
cultivar's specific requirements. This can also aid in generating more specific and efficient fertiliser programmes
(Kleinkopf et al. 1981, Love et al. 2005). The focus of this study was placed on the three cultivars, BP1, Eos and
Lanorma, which differ substantially in characteristics (Table 2.1).

Final report: Nitrogen management effects on selected potato cultivars Page 8

)

potatoes
aartappelsSA



Table 2.1: Comparison between the characteristics of cultivars BP1, Eos and Lanorma (Visser 2012, GWK

2014).

BP1 Eos Lanorma
Growth habit Strong Strong Strong
Flowers Blue-purple, white tips White White
Tubers Oval, slightly flattened

Photo: www.iol.co.za Photo: Photo:

www.potatonet.co.za www.potatonet.co.za

Skin colour White Cream to white finish Pale yellow
Flesh colour White White to light cream Pale yellow
Depth of eyes Shallow Shallow Shallow
Growing period 90-110 90-110 80-90

(Medium) (Medium) (Short-medium)
Yield High High High
Tuber size Medium Med-Large Med-Large
distribution
Tuber appearance | Evenly Evenly Evenly
Eating quality Good - discolour after Non floury — retain shape | Good - retain shape after

boiling after boiling boiling
Processing Poor Poor Good
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2.2.2 Environmental factors

Because environmental conditions can vary significantly between the sixteen potato production regions in South
Africa, it is important to understand how environmental conditions can influence tuber initiation (Hammes 1973,
Steyn 2012). Consequently, if the complex interaction between the crop and environment is better understood, it
would enable a producer to manipulate the crop and achieve higher yields (Steyn 2012). Some environmental
factors which affect tuber initiation, such as photoperiod, air temperature, radiation level and available soil water,
are discussed in this section.

2.2.21 Photoperiod

Photoperiod, which can also be defined as the day length, is one of the important factors that influence the timing
of tuber initiation as well as the total number of tubers initiated (O'Brien et al. 1998, Amador et al. 2001) since
photoperiod influences hormone levels, amongst other factors. Gibberellin (GA) hormone is responsible for the
stimulation of shoot and stolon growth (Van Dam et al. 1996), but it delays starch accumulation (Vreugdenhil and
Sergeeva 1999) and tuber initiation (Van Dam et al. 1996). An increase in the levels of abscisic acid (ABA)
hormone, on the other hand, will stimulate tuber initiation (Van Dam et al. 1996). The hormone balance in the plant
is regulated by environmental conditions and the photoperiod signals are believed to be received by photochromes
in the leaves (Ewing and Struik 1992). Short day conditions (<12 hours), which are usually associated with cooler
air temperatures, inhibit GA production in the plant (Amador et al. 2001) and accelerate tuber initiation, while longer
photoperiods (>12 hours) are associated with higher temperatures and inhibit tuber initiation (Ewing and Struik
1992). The critical photoperiod of a plant can be defined as the minimum and maximum light and dark periods
required for stimulating a phenomenon such as tuber initiation (Hammes 1973, Ewing and Struik 1992, Amador et
al. 2001). According to Ritchie et al. (1995), the critical photoperiod for tuber initiation is 12 hours; however, this
varies from one cultivar to another. Light quality, or the spectral band of radiation, also affects tuberisation to a
great extent (Ewing and Struik 1992).

In conclusion, it can generally be accepted that short photoperiods stimulate earlier tuber initiation in potatoes,
whereas higher air temperatures and long photoperiods will usually delay tuber initiation in most cultivars (Hammes
1973, Ewing and Struik 1992, Van Dam et al. 1996, Amador et al. 2001, Levy and Veilleux 2007). The disadvantage
of higher air temperatures is that these delay tuber initiation and cause a reduction in the number of tubers initiated
(Hammes 1973). In South Africa, potato crops are generally exposed to relatively short photoperiods compared
with Europe, which results in a shorter growing season and thus less time for vegetative growth, which means less
photosynthesis and lower yields (Steyn 2012). There is, however, most often an interaction effect between
photoperiod and temperature. It is thus essential to also consider the effects of temperature on tuber initiation, and
not look at photoperiod in isolation.

2.2.2.2 Temperature

Air temperature, which is an uncontrollable factor in nature, is one of the main causes of reduction in the growth
and yield of the potato crop in South Africa. This is due to the fact that large fluctuations in air temperature (adverse
environmental conditions) can cause a reduction in quality of the tubers. At the same time, there is an increase in
the irregular development of the tubers and disease occurrence, which can lead to major production losses
(Hammes 1973, Pisante et al. 2010, Birch et al. 2012, Steyn, 2012).
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High air temperatures, which are associated with long photoperiods and high light intensities, promote stolon
growth, whereas tuber initiation is inhibited (Ewing and Struik 1992, Levy and Veilleux 2007, Birch et al. 2012,
Steyn, 2012). This sensitivity of the crop to high air temperatures is attributable to the fact that the potato originally
originated from the Andes Mountains of South America where the crop had adapted to cool air temperatures (Birch
et al. 2012). Lower air temperatures, which usually occur during short photoperiods and low light intensities, will
conversely promote tuber initiation (Ewing and Struik 1992, Levy and Veilleux 2007, Birch et al. 2012).

Each growth stage of the potato’s life cycle differs in its air temperature requirements. The first stage of emergence
requires a mean daily air temperature ranging from 16 to 24 °C, which is followed by the vegetative growth stage
with an optimal air temperature of between 25 and 27 °C. The average optimal air temperature for both tuber
initiation and photosynthesis, on the other hand, is in the range of 15 to 20 °C (Borah and Milthorpe 1962, Hammes
1973, Van Dam et al. 1996, Steyn 2012). Tuber initiation, quality and fruit set of the tubers can be affected
negatively when air temperatures rise above 20 °C (during long photoperiods) or below 18 °C (during short
photoperiods) (Hammes 1973, Levy and Veilleux 2007, Steyn 2012). High air temperatures result in the partitioning
of assimilates to other plant parts instead of the tubers (Ewing and Struik 1992). Therefore, when the air
temperature rises above 29 °C, no tuber initiation or tuber growth will occur because all the carbohydrates are
used for respiration (Levy 1992). Tuber initiation is followed by the tuber bulking stage, with an optimum air
temperature of 15 to 22 °C (Hammes 1973, Steyn 2012) (Figure 2.2).

Growth Stages:
Vegatative

Crowih Tuber initiation Tuber bulking Maturity

Optimal temperature for each stage:
16-24°C | 25-27°C 15-20 °C 15-22 °C
(>10 °C) Night: <17 °C
Day: <27 °C
*>20 °C = decrease fuber
initicttion
*> 29 °C = no tuber initiation
Photosynthesis: 15-20 °C Designed by: C du Raan

Figure 2.2: Optimal air temperatures for each growth stage of the potato (adapted from Steyn 2012).

Recent evidence has also shown that a complex combination of air temperature and light intensity could influence
these optimal air temperatures. Levy and Veilleux (2007) discovered that maximum tuber mass was achieved
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during the winter season with low light intensities at an air temperature that ranged between 12 and 14 °C, whereas
for the summer season with high light intensity the optimum air temperature was 18 to 20 °C.

Radiation intensity is an important factor which regulates the plant's availability of nutrients, uptake and utilisation,
since it affects photosynthesis. South Africa’s radiation intensity varies for each season due to the subtropical
climate. During spring, the plants grow from short days and cooler air temperatures into hotter, longer day lengths
and are also exposed to higher irradiation intensity levels (Lemaga and Ceasar 1990, Steyn et al. 1998). This
higher radiation intensity aids tuber initiation and thus contributes to higher potato yield. Such a high radiation level,
however, usually also causes the air temperatures to rise, which can again inhibit tuber initiation. In the autumn
season, potato seed tubers are planted during periods of long days and high air temperatures, and then grow into
decreasing air temperatures and day lengths, and low radiation levels. The specific response of potatoes to these
environmental conditions will vary from cultivar to cultivar (Levy and Veilleux 2007, Steyn 2012).

2.2.2.3 Soil water availability

It is well known that optimum potato production depends largely on the availability of soil water due to the fact that
this crop is sensitive to water stress conditions. This sensitivity to water stress is mainly attributable to the crop’s
shallow root system (Ojala et al. 1990, Birch et al. 2012). Higher yields can be achieved by manipulating the soil
water availability through the use of irrigation, and as a result, reduce the risk of water stress conditions (Ojala et
al. 1990, Birch et al. 2012).

When the crop experiences low soil water availability levels, the plant will close its stomata, which will resultin a
reduction in photosynthesis and transpiration. A reduction in photosynthesis will lead to a decline in the
development rate of the roots and canopy, and also the initiation of tubers (Ojala et al. 1990, O'Brien et al. 1998).
Potato crops therefore require more frequent watering than other crops (Ojala et al. 1990).

The size distribution, shape and internal as well as the external quality of potato tubers are affected by abiotic
factors, such as adverse environmental stresses. These abiotic factors include an excess or lack of soil water and
nutrient availability. Short water stress periods during tuber initiation can result in a reduction in yield as well as in
quality of tubers. In addition, an excess or lack of soil water availability can also cause tuber disorders such as
malformations, cracks, secondary growth, bruise susceptibility, hollow heart, brown centre, and translucent ends
(Ojala et al. 1990). These defects can result in a lower quality (lower grade) of the product and thus make it less
or not marketable at all.

Another crucial consequence of abiotic stresses is that the crop tissues are damaged, which can render the plants
more susceptible to diseases and pests. Secondary infections by pathogens are then very likely to occur after such
damage to the crop tissues (Ojala et al. 1990). The infection of tubers by common scab or powdery scab can occur
during the tuber initiation stage and is directly related to the soil water availability status at that time.

Sufficient soil water availability is also essential for plant nutrition, because water acts as a transporter of various
elements such as N. The take up, effective utilisation and extraction of nutrients, as well as the form in which
nutrients occur in the plant, are determined by the level of water availability (Birch et al. 2012).

In South Africa, potatoes are cultivated mainly under irrigation, although in regions such the Eastern Free State,
North Eastern Cape and the Western Free State, some potatoes are still successfully produced under dry-land
conditions (Steyn and Du Plessis 2012). In the other production regions, which include Limpopo, Sandveld,
KwaZulu-Natal, Mpumalanga, North West, Northern Cape, South Western Free State, North Eastern Cape,
Eastern Cape, Loskop Valley, Gauteng, Ceres, Southern Cape and South-Western Cape, all potato plantings are
irrigated (Potatoes South Africa 2012).
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2.2.3 Physiological age of the seed tubers

Physiological ageing of a tuber can be defined as the stage of development of the tuber, which is affected by
chemical, physiological and morphological alterations attributable to an increase in chronological age, which occurs
with or without tuber sprouting taking place. Physiological age can, however, also be accelerated by factors such
as storage conditions and growth history. For instance, higher air temperatures during the growth or storage of the
tuber are correlated with much faster physiological ageing (Ewing and Struik 1992, Caldiz et al. 1996, Caldiz et al.
2001, Pieterse 2012).

The physiological age of a seed tuber can exert a large impact on the productivity of the potato plant by influencing
the timing of tuber initiation, among other things (Ewing and Struik 1992, Caldiz et al. 1996, Caldiz et al. 2001,
Pieterse 2012). Generally, it is stated that tubers that are physiologically older result in earlier emergence with a
higher number of stems, earlier tuber initiation, earlier ripening, and higher yields earlier in the season (Pieterse
2012). These factors especially affect early varieties due to the fact that these varieties produce secondary stems.
These secondary stems usually take much longer to initiate tubers than the main stems. However, some delay in
the tuber initiation of main stems was also observed when physiologically old seed was used (O'Brien et al. 1998).

2.2.4 Production factors

2.2.41 Planting date

In South Africa, environmental conditions, such as climate (air temperature, photoperiod, rainfall) and soil type,
vary considerably from one area to another. As a result, the optimal planting season varies greatly for the different
production regions. Potato crops are therefore cultivated during different periods in each of the sixteen potato
production regions (Figure 2.3), which ensure a continuous supply of fresh potatoes throughout the year. For
instance, in the Sandveld region, potatoes can be cultivated throughout the year, while the North Eastern Cape,
on the other hand, can only produce potatoes during the summer months (Hammes 1973, Steyn and Du Plessis
2012).

The role of climate in tuber initiation was discussed in detail earlier. Due to different climatic conditions and
cultivation periods, the time of planting has to be chosen carefully to ensure optimal tuber initiation, since tuber
initiation is promoted by short days and cooler conditions (Steyn and Du Plessis 2012). November to December is
thus not an optimal time to plant potatoes in most regions of South Africa.

Any factor influencing tuber initiation is difficult to interpret since the planting date has a significant influence on the
conditions that will prevail during tuber initiation. Thus, for a prolonged planting season of 6-12 months, and when
the same seed lot is used over this period, it is very important to take note of this husbandry factor. Seeing that
there is a correlation between growth, stolon development and tuber initiation, and the fact that environmental
conditions will vary from one planting date to the other, the cultivar and planting date should be chosen carefully
to ensure favourable climatic conditions during the tuber initiation period (O’'Brien et al. 1998, Steyn and Du Plessis
2012).
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Figure 2.3: Map showing the different potato production regions in South Africa (Steyn 2014). Oval sizes
represent the relative area of each potato growing region.

2.2.4.2 Nitrogen management

Nitrogen is considered an essential, mobile, macro element which can be found in both the organic and the
inorganic forms in the plant. Nitrogen recommendation is an interdisciplinary process, which depends on soil
microbial activity (which complicates the determination of the amount of available N), yield potential, and clay
content of the soil. The recommended N rate also depends on other factors such as rainfall and soil type (leaching
risk), previous crop cultivated, cultivar, and production practices. Nitrogen is an essential element to apply in
optimum amounts and at the correct time since it influences growth, tuber yield and quality. The function of N is to
aid in vital plant processes such as photosynthesis, growth, and reproduction, as well as in the maintenance of the
genetic identity in the plant. Nitrogen is an essential component of amino acids, amino enzymes, nucleic acids,
chlorophyll, alkaloids and purine base, which are required to perform vital plant processes (Jones et al. 1991, Birch
etal. 2012).

Nitrogen therefore influences the development and maintenance of the canopy and consequently its photosynthetic
capacity (Hammes 1973, Kleinkopf et al. 1981, Millard and MacKerron 1986, Struik et al 1991, Steyn and Du
Plessis 2012), which will affect the production of carbohydrates. Carbohydrates, on the other hand, affect tuber
initiation. Nitrogen can thus be used to regulate the canopy and consequently photosynthetic products, which will
influence tuber initiation (Kleinkopf et al. 1981, Love et al. 2005) and subsequently the size distribution, quality and
yield of the crop (Hammes 1973, Kleinkopf et al. 1981, O'Brien et al. 1998, Steyn and Du Plessis 2012).

The availability of nutrients is thus one of the main factors that can regulate general crop health, growth, tuber
initiation, tuber quality and total yield (Figure 2.4) (Kleinkopf et al. 1981, Ojala et al. 1990, Love et al. 2005, Birch
et al. 2012). Nitrogen supply can especially affect the ratio between shoot and tuber growth, and should be
managed carefully to avoid the stimulation of canopy at the expense of tuber growth and development (Kleinkopf
etal. 1981, Love et al. 2005).

There is also evidence that N supply not only influences the crop canopy, but also the hormone balance in the
plant. These hormones include GA and ABA, which are known to affect the initiation and growth of tubers. Thus,
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itis believed that N management can influence the stimulation or inhibition of tuber initiation, as well as the number
of tubers that will develop (Figure 2.4) (Kleinkopf et al. 1981).

As already discussed, each cultivar differs in characteristics and therefore differs in its requirements and response
to various external factors due to differences in genetic make-up. As a result, each cultivar may have a unique
ability to take up, efficiently use, and extract nutrients from the soil (Kleinkopf et al. 1981, Love et al. 2005,
Mikkelson 2006). For example, a cultivar that has the ability to develop a large canopy and optimally take up
nutrients throughout the tuber bulking period can potentially achieve high yields, when other environmental factors
are optimal (Kleinkopf et al. 1981, Mikkelson 2006).

High yields and Profitability |

|
7 2= 5

Potential Yield Quality Size distribution

% 1

| Tuber growth and development |

| ggé::._
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Tuber initiation
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Photosynthesis
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Main factor to manipulate
timing of tuber initiation

Figure 2.4: Nitrogen is one of the main factors that regulate tuber initiation and thus general crop health, growth,
tuber quality and total yield

Currently, only general N fertilisation guidelines exist for all potato cultivars in South Africa. The N rate
recommendation varies with the clay content of the soil and the yield potential. Soil analysis is usually not
performed routinely in order to determine the N content of a soil, as it is believed that residual N level is closely
related to microbiological activity, which is difficult to establish and can complicate interpretations. Table 2.2
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illustrates the N recommendations for dryland production, whereas Table 2.3 illustrates the amount of N
recommended under irrigation (Steyn and Du Plessis 2012).

Table 2.2: Recommended N application rate (kg ha-1) under dryland conditions as affected by soil clay content
and target yield (Steyn and Du Plessis 2012).

Clay Potential Yield

percentage (ton hal)

(%)

Table 2.3: Recommended N application rate (kg ha-1) under irrigation as affected by soil clay content and target
yield (Steyn and Du Plessis 2012).

Clay Potential yield
percentage (ton ha-1)

(%)

Due to the element’s high mobility, N is easily removed from the soil by means of percolation, run-off, volatilisation
and plant uptake. It is therefore advisable to split the total amount of recommended N into smaller applications to
improve the N use efficiency. The recommended distribution of total N fertiliser throughout the growing season is
givenin Table 2.4. These recommendations vary according to factors such as soil type, rainfall and irrigation (Ojala
etal. 1990, Steyn and Du Plessis 2012).
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Table 2.4: Recommended % of total N fertiliser requirement to be applied before and after tuber initiation (Steyn
and Du Plessis 2012)

Clay content (%)

Growth stage <10 10-20 >20

Maximum application up to tuber 50-60 60-75 80-100
initiation

W EVTMUTET Il E i IR O TN TET ) 40-50 25-40 0-20

up to 4 weeks before foliage die-back

2.3  Tuberyield and quality as affected by N level and application timing

In the production of potatoes, the first priority of the producer is to ensure the development of maximum leaf area
in the first 50-60 days after emergence (Struik et al. 1991, Vos 1999). Thereafter, N is transported to the tubers to
aid in tuber growth and building the protein content (Struik et al 1991, Vos 1999). It is thus crucial to establish a
large leaf canopy as soon as possible to intercept the maximum solar radiation, since yield is directly correlated
with the intercepted radiation (Kleinkopf et al. 1981, Millard and Marshall 1986). A leaf area index ranging between
2.5 and 3 is regarded as the optimal norm (Struik et al. 1991). Maintaining the canopy is also important, as this will
ensure that the maximum number of initiated tubers are adequately bulked and matured (Millard and Marshall
1986, Kolbe and Stephan-Beckmann 1997a,b, Vos 1999). The lifespan of the canopy, or canopy duration, is thus
also directly related to the yield of the potato (Millard and Marshall 1986).

A deficiency in, or an excess of, N can result in a reduction in yield, which can cost the producer dearly (Kleinkopf
etal. 1981, Porter and Sisson 1991a, Biemond and Vos 1992, Love et al. 2005, Steyn and Du Plessis 2012). When
the potato plant is deficient in N, it causes a reduction in photosynthesis and growth and a reduction in leaf area,
which means the plant takes too long to produce an efficient leaf canopy, resulting in lower light interception and
early plant death (Jones et al. 1991, Kleinkopf et al. 1981, Millard and MacKerron 1986, Ojala et al. 1990, Porter
and Sisson 1991a, Biemond and Vos 1992, Love et al. 2005). The symptoms accompanying N deficiency include
chlorosis of the leaves and stunted growth (Millard and MacKerron 1986, Ojala et al. 1990), while tuber initiation is
reduced due to stolons dying off before tubers can initiate (Millard and MacKerron 1986). The plant depletes its N
reserves before the tubers bulk sufficiently and by the time this deficiency is noted, it is too late to repair the damage
(Millard and MacKerron 1986, Porter and Sisson 1991a, Biemond and Vos 1992).

Excess N, on the other hand, can also negatively affect potato plants, in particular late maturing varieties (Love et
al. 2005). Secondary stem development is stimulated by excess N, instead of producing maximum leaf canopy,
followed by developing stolons and initiating tubers. Unnecessary secondary stems affect the primary leaf canopy
undesirably by overshadowing the primary leaf canopy, which causes it to die off (Kleinkopf et al. 1981, Millard and
MacKerron 1986, Love et al. 2005).

Furthermore, an excess of N extends the vegetative stage (canopy growth), which shortens the tuber bulking stage
and delays maturity (Porter and Sisson 1991b). There is thus an inverse correlation between excessive canopy
growth and tuber growth of potatoes (Millard and MacKerron 1986, Love et al. 2005). The shoot-to-root ratio is
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stimulated by excess N, which further extends the growth period and stimulates canopy growth at the expense of
tuber growth, and consequently yield (Kleinkopf et al. 1981, Millard and MacKerron 1986, Porter and Sisson 1991b,
Biemond and Vos 1992, Love et al. 2005). Excess N, however, seems to have no effect on the number of stolons
that develop (Porter and Sisson 1991b), but in turn increases stolon length, which may cause the tubers to develop
at the edge of the hill, and increases the possibility of the tubers being exposed to sunlight and turning green
(Millard and MacKerron 1986).

Not only N amount, but also the timing of N applications, is important. Large quantities of N applied late in the
season will result in an extension of vegetative growth at the expense of tuber growth. Due to the extended
vegetative growth, maturity of the tubers is delayed, which negatively impacts on yield and skin set, and reduces
tuber quality and shelf life (Kunkel and Holstad 1971, Ipenkwe et al. 1974, Steyn et al. 2009). Adequate, early-
season N supply is thus important for supporting sufficient, early vegetative growth.

Tuber specific gravity, also called the relative density of tubers, is an important quality parameter of potato tubers.
Specific gravity depends on the cultivar and reflects environmental factors (like air temperature) and cultural
practices (soil water availability, fertiliser, length of growing season) throughout the season. Tuber size and shape,
as well as defects such as malformation or hollow heart, also influence relative density. Specific gravity is a
parameter used by the food processing industry and is an important indicator of product quality (Ipenkwe et al.
1974, McPharlin and Lancaster 2010, Steyn and Du Plessis 2012). A specific gravity of 1.075 and above is
acceptable to the processing industry to ensure optimum quality products and high recovery rate (Steyn et al. 2009,
McPharlin and Lancaster 2010).

Specific gravity shows a high correlation with starch accumulation and total dry matter content of the tuber (Ipenkwe
et al. 1974, McPharlin and Lancaster 2010). Excess N negatively affects starch synthesis, which results in lower
specific gravity (SG) of the tubers (Ipenkwe et al. 1974, Porter and Sisson 1991a, McPharlin and Lancaster 2010,
Steyn and Du Plessis 2012). An excess of N before or during tuber initiation (early in the season) can thus not only
delay tuber initiation, but also decrease specific gravity (McPharlin and Lancaster 2010), whereas an excess of N
late in the season, on the other hand, can delay tuber maturity (Kunkel and Holstad 1971, Ipenkwe et al. 1974,
Steyn et al. 2009), which can also result in a decrease in specific gravity (Kunkel and Holstad 1971). In addition,
other studies have found that an N deficiency can also decrease specific gravity (McPharlin and Lancaster 2010).

Chip colour is another important quality parameter for the French fry and crisp industries. Amino acids and reducing
sugars, which include glucose and fructose, react when fried and are responsible for unacceptable brown colouring
and bitter taste of chips, also known as the Maillard reaction (Figure 2.5) (Kumar et al. 2004).

Maillard Reaction

*Carbonyl group of sugars (High heat)

(Glucose and fructose)
: *Amino acids (Protien) &=

Designed by C du Raan

Figure 2.5: The Maillard reaction (Kumar et al. 2004).
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The lower the reducing sugar levels, the lighter the chip colour, and the more desirable the chips are to the
processing industry (Kunkel and Holstad 1971, Kumar et al. 2004, Steyn et al. 2009). Some studies have also
concluded that there is a negative correlation between reducing sugar content and specific gravity (Kunkel and
Holstad 1971). Reducing sugars are mainly influenced by cultivar, environmental conditions (especially air
temperature) (Kunkel and Holstad 1971, Kumar et al. 2004), cultural practices during the growing season, and
some post-harvest and storage factors (Kumar et al. 2004).

A surplus of N and high amounts of N late in the season are generally believed to delay tuber maturity and can
also cause reducing sugar levels to increase, which will affect chip colour negatively (Hope et al. 1960, Kunkel and
Holstad 1971, Ipenkwe et al. 1974, Steyn et al. 2009). Some studies, however, have disagreed and concluded that
N has no effect on chip colour (Kunkel and Holstad 1971). According to Kunkel and Holstad (1971), the variable
results can be ascribed to variations in environmental conditions (climate), variety, fertiliser placement and location.
It is clear that reports on the effects of N management on reducing sugar content and chip colour are still
inconclusive (Kunkel and Holstad 1971, Kumar et al. 2004) and that further studies are thus needed.

Some potato cultivars (such as BP1) are prone to the development of disorders like hollow heart. Although the
specific cause of the hollow heart disorder is not fully understood, it is known that cultivar, environmental
conditions and N imbalances affect hollow heart occurrence (Ojala et al. 1990, Rex and Mazza 1989, McPharlin
and Lancaster 2010, Steyn and Du Plessis 2012). Hollow heart occurs as a result of abrupt changes in growing
conditions, such as the application of excessive N, which causes the tubers to grow very fast and tissues to
rupture, resulting in the development of hollow internal cavities (Figure 2.6), while no external tuber symptoms
are usually visible (Kallio 1960, Steyn et al. 2009, McPharlin and Lancaster 2010). The disorder can also develop
when excessive N is applied during the tuber initiation stage up until the tuber reaches about 60 g in size
(McPharlin and Lancaster 2010, Theron and Pieterse 2012).

Figure 2.6: Hollow heart symptoms in potato tubers (C du Raan 2015).

The potato tuber morphologically consists of three different zones which are illustrated in Figure 2.7. The outermost
layer is known as the periderm (skin), which consists of the phellem (cork), phellogen (cork cambium) and
pheloderm. The second zone is the medullary tissue underlying the periderm and consists of the xylem ring as well
as the cortical tissue under the skin. The third zone is the pith, which is located in the centre of the tuber (Glynne
and Jackson 1919, Walworth and Muniz 1993).
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Figure 2.7: Potato tuber morphology (adapted from Walworth and Muniz 1993).

Previous studies have found that N content is highest in the periderm (skin) of the tuber and tends to decrease
from the skin towards the pith (Figure 2.8), with an exception of an increase in either the inner or the outer medullary
tissue (Glynne and Jackson 1919). Once excess N amounts are applied, it will inhibit protein formation and promote
the accumulation and storage of N in a non-protein (nitrate) form, which will negatively influence tuber quality (Riley
2001, Vaezzadeh and Naderidarbaghshahi 2012). In addition, it was also discovered that results differ from one
cultivar to another due to different maturation characteristics (Vaezzadeh and Naderidarbaghshahi 2012). For
instance, according to Vaezzadeh and Naderidarbaghshahi (2012), the cultivar Marphona, which matures early,
had a higher non-protein accumulation than the late maturing cultivar Agria.
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Figure 2.8: The average N (% dry matter) accumulation of twenty tuber samples on a fresh basis in the different
zones of a potato tuber (Glynne and Jackson 1919).

As already discussed previously, a surplus of N and high levels of N late in the season (e.g. 30 % N at planting
and 70 % N after emergence) is generally believed to delay tuber maturity (Hope et al. 1960, Kunkel and Holstad
1971, Ipenkwe et al. 1974, Steyn et al. 2009), whereas maturity is one of the key factors that regulate nitrate
accumulation (Vaezzadeh and Naderidarbaghshahi 2012). Although our understanding of differences in tuber N
accumulation in response to N application timings is still unclear (Riley 2001), it is known that different N rates and
timings do affect the timing (onset and duration) of tuber initiation (Ojala et al. 1990), which in turn affects the final
number of tubers, final tuber size distribution (O'Brien et al. 1998), quality and yield of the crop (Ojala et al. 1990,
Ewing and Struik 1992, O'Brien et al. 1998).Therefore, it is thus possible to control tuber development by controlling
N management (Ojala et al. 1990).

According to various studies, high N levels during the vegetative and tuber initiation stages generally delay tuber
initiation, whereas low N levels promote tuber initiation (Hammes 1973, Ojala et al. 1990, Ewing and Struik 1992,
O'Brien et al. 1998). Excess N also decreases fertiliser efficiency due to increased losses through leaching and
runoff, which also cause environmental pollution (Love et al. 2005, Mikkelson 2006). Since cultivar requirements
for different production factors, such as optimal nutrient level, may vary in each stage, it is advisable to establish if
and how such factors can be managed to ensure optimum yield and quality (Kleinkopf et al. 1981, Love et al.
2005). More specifically, it is important to optimise production factors that affect tuber initiation for each cultivar,
because this stage hugely affects the development and growth of tubers (Ewing and Struik 1992, O’'Brien et al.
1998). Table 2.5 gives a summary of the effects of N deficiency or excess on potato tuber yield and quality,
according to literature.

Final report: Nitrogen management effects on selected potato cultivars Page 21

A

potatoes
aartappelsSA



Table 2.5: A literature summary of the effects of N deficiency or excess on potato tuber yield and quality.

*

Parameter

Nitrogen dosage

Deficient

Excess

Tuber initiation

4

Tuber size ‘ '
Yield ‘ Slight effect t
Maturity Early Delayed

Skin set No effect . |
% dry matter (SG) No effect '
Hollow heart No effect 1
% reducing sugars ‘ '
Chip colour Inconclusive

Taste No effect ‘

1.= increase in parameter

* l: decrease in parameter

An understanding of how factors such as nutrition influence the crop growth and production will enable the
manipulation of factors to improve yields and economic sustainability (Ojala et al. 1990, Mikkelson 2006). This
gives an opportunity to establish each cultivar's unique optimal N requirements in different stages (such as tuber
initiation) through research, which in turn will enable researchers to generate more-efficient fertiliser programmes
(Kleinkopf et al. 1981, Love et al. 2005). This will also contribute to improved environmental and economic
sustainability for the producer (Kleinkopf et al. 1981, Ojala et al. 1990, Love et al. 2005, Mikkelson 2006, Birch et
al. 2012).
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CHAPTER 3: MATERIALS AND METHODS

Field trials were conducted to determine the effect of N management on tuber initiation. Field trials were preferred
to greenhouse (pot) trials due to the fact that they simulate natural production conditions the best. In a greenhouse,
environmental conditions, such as light intensity for instance, may vary considerably from field conditions (O'Brien
et al. 1998), and affect plant response to treatments.

3.1  Site description and field preparations

Field trials were conducted over two seasons (spring 2013 and autumn 2014) under irrigation on the Hatfield
Experimental Farm of the University of Pretoria, Pretoria, South Africa, located at 25°45'S, 25°16'E and at an
elevation of 1327 m.a.s.l.

According to the cropping history, no potatoes or related species had been planted on the selected fields for a
preceding period of at least 4 years. Wheat was planted on the spring trial site about 3 to 4 months before
commencement of the potato trial in order to extract excess nutrients, especially N, from the soil. All above-ground
crop residues were removed after maturity of the wheat. For the autumn trial, the site rested fallow for at least 5
years before planting of the potatoes. Before planting, representative soil samples were taken (using a zig-zag
pattern) at four positions within each replicate (Fig 3.1) at five depths (0-20 cm, 20-40 cm, 40-60 cm, 60-80 cm and
80-100 cm) for each experimental site. The samples were stored in a cold room (4 °C) as swiftly as possible after
collection to avoid further N mineralisation until analyses were performed to determine the soil nutrient status at
the onset of the trial.
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Figure 3.1: Representative soil samples taken before planting at four positions and at five depths (0-20 cm, 20-
40 cm, 40-60 cm, 60-80 cm and 80-100 cm) in each replicate.

The soil samples were dried, ground to pass through a 2-mm sieve, and then analysed by the University of
Pretoria’s Soil Science laboratory for N % (in the form of ammonium (NH4*) and nitrate (NOs)). According to the
results, the soil NH4* and nitrate NO3- contents for both the spring 2013 and autumn 2014 field trials were uniform
throughout the experimental sites.

Soil chemical and physical characteristics of the trial sites were also analysed by the University of Pretoria’s Soil
Science laboratory prior to planting. The chemical analysis results provided information on the soil nutrient status
of the selected areas, which enabled the formulation of fertiliser requirements according to recommendations. The
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soil analysis results indicated that the clay content for the spring 2013 trial was 15 % and the soil had a pH(H20)
of 5.5. The autumn season soil had a higher clay content of 24 % and a pH(H:0) of 6.0. The soil chemical analysis
results for the two seasons are presented in Table 3.1.

Table 3.1: Soil physical and chemical analysis results of the topsoil (0-20cm layer) prior to planting for the spring
2013 and the autumn 2014 field trials.

§ Ammonium acetate extractable % of CEC
o
P K Ca Mg Na K | Ca | Mg | Na
Season Clay H
content P =) =) =) =) =)
%) (H20) *\é) *\é *\é *\é *\é % % % %
Spring
2013) 15 55 | 295 67 350 117 5 589 599|334 |0.74
?zlmn 24 6.0 | 419 | 41 692 | 80.2 | 0.76 | 248 | 81.6 | 15.7 | 0.08

3.2  Experimental design

For both trials, treatments included three cultivars, namely BP1 (C1), Eos (C2) and Lanorma (C3), which are known
to differ in their tuber initiation behaviour. Furthermore, three different N levels were applied, based on the soil clay
content and target yield. The three N levels for the spring trial were 160 kg/ha N (R1), 240 kg/ha N (R2) and 320
kg/ha N (R3), whereas for the autumn trial the N levels were 140 kg/ha N (R1), 220 kg/ha N (R2) and 300 kg/ha N
(R3). The intermediate rates (R2) corresponded with the recommended N levels for each soil according to the
current fertiliser guidelines (Steyn and Du Plessis 2012). In addition, three different N timing scenarios were tested
for both trials: 30 % N at planting and 70 % N after tuber initiation (T1), 50 % N at planting and 50 % N after tuber
initiation (T2), and 70 % N at planting and 30 % N after tuber initiation (T3). The N fertiliser top dressing applied
after tuber initiation was done three to four weeks after the date of 50 % emergence.

The factorial field experiment was laid out as a split-plot randomised complete block design (RCBD) with 27
treatment combinations and three replicates (Appendix A — Figure A1). The three cultivars (BP1, Eos and Lanorma)
were allocated to the main plots, whereas the three N levels and three N timing treatments were allocated to the
sub-plots. Each experimental unit (sub-plot) had a total area of 27 m2.

3.3  Planting and agricultural practices

Certified BP1, Eos and Lanorma seed tubers (first class, third generation, 250 count per 25 kg bag) of the same
physiological age were acquired from GWK and allowed to sprout. It was crucial that the seed tubers of all cultivars
were of the same physiological age because this is known to influence tuber initiation (Ewing and Struik 1992,
Caldiz et al. 1996, O'Brien et al. 1998, Caldiz et al. 2001, Pieterse 2012). Chemical stimulation of seed tubers to
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enhance sprouting was avoided, as it is known that this can influence tuber initiation and could therefore interfere
with the results (O'Brien et al. 1998).

The plant-ready seed tubers were planted using a Grimme GL 32F potato planter machine (Figure 3.3). The spring
field trial was planted on 27 September 2013, while the autumn trial was planted on 21 February 2014. The plant
spacing was 0.9 m between rows, with six rows per plot, and 0.25 m within the row (seed piece spacing) for the
spring trial (Figure 3.2), whereas for the autumn 2014 trial, plants were spaced 0.255 m apart within the row (seed
piece spacing). The plant populations for the spring and autumn trials were 44 444 and 43 590 plants/ha,
respectively. All the main plots were separated on either side by one border row of plants, whereas the subplots
between treatments were separated by 1 m of untreated border plants. Replicates were furthermore separated by
a bare 6 m strip of land.

At the time of planting the second field trial, there were not enough seed tubers for the cultivar Lanorma and the
tubers had to be cut in half, taking the utmost care to prevent contamination with any disease. This was achieved
by disinfecting hands as well as sanitising and cleaning seed tuber cutters frequently. The tuber surfaces were
also sanitised and any seed tuber showing any visual signs of disease was removed to avoid contamination. Within
three days of planting, a period of unusually high rainfall started and 251 mm of rain was recorded over the next
three weeks (Appendix B — Figure B2). This unfortunately caused the cut seed pieces to rot and therefore the
cultivar Lanorma had to be excluded from the trial.

6 Rows (0.9m Between rows)
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Figure 3.2: Layout of seed tubers in each plot Figure 3.3: Grimme GL 32F potato planter for the springtrial
(C du Raan 2015)

Making use of the soil analysis results for samples taken prior to planting, a fertiliser recommendation was done
based on the fertiliser guidelines from the “Guide to Potato Production in South Africa” (Steyn and Du Plessis
2012). The fertiliser recommendation for the spring 2013 trial was 240 kg/ha N, 80 kg/ha P and 270 kg/ha K. The
recommended N level was used to determine the different N level treatments. All the P was applied pre-planting
in the form of superphosphate (12 % P). The original K recommendation was 270 kg/ha K, but because it was
applied in the form of potassium nitrate (13 % N and 38 % K), only an amount of 140 kg/ha K could be applied pre-
planting, since the amount of potassium applied had to be chosen according to the lowest N level and the lowest
N timing scenario to prevent exceeding the N level of the lowest N treatment.
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Phosphorous and potassium fertiliser levels were kept constant for all treatments. The P and K that were applied
pre-planting were broadcasted and incorporated uniformly into the soil. The different N levels and N timing
scenarios were then achieved by supplementing N according to the different treatments in the form of LAN (28).
The LAN (28) was applied on the ridge, either sides of the plant, directly after the tubers were planted. The
remaining 130 kg/ha K was then applied as top dressing after tuber initiation, three to four weeks after 50 %
emergence, as potassium nitrate (13 % N and 38 % K), while LAN (28) was once again used to supplement N
according to the different treatments. Top dressings were done by applying the fertiliser on the ridge, both sides of
the plant, which was followed by ridging of the rows.

Regarding the autumn 2014 trial, the same procedures were followed as for the spring 2013 trial. The
recommended fertiliser amounts for the specific site was 220 kg/ha N, 50 kg/ha P and 292 kg/ha K. For K, an
amount of 119 kg/ha K was applied pre-planting (as KNOs) and a further 173 kg/ha K after tuber initiation (three to
four weeks after 50 % emergence). According to the recommendation, a further 54 kg/ha K still had to be applied,
but then the lowest N treatment would have been exceeded (because the K source was KNOs) and it was decided
not to apply the last K top dressing. The same nutrient sources utilised during the spring 2013 trial were also used
for the second trial.

Overhead sprinkle irrigation was applied directly after planting, as well as after each fertiliser top dressing, to avoid
scorching of the plants, especially with potassium nitrate. The same overhead irrigation system was used
throughout the growing season. Rain gauges were placed at random positions across the field to record irrigation
and rainfall amounts, and to check for irrigation uniformity. Aluminium access tubes were installed in selected plots
to facilitate the use of a neutron probe for irrigation scheduling.

Weeds were removed manually throughout the season. Preventative sprays for fungal diseases such as early and
late blight were applied (two-to-three-weekly) using Bravo 720 (active ingredient chlorothalonil). The crop was
scouted regularly and when any sign of fungal disease was observed, or when weather conditions were favourable
for early and late blight to occur, Virikop (active ingredient copper oxychloride) and Dithane 750 (active ingredient
mancozeb) were used to protect and cure the crop.

Lamdex 5 EC (active ingredient Lambda-cyhalothrin) and Servus (active ingredient deltamethrin) were alternated
for the control of tuber moth, while Makhromectin (active ingredient Abamectin) was used to control leaf miner. Al
the chemicals were applied according to product label recommendations.

3.4 Data collection

Regarding the spring trial, 50 % emergence of BP1 and Lanorma was recorded on 17 October 2013, while Eos
reached 50 % emergence a week later, on 25 October 2013. A week after 50 % emergence, the frequent periodical
destructive harvests commenced (O'Brien et al. 1998). This was done from 25 October 2013 to 6 January 2014 to
determine the effect of treatments on growth, as well as the onset and duration of tuber initiation. The periodical
destructive harvests were conducted weekly for five weeks, whereafter harvests were done every second week for
another six weeks. At each periodical harvest, four plants per treatment (excluding the two outside border plants
of the six rows), starting from one side of each plot and continuing sequentially (Figure 3.4), were carefully lifted
by hand (using garden forks) without damaging the stolons and tubers. Caution was taken not to disturb the next
plant in the row, which was used the following week.
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Figure 3.2: Periodic harvesting was done weekly/two-weekly for growth analysis on four plants per week for 11
weeks, whereas the remaining plants were used for the final harvest.

Multiple measurements were performed on the four plants per plot during each periodic (weekly/two-weekly)
destructive harvest to monitor growth throughout the growing season. These measurements included the following:

¢ The height of each plant was determined by measuring the straightened main stem from the ground level
up to the tip, using a measuring tape.

e The number of stems that developed was counted for each plot.

e Stolon lengths were measured by making use of a ruler and the number of stolons per plant was also
captured.

e The onset and duration of tuber initiation was monitored periodically by counting the number of tubers
initiated as the season progressed. A swelling of twice the stolon’s diameter and more was regarded as
an initiated tuber (Ewing and Struik 1992).

o The leaves, stems and tubers for each plot were separated and weighed to determine the fresh mass of
each component. Samples were then dried at 70 °C until constant mass (approximately seven days). The
dry mass of the stems, leaves and tubers were used for calculating the harvest index (HI), which is the
economic yield over the biological yield, as indicated by equation 3.1 (Mazurczyk et al. 2009).

Harvestindex = Dry tuber yield B
Total dry matter yield (Eq.3.1)

This data enabled us to determine how assimilates were partitioned and whether N treatments stimulated
canopy growth at the expense of tuber development and growth.
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e Leaf area was determined destructively by making use of a LI3100 leaf area meter (LiCor, Lincoln,
Nebraska, USA), which enabled calculation of the leaf area index, which also gives an indication of
whether the canopy was stimulated at the expense of tuber development and bulking. Leaf area index
was calculated as leaf area per unit of ground surface area (cm%cm?) as illustrated in equation 3.2
(Watson 2014).

Leaf areaindex — Leaf area measured
Sampling area (Eq.3.2)

Additional measurement taken during the growing season included the following:

o The fractional interception of radiation (Flear) was calculated by measuring the photosynthetic active
radiation (PAR) levels above and below the crop canopy with a Sunfleck Ceptometer (Accupar model LP-
80, Decagon Devices Inc., Pullman, Washington, USA). The following equation was utilised to calculate
the fractional interception of radiation for each plot:

FlPaR = 1 - PAR below canopy
PAR above canopy

(Eq. 3.3)

where Flpar is fractional interception of photosynthetic active radiation (PAR).

Measurements were done weekly during clear weather conditions between 12:00 and 14:00. One
measurement above the canopy and three below the canopy (Figure 3.5a) were taken for each plot by
placing the ceptometer diagonally from the centre of one ridge to the centre of the next ridge (Figure
3.5b), and making sure that the ceptometer was level, using the spirit level mounted on the instrument.
This data also enabled quantification of the crop’s sink and source relationship between tubers and the
canopy.
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Figure 3.5 a: Three representative ceptometer measurements were made below the canopy in each plot;
b: The ceptometer was placed diagonally from the centre of one ridge to the centre of the next ridge.
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Soil water content was monitored throughout the season at depths 0-20 cm, 20-40 cm, 40-60 cm, 60-80
cm and 80-100 cm. This was performed by making use of a neutron probe (503DR CPN Hydroprobe,
Campbell Pacific Nuclear, California USA) to prevent under- and over-irrigation and to avoid leaching of
fertiliser from the soil.

Rainfall and irrigation were also recorded throughout the season by making use of manual rain gauges.
Daily weather data was recorded throughout the trial period using an automatic weather station located
close to the trial site on the experimental farm. Environmental conditions such as air temperature,
photoperiod and soil moisture are known to affect tuber initiation.

Soil temperature is another factor known to influence tuber initiation and was recorded by installing DFM
probes (DFM Software Solutions, Cape Town, South Africa) just after planting.

Petiole analysis was done to determine the nitrate (NO3) content in the leaves of plants for each
treatment. This was done at six weeks after 50 % emergence and thus after the second fertiliser
application. The fourth compound leaves (petiole and leaflets) from the top of the plant were collected
(Figure 3.6a). The leaves were rinsed twice with deionised water to remove any contaminants and placed
on a paper towel to dry. The leaflets were then immediately removed to obtain only the petioles
(Figure3.6b) (Rowe et al. 2008, Agvise Laboratories 2013).

Ten petioles per treatment were collected from all three replicates, pooled together, and dried in an oven at a
temperature of 55 °C before submitting them to the ARC-Institute for Soil, Climate and Water laboratory for
analysis. Special attention was taken to minimise the loss of moisture during sampling. The petioles were sealed
in labelled, plastic zip-lock bags and kept cool (Rowe et al. 2008, Agvise Laboratories 2013) in a cooler box with
icepacks.

At the end of the growing season, the leaves turned yellow, which indicated that the plants had reached maturity
and started to senesce. To ensure proper skin set and avoid damage during tuber harvesting, the foliage was
removed manually on 15 January 2014 and left for two weeks before the final tuber harvest was performed.
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Figure 3.6a: Location of the fourth compound leaf on the potato plant; b: Leaflets removed to obtain the petiole.
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Atfinal harvest on 30 January 2014, the tubers from the four data rows of each plot were harvested, using a single-
row mechanical potato harvester (Figure 3.7). The tubers from the inner rows of each plot were kept separately
and stored in a controlled room with air temperatures ranging between 18 to 22 °C, to prevent build-up of reducing
sugars during storage before quality tests were performed.

Figure 3.7: Mechanical potato harvester used during final harvest.

Final total tuber yields for each plot were determined and sorted according to size, whereafter each category was
weighed separately. The tubers were grouped into different sizes according to potato grading guidelines, with only
three size classes: tubers between 5 g and 100 g were regarded as small, 100 g to 170 g as medium, and more
than 170 g as large.

Internal tuber quality analyses included chip colour, relative density, and hollow heart assessment, as well as tuber
chemical analysis. The internal tuber quality analyses were performed on a sample of tubers from each plot, as
follows:

e Ten medium-sized tubers from each plot were used for chip colour determination by ARC-Roodeplaat.

e Specific gravity (relative density) was determined by making use of the mass-in-air and mass-in-water
method. Tubers were firstly washed to remove any soil on the surface and allowed to dry. A randomised
sample of at least 3 kg tubers from each plot was then weighed in air, followed by weighing the same sample
when submerged in water in a wire mesh basket (Figure 3.8) (USDA 1997, International Potato Center 2007).
To ensure accuracy, caution was taken to validate that all tubers were submerged under water when weighed.
The specific gravity was then calculated using Equation 3.4 (International Potato Center 2007).

Specific gravity = Mass of tubers in air
(Mass of tubers in air - Mass of tubers under water)

(Eq. 3.4)
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The mass-in-air and mass-in-water method used to determine specific gravity.

o Fifteen large tubers per plot were sampled and cut in half to visually assess them for hollow heart occurrence.

e Twenty medium-sized tubers were selected and washed with tap water to remove any soil from the skin and
then rinsed twice with deionised water. The skin (periderm) was then obtained by peeling off 1 mm of the
exterior layer of the tuber, which was followed by peeling an additional 2 mm to acquire the medullary tissue
(which consists of the xylem ring as well as the cortical tissue under the skin). The thickness was monitored
by making use of a digital calliper. Subsequently, the tubers were cut into quarters to obtain the pith (2 mm
peeled from each quarter) of the tubers (Johnston et al. 1968, Kratzke and Palta 1986).

The samples were dried in an oven at a temperature of 55 °C and finely ground to perform tuber chemical
analysis for N, phosphorous (P), potassium (K) and calcium (Ca) contents in the skin, medullary tissue and
pith. The nitrogen analysis was performed by the ARC Institute for Soil, Climate and Water, whereas the
potassium (K), phosphorous (P) and calcium (Ca) contents were determined at the University of Pretoria, Soil
and Plant analytical laboratory.

After final harvest, soil samples were taken from all plots for one cultivar (Lanorma) at three depths of 0-20 cm,
20-40 cm and 40-60 cm. The samples were air dried, ground to pass through a 2 mm sieve, and then stored in a
cool place until ammonium (NH4*) and nitrate (NOs') analyses were performed. Nitrogen use efficiency (NUE) was
calculated using equation 3.5, where the total tuber yield (kg/ha tuber yield) was divided by the total amount of N
applied (kg/ha N applied). The analysis was done at the University of Pretoria’s Soil Science laboratory. These
results will aid in optimising potato N management by determining whether an excess of N (not used by the plants)
remained in the soail, since such N may leach and unnecessarily increase input costs.

Nitrogen use efficiency = Total tuber yield (kg/ha tuber yield)
N applied (kg/ha N applied)

Eq. 3.5

Since the cultivar Lanorma had to be excluded from the second (autumn 2014) trial, the weekly/two-weekly growth
analyses could only be conducted for BP1 and Eos for a period of 11 weeks (17 March 2014 - 30 May 2014)
during this season. Fifty percent emergence for the autumn 2014 trial was recorded on 7 March 2014, whereas
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Eos reached 50 % emergence almost a week later on 11 March 2014. At final harvest on 23 June 2014, the tuber
yield and size distribution were determined, followed by quality tests (specific gravity, chip colour and hollow heart
assessment). The methods used to perform all the analyses and measurements were exactly the same as
described for the first (spring 2013) trial.

3.5 Statistical analysis

The data collected from the trials was statistically analysed using the statistical program GenStat® (Payne 2012)
to determine how N management can be manipulated to achieve maximum yields of desired size distribution and
quality for each of the cultivars.

The trial layout used was a three factorial split-plot randomised block design with three replicates. The three
cultivars were assigned to the whole plots and the three N application times and three rates were assigned to the
sub-plots. The residuals were normally distributed with homogeneous treatment variances. Growth analysis data
(tuber initiation, stem number, plant height, stolon number, stolon length, LAI, fresh mass of stems, leaves and
tubers and HI), soil samples before and after planting, and final harvest data (final total tuber yield, size distribution,
chip colour, specific gravity, hollow heart and tuber chemical analysis) for each season were analysed
independently, and means were separated using Tukey’s LSD test at the 5 % level (Payne 2012, Payne 2014).
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CHAPTER 4: RESULTS AND DISCUSSION - PLANT GROWTH AND
TUBER INITIATION RESPONSE TO NITROGEN MANAGEMENT

Growth analyses were performed as a tool to monitor dry matter partitioning and growth for the three potato plant
varieties as influenced by N management (N application level and timing). Multiple measurements were performed
on the four plants per plot during each periodic (weekly/two-weekly) destructive harvest to monitor growth
throughout the growing season and these results are discussed in this chapter.

Under subtropical climatic conditions, the spring and autumn growing seasons vary in air temperature, irradiation
level and photoperiod, which subsequently affect the yield and quality of the crop (Lemaga and Caesar 1990, Steyn
et al. 1998). When planted in spring, the plants grow from short days and cooler air temperatures into longer, hotter
days and are also exposed to higher irradiation levels (Lemaga and Caesar 1990, Steyn et al. 1998). For an autumn
season, on the contrary, the potato seed tubers are planted under long days and high air temperatures and then
grow into decreasing air temperatures and day lengths (Steyn et al. 1998) (Appendix B — Figure B1 and Figure
B2).

The data for the autumn trial shows the same trends as for the spring trial in most of the measured parameters,
although for some parameters, significant differences were lacking during this second season. Possible
explanations for the absence of significant differences are the reduction in degrees of freedom (only two cultivars
instead of three), seasonal differences, and unfavourable weather conditions in autumn (Rens et al. 2015). The
second trial was planted later than planned due to the inaccessibility of the field because of heavy rain. The high
rainfall after planting was followed by approximately a month of overcast weather and thus low radiation levels.
After the overcast conditions cleared up, the weather conditions went from one extreme to the other, with
unfavourably dry, hot conditions. The plants struggled to adapt to this sudden change in environmental conditions,
and never reached their full potential.

41  Above-ground characteristics as influenced by N treatments

Distinct differences in leaf colour and canopy size in response to N treatments were observed throughout the spring
season. Figure 4.1 demonstrates the differences at three weeks after emergence, with the six rows in each of the
red blocks belonging to the same cultivar, and the three blocks illustrating different N treatments. The same was
observed after the second N application, nine weeks after emergence (Figure 4.2). According to Jongschaap and
Booij (2004), leaf colour is closely connected with the characteristics of the crop, such as the N status and
chlorophyll content in the plant, which directly relate to light-use efficiency.
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Figure 4.1: Distinct differences in leaf canopy size and colour in response to N treatments, 3 weeks after
emergence for the spring trial.

Figure 4.2: Distinct differences in leaf canopy size and colour in response to N treatments, 9 weeks after
emergence for the spring trial.
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41.1 Plant height

In general, plant elongation increased rapidly early in the season and then gradually levelled off later in the season.
Plant height, as influenced by cultivar in the spring season, only showed a significant difference during the first
week after 50 % emergence (Figure 4.3), when Eos had significantly taller plants compared with BP1 and Lanorma,
which did not significantly differ from each other. Comparing plant heights in the spring and autumn season (Figure
4.4), it is clear that the crop never reached its full potential in the autumn season, since plants reached only half
the height, compared with the spring trial, due to the unfavourable conditions. The autumn trial also showed
significant differences during the first week, but deviated from the trend of the spring trial, where BP1 showed a
higher plant height than Eos. It is not clear why the autumn trial gave different results than in spring, but it is
believed that each cultivar reacted differently to the environmental conditions in the two contrasting seasons due
to their unique genetic make-up (Kleinkopf et al. 1981, Love et al. 2005, Levy and Veilleux 2007).

—$—BP1

1 0.52 3.40 9.3
212 13.82 8.6
2.29 14.91 7.4
2.59 16.83 7.3
2.70 17.56 7.2
3.38 47.39 7.5
2.73 38.36 7.1
1.42 19.99 8.6

> a —_,. = ——Eos
__ 100 - =
" il
‘_g- 56 I g a . Lanorma
) Bl a ';' = fertilizer
E 70 a o application
) a
S 60 a_ g
=& ” ¢ Week | SE LSD | CV%
= J
50

|
i
|
i
]
ar- 1
40 - fa !
i
30 T 4 T |!
o b 2 4 6 8 10 12

W~ (W N

Weeks after 50% emergence

Figure 4.3: Plant height (cm) for cultivars BP1, Eos and Lanorma in the spring season. Data points with the same
letter per week do not differ significantly at P<0.01 according to the Tukey test.

The two highest N levels (240 kg/ha and 320 kg/ha) resulted in significantly taller plants than the lowest (160 kg/ha)
N rate from the second up to seventh week (Figure 4.5). Later in the season (weeks 9 to 11), plant height differed
significantly between all 3 N levels (increasing height with increase in N rate). The same tendency of increasing
plant height with increasing N rate was also reported for the studies of Alva (2004) and Zelalem et al. (2009).

The autumn trial generally gave similar trends as the spring trial, but the two highest N rates did not differ
significantly from each other throughout the season (Figure 4.6). It is also evident from the results that a high N
rate extended the plant elongation period, as well as duration of the vegetative stage, whereas the lowest N level
shortened the elongation period and vegetative stage due to N depletion, which resulted in the early senescence
of the plants.
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408 | 69
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1674 | 6.3
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8 10 12 075 | 1052 | 69
803 | 9.2
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Figure 4.4: Plant height (cm) for cultivars BP1 and Eos in the autumn season. Data points with the same letter
per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.5: Plant height (cm) as influenced by N rate (average across cultivars BP1, Eos and Lanorma) in the
spring season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
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Plant height (cm)

Nitrogen Rate:
—4—140 kg/ha N
50 —8—220kg/ha N
=300 kg/ha N
5 . i == Jnd
& _ fertilizer
40 / ’ E application
a I Week [ SE | LSD | cv%
1/ 1 1 054 | 408 | 69
y, I 2 064 | 897 | 64
30 a ! 3 062 | 863 | 64
I 4 119 | 1674 | 623
! 5 | 058 | 810 | 106
25 . i . . . o N 075 | 1052 | 69
9 057 | 803 | 92
Weeks after 50% emergence 11 101 | 1416 | 62

Figure 4.6: Plant height (cm) as influenced by N rate (average across cultivars BP1 and Eos) in the autumn
season. Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey
test.

100
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N Timing:

==g==30%; 70%
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fertilizer
application
Week | SE LSD | CV%

1 060 | 2.29 9.3
2 0.84 | 3.18 8.6
3 091 | 3.45 74
: : . 4 101 | 3.85 7.3
6 8 10 5 113 | 4.28 7.2
7 167 | 561 75
Weeks after 50% emergence 9 172 | s.81 71
215 | 850 8.6

Figure 4.7: Plant height (cm) as influenced by N application timing (average across cultivars BP1, Eos and
Lanorma) in the spring season. Data points with the same letter per week do not differ significantly at P<0.01

according to the Tukey test.

Nitrogen timing only had a significant effect on plant height early in the spring season (weeks 1 to 5), where the
treatment with 70 % N at planting and 30 % after Tl, as well as 50 % N at planting and 50 % after T, resulted taller
plants, compared with the treatment with only 30 % N at planting and 70 % after Tl (Figure 4.7). The same trend
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was observed during the autumn trial, but with the exception that differences occurred throughout the growing
season (Figure 4.8). The general tendency was therefore observed that when a large amount of N was applied at
planting (70 % at planting and 30 % after T, as well as 50 % at planting and 50 % after Tl), plant height increased.
The treatment with only 30 % N at planting and 70 % after Tl showed reduced stem elongation and shorter final
plant height due to inadequate N reserves early in the season, which was confirmed by yellowing plants for this
treatment. Kleinkopf et al. (1981), Love et al. (2005) and Levy and Veilleux (2007) reported similar results for their
studies.

N Timing:
(at planting; after TI)

50 —t—130%; 70%
£ ——50%; 50%
L 45 A
% 70%; 30%
o 40 === Ind
- 1
- 1 fertilizer
l - .
L‘E 35 ( i application
a a; I Week | SE [ LSD | CV%
30 |2 ! 1 | 054 | 408 | 69
I 2 064 | 897 6.4
! 3 062 | 863 6.4
25 . . T . . w 4 119 | 1674 63
0 2 4 6 8 10 12| 5 058 | 810 | 108
7 075 [ 1052 ] 69
v}
Weeks after 50% emergence 9 057 | 803 9
11 101 | 1416 62

Figure 4.8: Plant height (cm) as influenced by N application timing (average across cultivars BP1 and Eos) in the
autumn season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.

During the spring trial, significant differences were also detected in plant height with regard to the interaction effect
of cultivar, N rate and N timing (Table 4.1) during the first and ninth week after 50 % emergence. Cultivar Eos
showed taller plants early in the season (week 1), compared with the other cultivars. Later in the season (week 9)
BP1 responded strongly to N treatments, with the highest N rate (320 kg/ha N) in combination with 70 % N at
planting and 30 % after tuber initiation giving the tallest plants. At week 9 Lanorma generally had taller plants but
did not differ significantly from the other cultivars. The combination of the lowest N rate, with 30 % N at planting
and 70 % after tuber initiation showed significantly shorter plants. During the autumn season, however, no
significant interactions occurred.
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Table 4.1: Plant height (cm) as influenced by the interaction effect between cultivars (BP1, Eos and Lanorma), N
level and timing in the spring season during the first and ninth week after emergence

Plant height (cm)

Week 1 Week 9
Timing of application Timing of application
1 2 3 1 2 3
BP1
N-rate
1 2676 fg 3112 defy 3041 efg 882 |bcd | 877 'bcd 102 abed
2 2932 efy  30.75 defg  29.19 efg 943 bcd -abc 104.4 abcd
3 30.85 defg -g 31.74 cdefg 113.8 abcd abc -a
Eos
N-rate
1 33.92 bcdef abc -abc 95.2 abcd 95 abcd -d
2 37.86 abcde ab a 102.8 abcd | 834 bcd = 938 abcd
3 4174 abcd abc | 39.33 abcde = 92.8 abcd | 894 bcd 1082 abcd
Lanorma
N-rate
1 2819 efy 3013 efy 3028 efg [N82AM cd 97.3 abcd 101.6 abcd
2 31.98 cdefg | 28.28 efg 30 efg 110.2 abcd 102.8 abcd | 116.8 abc
3 2901 efy 3321 cdefy 3254 cdefg 2089 ab | 1129 abcd | 1154 abcd
Values followed by the same letter per week do not differ significantly at P<0.01 Treatments
according to the Tukey test Bate | 160 kgho N
Rate 2 240 kg/ha N
Week 1: SE = 1.807; LSD = 6.856; CV% = 9.3 Lol St
Timing 1 30% at planting; 70%
Week 9: SE = 5.582; LSD = 22.593; CV/% = 7.1 oot ol e

Timing 2 50% at planting; 50%

13-4 weeks after emergence

Timing 3 70% at planting; 30%

13-4 weeks after emergence

4.1.2 Haulm count

The three cultivars significantly differed in haulm count early (week 2 and 3), as well as later (week 7 - 9), in the
spring season (Figure 4.9). Haulm count data was quite variable and cannot be explained by treatments, but the
tendency was for BP1 to have more stems. The autumn season, on the other hand, showed no significant
differences in haulm count (Figure 4.10) and also deviated from the trend observed in spring, with cultivar Eos
producing more haulms than BP1. Yet again, it is not clear why the autumn trial gave different results than the
spring trial, but it is believed that each cultivar has its own unique requirements and characteristics, which suggests
that cultivars may respond differently to environmental conditions. Haulm count is also a function of other factors,
such as physiological age of seed (Struik et al. 1991). The observed cultivar differences may thus stem from factors
other than the N treatments. The number of hauls per plant was generally lower in spring than in autumn, and
could be ascribed to the slightly younger physiological age (less and shorter sprouts) of the seed tubers used in
spring.
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Figure 4.9: Haulms per plant for cultivars BP1, Eos and Lanorma in the spring season. Data points with the same
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letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.10: Haulms per plant for cultivars BP1 and Eos in the autumn season. Data points with the same letter

per week do not differ significantly at P<0.01 according to the Tukey test.

There was also a tendency very early in the spring season (week 1 — 3) that the haulm count was significantly
higher for the two highest N rates (240 kg/ha and 320 kg/ha), in comparison with the lowest N rate (160 kg/ha)
(Figure 4.11). Similar tendencies were also reported for studies by Oliveira (2000), Alva (2004) Tekalign and
Hammes (2005). Even though the autumn trial did not show significant differences in haulm count due to N level,
the same tendency was observed as for the spring trial (Figure 4.12).
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Figure 4.11: Haulms per plant as influenced by N rate (average across cultivars BP1 and Eos) in the autumn
season. Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.

45 : Nitrogen Rate:
: =—#=160 kg/ha N
4 - i =@—240 kg/ha N
' 320 kg/ha N
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~ : -
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§ 5 P " 8 10 12 7 0.24 0.28 173
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Figure 4.12: Haulms per plant as influenced by N rate (average across cultivars BP1, Eos and Lanorma) in the
spring season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.

Regarding N timing, significant differences were observed during weeks 1 and 2 in the spring season, when the
stem count significantly increased when the highest proportion of N was applied at planting (70 % N at planting
and 30 % after TI) (Figure 4.13). The treatment with the lowest % of N applied at planting (30 % at planting and
70 % after TI), on the other hand, produced a significantly lower haulm count, whereas the treatment with 50 % N
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at planting and 50 % after Tl did not significantly differ from either of the other two treatments. Once again, the
autumn trial did not show significant differences in haulm count due to N timing, but the same tendency as in spring
was observed (Figure 4.14). Thus, the treatment with 30 % N at planting and 70 % after Tl showed a lower haulm
count, probably due to inadequate N reserves early in the season, which was confirmed visually by yellowing of
the plants. When a large amount of N was applied at planting (70 % N at planting and 30 % after Tl), it stimulated
haulm count early in the season, whereas the reverse was observed after the second smaller N application (30 %
N after Tl) applied later in the season, causing the plants to utilise all the applied N. A similar stimulation in haulm
count due to higher N rate was also observed in the studies of Kleinkopf et al. (1981), Love et al. (2005) and Levy
and Veilleux (2007).

N Timing:
(at planting; after Tl)

=—30%; 70%

== 50%; 50%

70%; 30%

- 2nd
fertilizer
application

Week | SE LSD | CV%

1 0.13 | 0.26 16.0
012 | 0.29 13.9
0.14 | 0.21 15.8
0.10 | 0.27 15.7
0.16 | 0.43 15.3
024 | 0.28 17.3
0.20 | 0.32 17.7
0.18 | 0.25 16.5

Haulms / plant

2 T T T T T 1
0 2 4 6 8 10 12

Weeks after 50% emergence

W~ W

-
-

Figure 4.13: Haulms per plant as influenced by N application timing (average across cultivars BP1, Eos and
Lanorma) in the spring season. Data points with the same letter per week do not differ significantly at P<0.01
according to the Tukey test.

A significant difference in haulm count was also detected for the interaction effect between N rate and N timing
(Table 4.2) during the first week after 50 % emergence. The highest N rate (320 kg/ha N), in combination with the
highest N proportion at planting (70 % N at planting and 30 % after tuber initiation), produced a higher haulm count
compared with the combination of the lowest N rate and only 30 % N at planting and 70 % after tuber initiation. In
the autumn season, no significant differences were observed, although the same trend was observed as in spring.
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N Timing:
(at planting; after T1)

——30%; 70%

£ —m—50%; 50%
[1+]
- 70%; 30%
- -== 200
% fertilizer
g application
Week SE LSD CV%
1 0.23 0.88 14.9
2 0.29 1.11 16.1
3 028 | 107 [ 148
4 033 | 126 | 174
5 030 | 117 | 161
Weeks after 50% emergence 7 029 | 113 | 158
9 0.35 1.36 18.5
11 0.27 1.04 17.5

Figure 4.14: Haulms per plant as influenced by N application timing (means across cultivars BP1 and Eos) in the
autumn season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.

Table 4.2: Haulm count as influenced by the interaction effect between N level and timing during the first week
after emergence in the spring season

Treatments
HaUImS per plant Rate 1 160 kg/ha N
Week 1 Rate 2 240 kg/ha N
Timing of application Rafe 3 320 kaha N
Timing 1 30% at planting; 70%
1 2 3 13-4 weeks after emergence
- 50% at planting; 50%
N-rate Timing 2 13-4 weeks after emergence
1 - c 2.528  bc 2.75 bc Timing 3|, 70% o planing; 30%
2 2944 abc 275 bc 2806 bc P4 Wheks afferemergence

3 2694 bc | 2972 ab N

Values followed by the same letter per week do not differ significantly at P<0.01
according to the Tukey test; Week 1: SE = 0.1298; LSD = 0.556; CV% = 16.0

41.3 Leaf Area Index (LAI)
For high yield, the main priority is to develop a large leaf area early after emergence (Dwelle et al. 1981, Struik et

al. 1991, Vos 1999) to intercept maximum radiation, since yield is directly correlated with the cumulative intercepted
radiation (Dwelle et al. 1981, Kleinkopf et al. 1981, Millard and Marshall 1986). Maintaining a large canopy is also
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important for ensuring that the maximum amount of initiated tubers can adequately bulk and mature (Millard and
Marshall 1986, Kolbe and Stephan-Beckmann 1997a, Kolbe and Stephan-Beckmann 1997b, Vos 1999). The
lifespan of the canopy is thus also directly related to the yield of the potato (Millard and Marshall, 1986). A deficiency
or an excess of N can affect canopy size and result in a reduction in yield (Kleinkopf et al. 1981, Porter and Sisson
1991a, Biemond and Vos 1992, Love et al. 2005, Steyn and Du Plessis 2012). Throughout this investigation, it
was clear that N treatments had a direct effect on the LAl of the crop (Figure 4.15).

Figure 4.15: Distinct visual differences in leaf area due to N treatments, 3 weeks after emergence of the spring
trial.

In general, the LAl increased rapidly early in the season and then gradually declined again later in the season.
Leaf area index, as influenced by cultivar in the spring season, only showed significant differences during the
eleventh week after 50 % emergence (Figure 4.16) when BP1 had a significantly higher LAI, compared with Eos
and Lanorma, which did not differ significantly from each other. Comparing the spring and autumn seasons (Figure
4.17), it is clear from the low LAl in autumn that the crop never reached its full potential due to the unfavourable
growing conditions. Even though the cultivars in the autumn trial did not show significant differences, the same
trend was observed, where BP1 showed a higher LAI than cultivar Eos.
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Figure 4.16: Leaf area index (m2/m2) for cultivars BP1, Eos and Lanorma in the spring season. Date points with
the same letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.17: Leaf area index (m2/m2) for cultivars BP1 and Eos in the autumn season. Data points with the same
letter per week do not differ significantly at P<0.01 according to the Tukey test.

Nitrogen level had a significant effect on LAl during the second, fifth and eleventh weeks after emergence in the
spring season, when the lowest N rate (160 kg/ha N) had significantly lower LAl values than the highest N rate did
(320 kg/ha N) (Figure 4.18). It is therefore clear that the highest N levels stimulated excessive canopy growth. The
results also show that a high N level extended leaf production, as well as duration of the vegetative stage, whereas
the lowest N level shortened the vegetative stage due to N depletion from the soil, and consequently early plant
senescence. The same trend was also observed during the autumn trial, where the highest N rate (300 kg/ha N)
and the recommended rate (220 kg/ha N) had significantly higher leaf area index values than the lowest rate.
Significant differences occurred in the first seventh weeks (except week 6) after emergence (Figure 4.19). This
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corroborates with the findings of Biemond and Vos (1992), Vos (1997), Alva (2004), Abbasi et al. (2009) and Rens
et al. (2015), who also found higher leaf areas when the N level increased.

H Nitrogen Rate:
1
1 —¢— 160 kg/ha N
E s l —m— 240 kg/ha N
£ 5 : 320kg/haN
k]
< ! a === 2nd fertilizer
= 1.5 ! application
- 1 ok a Week | SE LSD | CV%
S ]~ 2 0.06 | 014 | 330
G5 ! 3 | 007 | 045 | 233
1 4 0.08 0.36 24.6
0 ; | - i ’ ; 5 0.11 0.29 18.4
0 2 4 6 8 10 pl 7 004 | 013 | 223
. 9 0.07 0.17 20.1
Weeks after 50% emergence 1 0.05 018 18.7

Figure 4.18: Leaf area index (m2/m2) as influenced by N rate (average across cultivars BP1, Eos and Lanorma)
in the spring season. Data points with the same letter per week do not differ significantly at P<0.01 according to
the Tukey test.
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Figure 4.19: Leaf area index (m2/m2) as influenced by N rate (average across cultivars BP1 and Eos) in the
autumn season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.

The lowest N rate resulted in a lower leaf area index, which means that the plant takes too long to produce an
effective leaf canopy, resulting in lower light interception, as well as early senescence of the plant (Jones et al.
1991, Kleinkopf et al. 1981, Millard and MacKerron 1986, Ojala et al. 1990, Porter and Sisson 1991a, Biemond
and Vos 1992, Love et al. 2005). Furthermore, the plant depletes all soil N reserves before the tubers can bulk
sufficiently and by the time this deficiency is noted, it is too late to repair the damage (Millard and MacKerron 1986,
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Porter and Sisson 1991a, Biemond and Vos 1992). The highest N rate, on the other hand, stimulated excessive
canopy growth and LAI, which affects the primary leaf canopy undesirably by overshadowing the primary and lower
leaf canopy, which consequently accelerates leaf senescence. This enables N translocation to upper leaves, which
are exposed to higher radiation intensities (Kleinkopf et al. 1981, Millard and MacKerron 1986, Vos and Van der
Putten 2001, Love et al. 2005).

The vegetative stage (canopy growth) of the potato is furthermore extended as a result of excess N, which in turn
shortens the tuber bulking stage and delays maturity (Porter and Sisson 1991b). There is thus an inverse
correlation between excessive canopy growth and tuber growth of the potato plant (Millard and MacKerron 1986,
Love et al. 2005). The shoot-to-root ratio is also influenced by excess N, which extends the growth period and
stimulates canopy growth at the expense of tuber growth and yield (Kleinkopf et al. 1981, Millard and MacKerron
1986, Porter and Sisson 1991b, Biemond and Vos 1992, Love et al. 2005).

Nitrogen timing had a significant effect on LAl early in the spring season (weeks 1 and 2), where a higher proportion
of N (70 %) applied at planting resulted in an early increase in LAl (Figure 4.20). After the second N application,
the order of treatments changed, with the treatment receiving only 30 % N at planting and 70 % after Tl, as well as
50 % N at planting and 50 % after Tl treatment, showing significantly higher LAl values (stimulated leaf production)
in week 11, compared with the treatment with 70 % N at planting and 30 % after TI.
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Figure 4.20: Leaf area index (m2/m2) as influenced by N application timing (average across cultivars BP1, Eos
and Lanorma) in the spring season. Date points with the same letter per week do not differ significantly at P<0.01
according to the Tukey test.

Similar to spring, significant differences were observed early in the autumn season (weeks 1 to 4), with the higher
70 % N applied at planting resulting in an increase in LAl (Figure 4.21). After the second N application, the same
trend was observed as in spring, where the treatment receiving 70 % N at planting and 30 % after Tl had
significantly lower LAl values than the other two N timing treatments. This relates to the findings by Ojala et al.
(1990), who concluded that high amounts of N applied late in the season resulted in an extension of the vegetative
stage. Due to this extended vegetative stage, maturity of the tubers can be delayed, which impacts negatively on
tuber yield and skin set, and can reduce tuber quality and shelf life (Kunkel and Holstad 1971, Ipenkwe et al. 1974,
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Steyn et al. 2009). An adequate, early season N supply is thus important for supporting early vegetative growth
and tuber yield later in the season.
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Figure 4.21: Leaf area index (m2/m?) as influenced by N application timing (average across cultivars BP1 and
Eos) in the autumn season. Data points with the same letter per week do not differ significantly at P<0.01
according to the Tukey test.

4.1.4 Fractional interception of photosynthetic active radiation (Flpar)

Since tuber yield is directly correlated with the intercepted solar radiation, it is crucial to establish the leaf canopy
as soon as possible after emergence to intercept the maximum proportion of radiation (Kleinkopf et al. 1981, Millard
and Marshall 1986). Determination of Flpar enables quantification of the crop’s sink-source relationship, i.e. the
relationship between tubers and canopy (Williams et al. 1996, Lahlou et al. 2003). Flpar measurements were
collected for each treatment combination, but for one replicate only, and therefore statistical comparisons between
treatments were not possible.

Overall, Flpar increased rapidly early in the season and then gradually declined towards the end of the growing
season. Fractional interception of radiation, as influenced by cultivar in the spring season, only showed differences
during the eleventh week after emergence (Figure 4.22), when BP1 had a higher Flpar compared with Eos and
Lanorma. Yet again, when comparing Flpar values for the spring and autumn seasons (Figure 4.23), it is clear that
the crop never reached its full potential in autumn due to the unfavourable conditions. As a result, the maximum
Flpar values in autumn were substantially lower than in the spring. The same trend was observed as in spring, with
BP1 showing higher LAl values than Eos.

The highest N level (320 kg/ha N) gave higher Flpar values for most of the time early in the spring growing season
until week 7 after emergence, whereas the lower N rates (160 and 240 kg/ha N) gave lower Flpar values (Figure
4.24). From week 8 to 11, the order changed and the highest N level (320 kg/ha N) gave much lower Flpar values,
compared with the two lower N rates (160 and 240 kg/ha N). This trend, however, does not correlate with the LAI
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data obtained from destructive harvests using a LI3100 leaf area meter (LiCor, Lincoln, Nebraska, USA). A possible
explanation for this discrepancy could be that only one replicate was measured, possibly resulting in more variable
Flpar data.
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Figure 4.22: Fractional interception of PAR for cultivars BP1, Eos and Lanorma during the spring season.
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Figure 4.23: Fractional interception of PAR for cultivars BP1 and Eos during the autumn season.
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Figure 4.24: Fractional interception of PAR as influenced by N rate (average across cultivars BP1, Eos and
Lanorma) in the spring season.

The autumn trial showed the same trend as in spring, with the highest N level (320 kg/ha N) having higher Flpar
values, compared with the lower N rates (160 and 240 kg/ha N) (Figure 4.25). During the autumn season, Fl values
were very low, presumably as a result of the unfavourable climatic conditions, which did not allow the plants to
reach their full potential.
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Figure 4.25: Fractional interception of PAR as influenced by N rate (average across cultivars BP1 and Eos) in the
autumn season.
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Figure 4.26: Fractional interception of PAR as influenced by N application timing (average across cultivars BP1,
Eos and Lanorma) in the spring season.
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Figure 4.27: Fractional interception of PAR as influenced by N application timing (average across cultivars BP1
and Eos) in the autumn season.

Regarding N timing, the higher N rate applied at planting (70 %) resulted in higher Flpar values early in the season
(Figure 4.26). After the second N application, the order of treatments changed, with the treatment receiving 30 %
N at planting and 70 % after Tl, as well as 50 % N at planting and 50 % after TI, giving higher Flpar values,
compared with the treatment with 70 % N at planting and 30 % after TI. Studies by Kleinkopf et al. (1981), Millard
and MacKerron (1986), Vos and Van der Putten (2001) and Love et al. (2005) also gave higher Flpar values with
an increase in the amount of N applied early. In the autumn season, the same trend as in the spring was observed,
but the order of treatments did not change later in the season, as was the case in spring (Figure 4.27).
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4.1.5 Petiole nitrate analysis

Petiole analysis was done to determine the nitrate (NO3") content in the plant for each treatment. This was done
six weeks after 50 % emergence, and thus after the second fertiliser application. Ten petioles per treatment for all
three replicates were collected and the three replicates were then pooled together due to cost considerations.
Consequently, statistical analysis could not be conducted on these results. Petiole analysis was only performed
for the spring trial since the crop did not grow to its full potential in the autumn trial. Cultivar Eos showed a higher
petiole nitrate content, compared with Lanorma and BP1. BP1, on the other hand, had the lowest petiole nitrate
content (Figure 4.28).

As expected, the petiole nitrate content increased with an increase in applied N rate for all three cultivars (Figure
4.29). These results correlate with the study by Zebarth et al. (2004), who also reported that a higher amount of N
applied resulted in a higher petiole nitrate content for cultivar Russet Burbank. Errebhi et al. (1998), Zvomuya et
al. (2003) and Zebarth et al. (2004) have also reported that excessive N resulted in a high petiole nitrate %, which
delayed tuber maturity and subsequently lowered tuber quality and increased leaching.
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Figure 4.28: Petiole nitrate % for cultivars BP1, Eos and Lanorma in the spring season six weeks after 50 %
emergence.

Regarding N timing, the treatment that received 30 % N at planting and 70 % after tuber initiation had a much
higher petiole nitrate content. A trend was observed that an increase in the amount of N applied after tuber initiation
caused the petiole nitrate % to increase, which agrees with our expectation, since the samples were taken six
weeks after 50 % emergence, which is shortly after the second N application (Figure 4.30). The large % of N late
in the season (70 % N after Tl) can stimulate secondary canopy growth, which can delay maturity, whereas a larger
% of N at planting (70 % and 50 % of total N at planting), on the other hand, produced sufficient canopy early in
the season to ensure optimum tuber bulking and high final yield (see section 5.2).
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Figure 4.29: Petiole nitrate % as influenced by N rate for cultivars BP1, Eos and Lanorma in the spring season
six weeks after 50 % emergence.
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Figure 4.30: Petiole nitrate % as influenced by N application timing for cultivars BP1, Eos and Lanorma six weeks
after 50 % emergence in the spring season.
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4.2 Below-ground plant characteristics as influenced by N treatments

4.21 Number of stolons

There were significant differences (P<0.01) between cultivars in the number of stolons (total of primary and
secondary stolons) formed during the spring season (Figure 4.31). During the first four weeks after emergence,
Eos initiated significantly more stolons, followed by Lanorma, and then BP1, which produced the lowest number
of stolons. There was also a sharp increase in the formation of stolons by cultivar BP1 from the fifth week after
emergence, whereas Eos and Lanorma formed most of their stolons early in the season (until week 4), and only
formed a small number of additional stolons later in the season. Eos and BP1 tended to have more stolons than
Lanorma by mid-season, but by the end of the season (week 11), no significant differences between the three
cultivars were evident anymore. Even though no significant differences were detected during the autumn trial, a
similar trend as in the spring trial was observed (Figure 4.32).

Nitrogen level affected the number of stolons formed per plant, with the lowest N rate (160 kg/ha N) showing a
tendency to produce the lowest number of stolons per plant, although the effect was only significant (P<0.01) in
week 3 after emergence. These results agree with the findings of Porter and Sisson (1991b) and Zabihi-e-
Mahmoodabad et al. (2010), who also concluded that an increase in N level increased the number of stolons
formed. Under N deficient conditions, the plant cannot maintain growth and stolons die off, whereas sufficient N
results in adequate vegetative growth and thus sufficient photosynthates to maintain the stolons (Lovell and Booth,
1969). The same result was also observed during the autumn season, with the lowest N rate giving the lowest
stolon numbers between weeks 3 and 7.
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Figure 4.31: Number of primary and secondary stolons formed per plant for cultivars BP1, Eos and Lanorma in
the spring season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.
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Figure 4.32: Number of primary and secondary stolons formed per plant for cultivars BP1 and Eos in the autumn
season. Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey
test.
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P<0.01 according to the Tukey test.
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Figure 4.34: Number of primary and secondary stolons as influenced by N rate (average across cultivars BP1
and Eos) in the autumn season. Data points with the same letter per week do not differ significantly at P<0.01
according to the Tukey test.
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Figure 4.35: Number of primary and secondary stolons as influenced by N timing (average across cultivars BP1,
Eos and Lanorma) in the spring season. Data points with the same letter per week do not differ significantly at

P<0.01 according to the Tukey test.
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Figure 4.36: Number of primary and secondary stolons as influenced by N timing (average across cultivars BP1
and Eos) in the autumn season. Data points with the same letter per week do not differ significantly at P<0.01

according to the Tukey test.

Nitrogen application timing also had a significant effect on stolon number at the third week after emergence. The
treatments with 50 % N at planting and 50 % N after emergence, as well as 70 % N at planting and 30 % N after
emergence treatment, all initiated significantly more stolons than the treatment with only 30 % N at planting and
70 % N after emergence. This is because the low N rate early in the season was insufficient to produce a decent
leaf canopy, which caused the stolons to die off due to a deficiency in N reserves (Millard and MacKerron 1986).
A tendency was thus observed that the treatment with 30 % N at planting and 70 % N after emergence consistently
showed the lowest stolon numbers. The same was observed during the autumn season from the first up until the
fourth week, and again in week 11.
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Table 4.3: Number of primary and secondary stolons formed per plant as influenced by the interaction effect
between cultivars (BP1, Eos and Lanorma), N level and timing at the third week after emergence in the spring
season.

Stolon number

Week 3
Timing of application
1 2 3
BP1
N-rate
1 17.75 befghijklmnop  20.75 acdefghijklm 18.08 Dbefghijklmnop
2 15.58 | bhijklmnop 19.08 bcdefghijkilmno = 19.17 bcdefghijkimnop

3 18.75 bdefghijkimnop 21.08 acdefghik  [H2BMBN ac

Eos

N-rate

1 22.67 acdefg 20.5 acdefghijkimn 22  acdefgh

2 17.17 befghijklmnop = 22.83 acde acd

3 18.5 befghijkilmnop | 22.67 acdef a
Lanorma

N-rate

1 22N bp 16  befghikimnop ~ 21.25 acdefghij

2 18.83 bdefghijkilmnop 21.33 acdefghi 20.92 acdefghijkl

3 17  Dbefghijkimnop  20.42 acdefghijkilmno 17.92 befghijklmnop

Treatments

Values followed by the same letter per week do not differ significantly at P<0.01 Rate | 160 kg/ha N
according to the Tukey test; Week 3: SE = 1.794; e kg':f’ u
LSD = 2.743; CV% = 14.3 TInid Y4 veeks oter smergencs

50% at planting; 50%
13-4 weeks after emergence
70% at planting; 30%
13-4 weeks after emergence

Timing 2

Timing 3

Significant differences were also detected for the interaction effect between cultivar x rate x timing (at P<0.01 level)
on stolon number at week 3 after emergence (Table 4.3). Cultivar BP1 formed significantly more stolons at the
highest rate of 320 kg/ha in combination with 70 % N at planting and 30 % N after emergence, compared with all
the other treatment combinations, except 160 kg/ha N and 320 kg/ha N in combination with N timing application
timing of 50 % N at planting and 50 % N after emergence.

The cultivar Eos also produced more stolons at the 320 kg/ha N rate in combination with timing 70 % N at planting
and 30% N after emergence, compared with treatment 30 % N at planting and 70 % N after emergence in
combination with both 240 kg/ha N and 320 kg/ha N. Lanorma had a significantly higher stolon number for the
treatments 160 kg/ha N in combination with 70 % N at planting; 30 % N after emergence, 240 kg/ha N in
combination with 50 % N at planting; 50 % N after emergence, as well as 70 % N at planting; 30 % N after
emergence and 320 kg/ha N 50 % N at planting; 50 % N after emergence in comparison with treatment 160 kg/ha
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N in combination 30 % N at planting; 70 % N after emergence. In the autumn season, no significant differences
regarding interactions were present, but similar trends were observed.

It is interesting to note that even at the highest rate of 320 kg/ha N in combination with 30 % at planting (320 kg/ha
N x 30 % = 96 kg/ha N), there was insufficient N to maintain stolon numbers. It therefore appears that at least 120
kg/ha N (240 kg/ha N in combination with timing 50 % at plant and 50 % after emergence) to 170 kg/ha N is needed
at planting (240 kg/ha N in combination with timing 70 % at plant and 30 % after emergence or 320 kg/ha N in
combination with timing 50 % at plant and 50 % after emergence) for satisfactory stolon development.

4.2.2 Stolon length

Cultivar, N rate, and N application timing resulted in significant differences in stolon length. Cultivar Lanorma had
the longest stolons, compared with Eos and BP1, which did not differ significantly from each other (from week 2 to
10). At the end of the season (week 11), there were, however, no significant differences between the three cultivars
anymore. The same trend was observed during the autumn season (Figure 4.37). Comparing the spring and
autumn seasons, all three cultivars produced substantially shorter stolons in autumn, compared with the spring
trial, due to seasonal effects (Figure 4.38). Spring is associated with long photoperiods, higher air temperatures
and high light intensities, and such conditions are documented to promote stolon growth (Ewing and Struik 1992,
Levy and Veilleux 2007).

Regarding the effect of N level on stolon length, the two highest N rates (240 kg/ha N and 320 kg/ha N) resulted
in longer stolons, compared with the low N rate (160 kg/ha N) during most of the spring growing season (Figure
4.39). At week nine, the highest N rate (320 kg/ha N) resulted in significantly longer stolons than those attained for
both the 240 kg/ha N and 160 kg/ha N levels. At the end of the season (week 11), the highest N rate also had
significantly longer stolons compared with the lowest N rate (160 kg/ha N). Stolon lengths at the 240 kg/ha N level
did, however, not differ significantly from the other two rates. Even though no significant differences were detected
during the autumn trial, the same trend as in the spring trial was observed (Figure 4.40).
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Figure 4.37: Stolon length for cultivars BP1, Eos and Lanorma in the spring season. Data points with the same
letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.38: Stolon length for cultivars BP1 and Eos in the autumn season. Data points with the same letter per
week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.39: Stolon length as influenced by N rate (means across cultivars BP1, Eos and Lanorma) in the spring
season. Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey
test.
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Figure 4.40: Stolon length as influenced by N rate (means across cultivars BP1 and Eos) in the autumn season.
Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test

A study by Millard and MacKerron (1986) also observed that a low N rate resulted in an N deficiency, causing the
plant to deplete the soil N reserves, and thus the plant could not maintain the stolons, which then died off before
tubers could initiate. Contrary to this, an excess of N apparently had no effect on the number of stolons that
developed (Porter and Sisson 1991b), although an increase in stolon length was observed, causing the tubers to
develop at the edge of the hill. This increases the risk of tubers being exposed to sunlight and turning green (Millard
and MacKerron 1986, Rens et al. 2015).

On the subject of N application timing, the same trends were observed as for N rate, where the highest amount of
N applied at planting (treatment 50 % N at planting and 50 % N after emergence, and 70 % N at planting and 30 %
N after emergence) resulted in the longest stolons, compared with timing treatment 30 % N at planting and 70 %
N after emergence, from weeks 2 to 5 after emergence. At week 9, the highest N % applied at planting (70 % N at
planting; 30 % N after emergence) gave significantly longer stolons than the other two treatments (Figure 4.41),
and by the end of the season (week 11), the highest % of N applied at planting had significantly longer stolons
than the lowest N % applied at planting did. Treatment 50 % N at planting and 50 % N after emergence, however,
did not significantly differ from either of the other two treatments. Once again, no significant differences were
detected during the autumn trial, but similar trends than in spring were observed (Figure 4.42).

The study by Millard and MacKerron (1986) also observed that a low N level resulted in N deficiency, causing the
plant to deplete the N reserves in the soil and therefore it cannot maintain the stolons, which then die off before
tubers can initiate. Excess N, however, had no effect on the number of stolons developed (Porter and Sisson
1991b), but increased the stolon length, causing the tubers to develop at the edge of the hill, increasing the risk of
the tubers turning green (Millard and MacKerron 1986).

Final report: Nitrogen management effects on selected potato cultivars Page 61

=~

potatoes
aartappelsSA



N Timing:
(at planting; after T1)

——30%; 70%

= 50%; 50%

[
w

70%; 30%
=== 2nd fertilizer
application

M

=
wn

Stolon length {cm)

[any

s
%

SE | LSD | CV%
0.104 | 0.393 | 28.9
0.123 | 0.468 | 22.8
0.094 | 0.356 | 18.1
0128 | 0.485| 27.2
0.121 | 0.460 | 271
0.152 | 0.602 | 28.9
0.094 | 0.370| 16.8
0.131]0.516| 23.2

0 2 4 6 8 10 12

O~ W=

Weeks after 50% emergence

-
-

Figure 4.41: Stolon length as influenced by N application timing (means across cultivars BP1, Eos and Lanorma)
in the spring season. Data points with the same letter per week do not differ significantly at P<0.01 according to
the Tukey test.
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Figure 4.42: Stolon length as influenced by N application timing (means across cultivars BP1 and Eos) in the
autumn season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.

Significant differences were also detected for the interaction effect between cultivar x time (Table 4.4) on stolon
length at week 1, as well as rate x time (Table 4.5) at weeks 9 and 11. Concerning cultivar x time interaction,
cultivar BP1 showed no significant differences in stolon length between the three N timing applications. Eos and
Lanorma, on the other hand, had longer stolons at N timings 50 % N at planting and 50 % N after emergence, and
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70 % N at planting and 30 % N after emergence. The latter two treatments did not significantly differ from each
other. Although the autumn season showed no significant differences, similar trends as in spring were observed.

Table 4.4: Stolon length per plant as influenced by the interaction effect between cultivars (BP1, Eos and Lanorma)
and N timing in the spring season.

Stolon length (cm) Treatments
Rate 1 160 kg/ha N
Week 1 Rate 2 240 kg/ha N
Timing of application Rate 3 320 kg/ha N

30% at planting; 70%

Timing 1
3 9 3-4 weeks after emergence

BP1 g ; 50% at planting; 50%
Eos 1 9 de ab Timing 2 3-47:e:ks' o:‘terﬂeme;ie/nce

. % at planting; 30%
Lanorma 1.811 def 2.311 abcd Timing 31 4 weeks atter emergence

Values followed by the same letter per week do not differ significantly at P<0.01
according to the Tukey test. Week 1: SE = 0.1796; LSD = 0.6812; CV% = 28.9

Table 4.5: Stolon length per plant as influenced by the interaction effect between N rate and N application timing
in the spring season.

Stolon length (cm)

Week 9 Week 11
Timing of application Timing of application
1 2 3 1 2 3
N-rate
1 187 ¢ [ 2.342 bc 2.19 b [ 1.987 bc
2 772 ¢ 19 ¢ ab 1.927 bc 2.607 abc 2.632 abc
3 2108 c ab a 1958 bc  |118.005 ab a
Values followed by the same letter per week do not differ significantly at P<0.01 Treatments
according to the Tukey test. e LE
Rate 2 240 kg/ha N
Week 9: SE = 0.1620; LSD = 0.6407; CV% = 16.8 e 320kg/ha N
Timing 1 30% at planting; 70%
Week 11: SE = 0.2261; LSD = 0.8944; CV% = 23.2 [ WOnhE ofter emaigence
Timing 2 50% at planting; 50%
MING £13.4 weeks after emergence
& 70% at planting; 30%
Timing 315 4 weeks after emergence

The interaction between N rate x N timing showed significantly longer stolon lengths for the treatment combination
of 320 kg/ha N, together with timing of 70 % N at planting and 30 % N after emergence, in both weeks nine and
eleven, whereas treatments 160 kg/ha and 240 kg/ha N in combination with 30 % N at planting and 70 % N after
emergence, and 50 % N at planting and 50 % N after emergence, both showed the shortest stolon lengths in week
nine. At week 11, significantly shorter stolons were recorded for the treatment with rate of 160 kg/ha N, in
combination with timing of 50 % N at planting and 50 % N after emergence. The autumn season, however, showed
no significant differences.
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4.2.3 Onset and duration of tuber initiation (tuber number)

There were highly significant differences between cultivars in the onset and duration of tuber initiation (Figure
4.43). Eos started initiating tubers one week after emergence, whereas Lanorma and BP1 only started forming
tubers from the second week onwards. With regard to duration, BP1 initiated tubers from 2 weeks after emergence
and continued initiating tubers until late in the season (week 9). Eos and Lanorma, on the other hand, initiated
most tubers early in the season (until week 4), and as the season progressed, only initiated a small number of
additional tubers. It was also noted that Eos and BP1 had initiated more tubers than Lanorma did later in the
season, but by the end of the season, many of these were resorbed again, resulting in no significant differences
between the three cultivars in week 11. The same pattern was observed for stem count (Figure 4.9).

Itis known by now that cultivars differ in characteristics, responses to external conditions, and growth requirements
due to their unique genetic make-up (Kleinkopf et al. 1981, Love et al. 2005, Levy and Veilleux 2007). These
requirements include the critical photoperiod and environmental conditions for tuber initiation, whereas
characteristics comprise aspects such as growth habit, tuber size distribution, and maturation. (Ewing and Struik
1992, Visser 2012). New cultivars may therefore have their own unique combination of characteristics that may
cause them to react differently to external factors (Love et al. 2005). A study by Abbasi et al. (2009), for example,
showed differences in the number of tubers initiated between cultivars Agria and Satina, due to different
requirements and characteristics.

There were no significant differences between cultivars (Figure 4.44) concerning the onset and duration of tuber
initiation in the autumn trial. The results indicated that both cultivars initiated more tubers early in the autumn
season, which may be related to the different environmental conditions during autumn. It is known that lower air
temperatures, which usually occur during short photoperiods and low light intensities (autumn), will promote early
tuber initiation (Ewing and Struik 1992, Levy and Veilleux 2007, Birch et al. 2012) (Figure 4.44).
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Figure 4.43: Total number of tubers initiated per plant for cultivars BP1, Eos and Lanorma in the spring season.
Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.44: Total number of tubers initiated per plant for cultivars BP1 and Eos in the autumn season. Data
points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.

Nitrogen application timing resulted in significant tuber number differences during the third week in the spring
season (Figure 4.45). The treatments receiving 50 % N at planting plus 50 % N after emergence, and 70 % N at
planting plus 30 % N after emergence, initiated significantly more tubers than did the treatment that received 30 %
N at planting plus 70 % N after emergence. This is probably due to the fact that for the latter treatment, the available
N early in the season was not sufficient to produce a large enough leaf canopy, affecting tuber initiation negatively
and causing stolons to die off due to the deficiency in N reserves before tubers could be initiated. This corresponds
with the findings of Millard and MacKerron (1986). Similar significant differences occurred during the autumn trial
from the second until the ninth week (Figure 4.46). This suggests that too little N early in the season (only 30 % at
planting) may not be sufficient to produce a well-developed leaf canopy, while tuber initiation can decline due to
stolons dying off as a result of a deficiency in N reserves before tubers can be initiated.

However, the data suggested that N level on its own had no significant effect on the number of tubers initiated
throughout the season, except for weeks 2 and 3, when the interaction effect between cultivar, N rate and N timing
was significant. Cultivar BP1 did not significantly respond to N rate and timing during the second week, but showed
a higher number of tubers initiated when treated with the highest N level and 70 % N at planting plus 30 % after
tuber initiation in week 3. Eos initiated significantly more tubers with the combination of the two highest N levels
and N application timing of 70 % at planting plus 30 % after tuber initiation. Lanorma, on the other hand, performed
best at the lowest (160 kg/ha N) and recommended N rates (240 kg/ha N), but showed no significant response to
N timing (Table 4.6). The data also clearly indicated that Eos and Lanorma initiated significantly more tubers early
in the season, compared with BP1. The autumn season, however, showed no significant differences. The trends
observed for the onset and duration of tuber initiation in each treatment matched the trends that were observed for
the number of stolons formed. This is expected, since the initiation of tubers depends on the presence of stolons,
as stolon tips differentiate and swell to allow for the initiation of tubers (Ewing and Struik 1992).

Final report: Nitrogen management effects on selected potato cultivars Page 65

)

potatoes
aartappelsSA



N timing:
(at planting;
after Tl)

——30%: 70%
——50%; 50%
70%; 30%

=== 2nd fertilizer
application

62.4
20.7
18.4

228

T Sy 24

g 21.3

20.4

Weeks after 50% emergence 18.2

ot
=
£
o
—
o
Q
)
2
=
=
%]
s
@
0
=]
frar)
i
@
L0
E
=]
=

Figure 4.45: Total number of tubers as influenced by N application timing (means across cultivars BP1, Eos and
Lanormay) in the spring season. Data points with the same letter per week do not differ significantly at P<0.01
according to the Tukey test.
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Figure 4.46: Total number of tubers as influenced by N application timing (means across cultivars BP1 and Eos)
in the autumn season. Data points with the same letter per week do not differ significantly at P<0.01 according to
the Tukey test.
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Table 4.6: Number of tubers initiated per plant as influenced by the interaction effect between cultivars (BP1, Eos
and Lanorma), N level and timing in the spring season.

Number of tubers initiated / plant

Week 2 Week 3
Timing of application Timing of application
1 2 3 1 2 3
BP1
N-rate
1 6.92  defghij 8.67 bcdefghij hij -e 1142 bede [110.25 | cde
2 6.08 efghij 5.33  fghij ghij de 11.17 bcde 10.08 cde
3 6.67 defghij [NOSHY | i 105  bcde 8.75 | de 17.25 abcd
Eos
N-rate
1 11.77 bcdefgh 13.27 bcdef 15.58 abc 17.25 abcd 16.17 abcde 17.42 abcd
2 13.67 bcde 13.67 bcde 16.75 ab 14.42 bcde 19.33 abc ab
3 16.58  ab 1458 abcd [HE2EM 2 14.83 abcde | 1817 abcd a
Lanorma
N-rate
1 9.75 bcdefghi 1217 bcdefg | 1558 abc [8Ee de 13.33 bcde 1617 abcde
2 12.92 bcdef 11.75 bcdefgh 9.42 bcdefghi = 15.33 abcde 16.75 abcd 14  abcde
3 9.5 bcdefghi 13  bcdef 8.1  cdefghij 15.37 abcde 13.92 abcde 13.25 bcde
Values of the same letter per week do not differ significantly at P<0.01 Ireatments
] Rate 1 160 kg/ha N
according to the Tukey test; S0 240 ka/ha N
_Rcte 3 320 ka/ha N

Week 2: SE =1.299; LSD = 4.928; CV% = 20.7
Week 3: SE =1.629; LSD = 6.248; CV% = 18.4

30% at planting; 70%
13-4 weeks after emergence
50% at planting; 50%
13-4 weeks after emergence
70% at planting; 30%
13-4 weeks after emergence

Timing 1

Timing 2

Timing 3

4.3  Dry mass of stems, leaves and tubers as influenced by N treatments

431 Leaves

In general, dry leaf mass increased rapidly early in the season and then gradually declined again later in the
season. Dry leaf mass of cultivars only showed significant differences during the first two weeks after emergence
in spring (Figure 4.47), when Eos had a significantly higher dry leaf mass, compared with BP1 and Lanorma, which
did not significantly differ from each other.
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Figure 4.47: Dry mass of leaves per plant for cultivars BP1, Eos and Lanorma in the spring season. Data points
with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.

Comparing dry leaf mass as influenced by N rate, the treatment with the lowest N rate (160 kg/ha N) had
significantly lower leaf mass, compared with the highest rate (320 kg/ha N) between weeks 2 and 11 in the spring
season (Figure 4.49). This corresponds with the studies of Biemond and Vos (1992), Alva (2004) and Banjara et
al. (2014), who also observed that dry leaf mass increased with increases in the rate of N supply. Sufficient N
results in an adequate vegetative canopy and photosynthate transfer to maintain growth and development. The
lowest N level showed symptoms of N deficiency (yellowing), which caused a reduction in photosynthesis and
growth, and a reduction in leaf area index. The plant therefore took too long to produce an efficient leaf canopy,
resulting in lower radiation interception and early senescence (Jones et al. 1991, Kleinkopf et al. 1981, Millard and
MacKerron 1986, Ojala et al. 1990, Porter and Sisson 1991a, Biemond and Vos 1992, Love et al. 2005, Rens et
al. 2015).

The autumn trial mostly showed similar trends as the spring trial did, but the two highest N rates did not significantly
differ from each other throughout the season (Figure 4.50). It is evident from the results that a high N rate also
extended leaf production and duration of the vegetative stage, whereas the lowest N rate shortened the vegetative
stage due to N deficiency, which resulted in early death of the plant.

Nitrogen timing had a significant effect on dry leaf mass early in the spring season (weeks 2 to 4), where a higher
N proportion applied at planting resulted in an increase in the mass of dry leaves produced (Figure 4.51). After the
second N application, the order of treatments changed, when the mass of leaves for the treatment with 30 % N at
planting plus 70 % after Tl significantly increased due to stimulated leaf production, compared with treatments
70 % at planting plus 30 % after Tl, as well as 50 % at planting plus 50 % after TI (week 7). This relates to the
findings of Ojala et al. (1990), who concluded that high amounts of N applied late in the season resulted in the
promotion of excessive vegetative growth. Rens et al. (2015) also observed a quadratic increase in plant biomass
as the N rate applied at emergence increased.
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Figure 4.48: Dry mass of leaves per plant for cultivars BP1 and Eos in the autumn season. Data points with the
same letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.49: Dry mass of leaves per plant as influenced by N level for cultivars BP1, Eos and Lanorma in the spring
season. Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.50: Dry mass of leaves per plant as influenced by N level for cultivars BP1 and Eos in the autumn season.
Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.51: Dry mass of leaves per plant as influenced by N application timing (means across cultivars BP1, Eos
and Lanorma) in the spring season. Data points with the same letter per week do not differ significantly at P<0.01
according to the Tukey test.

The large amount of N later in the season (70 % N after TI) stimulated secondary canopy growth, whereas a larger
amount of N at planting (70 % and 50 % of total N at planting), on the other hand, stimulated sufficient canopy
growth early in the season to ensure optimum tuber bulking and high final yield. The same trend was observed
during the autumn trial, with the exception that the change in order of treatments after the second fertiliser
application was delayed until week 9 (Figure 4.52).
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Figure 4.52: Dry mass of leaves per plant as influenced by N application timing for cultivars BP1 and Eos in the
autumn season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.

4.3.2 Stems

Similar to the leaves, the dry stem mass increased rapidly early in the season and then gradually declined again
later in the season. Dry stem mass of the three cultivars showed significant differences during the first five weeks
after emergence in the spring season (Figure 4.53), with Eos having a significantly higher dry stem mass during
the first two weeks, while from the fourth week onwards, BP1 had the highest stem mass (although differences
were only significant in weeks 4-5). Once again, it is clear from the low dry stem masses recorded in autumn that
the plants never reached their full potential due to the unfavourable conditions. In the autumn trial, no significant
differences occurred, but a similar trend as in spring was observed (Figure 4.54).

In the spring season, dry stem mass increased significantly from the second week onwards with an increase in N
rate from 160 kg/ha to 320 kg/ha N (Figure 4.55). This concurs with the studies of Biemond and Vos (1992), Alva
(2004) and Banjara et al. (2014), who also observed that dry stem mass increased with an increase in N supply.
As with dry leaf mass, sufficient N resulted in optimal stem production and the transfer of photosynthesis products
to maintain tuber growth and development. Plants subjected to the lowest N rate, however, showed symptoms of
N deficiency, which caused a reduction in canopy growth (Jones et al. 1991, Kleinkopf et al. 1981, Millard and
MacKerron 1986, Ojala et al. 1990, Porter and Sisson 1991a, Biemond and Vos 1992, Love et al. 2005, Rens et
al. 2015).

The autumn trial generally showed similar trends as the spring trial (Figure 4.56) did. It is also evident from the
results that a high N rate extended stem production and duration of the vegetative stage, whereas the lowest N
rate shortened the duration of the vegetative stage due to N depletion, which resulted in early plant death.
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Figure 4.53: Dry stem mass per plant as influenced by cultivars BP1, Eos and Lanorma in the spring season.
Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.54: Dry stem mass of stems per plant as influenced by cultivars BP1 and Eos in the autumn season.
Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.

Nitrogen timing had a significant effect early in the spring season (weeks 1 to 5), where the higher % of N applied
at planting resulted in an early increase in dry stems mass (Figure 4.57). The treatment with 30 % N at planting
plus 70 % after TI, on the other hand, had a significantly lower dry stem mass. A high % N later in the season
(30 % N at planting plus 70 % after Tl) stimulated late vegetative growth, resulting in a change in order of stem
mass per treatment. This agrees with the findings of Ojala et al. (1990), who concluded that high amounts of N
applied late in the season resulted in the promotion of excessive vegetative growth. Rens et al. (2015) also

observed a significant increase in plant biomass, with increase in N level at emergence.
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Figure 4.55: Dry stem mass per plant as influenced by N level (means across cultivars BP1, Eos and Lanorma) in
the spring season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.
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Figure 4.56: Dry stem mass per plant as influenced by N level (means across cultivars BP1 and Eos) in the autumn
season. Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.57: Dry stem mass per plant as influenced by N timing for cultivars BP1, Eos and Lanorma in the spring
season. Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.58: Dry stem mass per plant as influenced by N timing (means across cultivars BP1 and Eos) in the
autumn season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.

Similar to dry leaf mass, the higher N rate at planting (70 % at planting) stimulated a larger canopy early in the
season in comparison with 30 % and 50 % N at planting. The higher proportions (70 % and 50 %) of N at planting
stimulated sufficient canopy early in the season to ensure optimum tuber bulking and high final yield, whereas a
low amount of N early in the season was not enough to produce a large enough leaf canopy to support optimal
tuber development and bulking (Kleinkopf et al. 1981, Love et al. 2005, Levy and Veilleux 2007) (see yield results
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in Chapter 5). The same trend was observed during the autumn trial, but with the exception that the treatments
with 70 % and 50 % at planting did not differ significantly from each other (Figure 4.58).

4.3.3 Tubers

Tuber dry matter (DM) yields increased rapidly and almost linearly throughout the season. The tuber DM yields of
cultivars showed significant differences only early in the spring season (weeks 2-5; Figure 4.59). Eos and Lanorma
did not differ significantly from each other, but had significantly higher tuber DM yields than BP1, which corresponds
with the observed tuber initiation onset and duration observations. During the autumn trial, no significant
differences occurred, while BP1 and Eos followed a similar trend as in spring (Figure 4.60). Tuber DM yields were
generally also much lower than in spring, probably due to the unfavourable weather conditions that were
experienced during autumn.
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155.88 | 18.7
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Weeks after 50% emergence

Figure 4.59: Tuber dry matter yields per plant as influenced for cultivars BP1, Eos and Lanorma in the spring
season. Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.

Nitrogen level had a significant effect on tuber DM yields in the spring trial, when the highest N rate (320 kg/ha N)
resulted in higher tuber DM yields, compared with the lowest N level (160 kg/ha N) which had the lowest yield
(Figure 4.61).

Final report: Nitrogen management effects on selected potato cultivars Page 75

A

potatoes
aartappelsSA



——BP1

== E05

== 2nd

= 70 -
o a fertilizer
E 60 application
o
2 50
B
w 40
v
(1]
E 30 LSD | CV%
E 20 0.42 14.62
2 0.56 14.46
3 0.61 3.68 16.14
4 0.61 3.71 14.69
5 . T ‘ 1 5 1.67 1017 | 18.27
0 2 2 4 6 8 10 12 7 2.76 16.78 | 16.71
9 8.79 17.8
0,
Weeks after 50% emergence 580 | 1842

Figure 4.60: Tuber dry matter yields per plant as influenced for cultivars BP1 and Eos in the autumn season.

Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test
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Figure 4.61: Tuber dry matter yields per plant as influenced by N level (means across cultivars BP1, Eos and
Lanorma) in the spring season. Data points with the same letter per week do not differ significantly at P<0.01

according to the Tukey test.
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Figure 4.62: Tuber dry matter yields per plant as influenced by N level (means across cultivars BP1 and Eos) in
the autumn season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.
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Figure 4.63: Tuber dry matter yields per plant as influenced by N timing (means across cultivars BP1, Eos and
Lanorma) in the spring season. Data points with the same letter per week do not differ significantly at P<0.01
according to the Tukey test.

Although the autumn seasons showed similar trends, no significant differences were observed (Figure 4.62).
Banjara et al. (2014) observed similar results, with fresh and DM tuber yields per plant increasing with an increase
in N level, and the highest values being obtained at the highest N level (375 kg/ha N).
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Nitrogen timing gave significant tuber DM yield differences during the spring season (for weeks 4 to 11), when a
higher N proportion applied at planting resulted in higher final tuber yields (Figure 4.63). Treatments that received
50 % and 70 % of the total N at planting established sufficient canopy early in the season to support tuber growth
and development. The treatment with only 30 % N at planting, on the other hand, already showed N deficiency
symptoms early in the season, which caused a reduction in photosynthesis and growth, and in turn negatively
affected tuber development and bulking. Furthermore, the high proportion of N (70 %) applied after tuber initiation
resulted in the promotion of vegetative growth late in the season and delayed tuber maturation (Jones et al. 1991,
Kleinkopf et al. 1981, Millard and MacKerron 1986, Ojala et al. 1990, Porter and Sisson 1991a, Biemond and Vos
1992, Love et al. 2005). Similar significant differences were observed during most weeks of the autumn season
(except for weeks 4 and 9), from week 3 onwards (Figure 4.64).
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80 - :
I —4—BP1
’;570 ] ——
“; : === [ 05
= 60
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8 |
£ 20 :
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8 20 - 125 1 | 035 | 105 | 1462
K W a B 020 | 057 | 1446
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0 =% ' ' - ' G 145 | 419 | 18.27
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Weeks after 50% emergence 9 259 | 745 | 17.8
11 313 | 900 | 1842

Figure 4.64: Tuber dry matter yields per plant as influenced by N timing (means across cultivars BP1 and Eos) in
the autumn season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.

44  Harvest index response to N treatments

The dry masses of stems, leaves and tubers were used to calculate the crop harvest index (HI), which enabled the
assessment of whether certain treatments stimulated canopy growth at the expense of tuber development and
growth (Tekalign and Hammes 2005). In the spring trial, significant differences in HI were detected between
cultivars, N rates and N timing treatments. Cultivar BP1 recorded a substantially lower HI than the other two
cultivars for most of the growing season (Figure 4.65). The studies of Love et al. (2005) and Abbasi et al. (2009)
also showed substantial cultivar differences in harvest index, due to inherent differences in cultivar characteristics.
In the autumn season, however, no significant cultivar differences occurred (Figure 4.66). Contrary to in spring,
the data also did not show any differences between cultivars Eos and BP1.
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Figure 4.65: Harvest index for cultivars BP1, Eos and Lanorma in the spring season. Data points with the same
letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.66: Harvest index for cultivars BP1 and Eos in the autumn season. Data points with the same letter per
week do not differ significantly at P<0.01 according to the Tukey test.

Nitrogen level had no significant effect on HI early in the spring season (weeks 1 — 3), but significant differences
were evident towards the end of the season (Figure 4.67), where the lower N rates (160 and 240 kg/ha N) resulted
in significantly higher HI values than the highest N rate (320 kg/ha N). It is therefore clear that the highest N level
stimulated canopy growth, at the expense of tuber growth and yield. This corroborates the findings of several other
studies (Biemond and Vos 1992, Vos 1997, Alva 2004, Abbasi et al. 2009, Peres et al. 2005) that generally reported
significant decreases in Hl with increases in N level.
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Figure 4.67: Harvest index as affected by N level (means across cultivars BP1, Eos and Lanorma) in the spring
season. Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.
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Figure 4.68: Harvest index as affected by N level (means across cultivars BP1 and Eos) in the autumn season.
Data points with the same letter per week do not differ significantly at P<0.01 according to the Tukey test.

The autumn trial showed a similar trend to spring, with significant differences in HI as a result of N level during
weeks 3, 7 and 9. The highest N level resulted in much lower HI values than the other two N levels did throughout
the season. On the other hand, the lowest rate (140 kg/ha N) had significantly higher HI values than the highest N
rate (340 kg/ha) in the same weeks (Figure 4.68). Towards the end of the season (week 9), both the lowest (140
kg/ha N) and the recommended N rates (220 kg/ha N) had a significantly higher HI values, compared with the
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highest N rate (340 kg/ha). These results therefore confirm the trend observed in the spring trial, namely that high
N levels stimulated canopy growth at the expense of tuber growth.

Nitrogen timing treatments resulted in significant HI differences at three and five weeks after emergence. At week
3, the N timing treatments that received 30 % and 50 % N at planting had significantly higher HI values than the
treatment that received 70 % N at planting (Figure 4.69). The higher N level at planting (70 % at planting) thus
stimulated a larger canopy early in the season, in comparison with 30 % and 50 % N at planting. However, after
the second fertiliser application, the order of treatments changed. From the fifth week onwards, the treatment that
received 30 % N at planting and a further 70 % N after tuber initiation resulted in the lowest Hl, although differences
were only significant in week 5. The large amount of N later in the season (70 % N after Tl) stimulated secondary
canopy growth at the expense of tuber growth, whereas a larger proportion (70 % and 50 %) of total N at planting,
on the other hand, produced sufficient canopy early in the season to ensure optimum tuber initiation, bulking and
high final yield (see Chapter 5). This corroborates the findings of Ojala et al. (1990), who concluded that high
amounts of N applied late in the season resulted in the promotion of excessive vegetative growth and delayed
tuber maturity.

The same tendency was observed for the autumn trial (Figure 4.70), but with significant differences in weeks 7 and
11 only, when a large amount of N later in the season (70 % N after Tl) also stimulated secondary canopy growth
at the expense of tuber growth, while more N early in the season (50 and 70 % N at planting) stimulated early
canopy growth to later sustain optimum tuber bulking rate.
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= = o 8—14“! . a;(;rlti‘c“azt?;n
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0 2 4 6 8 10 12 7 1.608 | 4403 | 121
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Figure 4.69: Harvest index as influenced by N application timing (means across cultivars BP1, Eos and Lanorma)
in the spring season. Data points with the same letter per week do not differ significantly at P<0.01 according to
the Tukey test.
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Figure 4.70: Harvest index as influenced by N application timing (means across cultivars BP1 and Eos) in the
august season. Data points with the same letter per week do not differ significantly at P<0.01 according to the
Tukey test.

The interaction effect between N rate and timing was significant (P<0.01) in weeks 3 and 4. During both weeks,
the lowest HI values were achieved by the treatments with either the lowest N rate (160 kg/ha N) in combination
with lowest N proportion (30 %) at planting, or the highest N rate (320 kg/ha N) in combination with 70 % N at
planting (Table 4.7). Highest HI values at this stage were, on the other hand, generally achieved by treatments
with moderate to high N rate (240 — 320 kg/ha N) in combination with 30 % N at planting, or low to moderate N
(160 — 240 kg/ha N) in combination with higher N proportion (50 — 70 %) at planting.

The autumn season generally showed similar trends at weeks 2 and 3, but significant differences only occurred
during the second week (Table 4.8). Thus at low rate (140-160 kg/ha N), a higher N proportion of 50-70 % N at
planting generally gave best results, while at higher N levels (220-320 kg/ha N), a lower N% at planting (30 %)
gave best results. Overall, it seems that for the specific soil and trial conditions, approximately 75 to 110 kg/ha N
at planting gave best results in terms of balance between foliar and tuber growth, and thus gave highest Hl values.
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Table 4.7: The interaction effect between N level and application timing on harvest index at three and four weeks
after emergence in the spring season.

Harvest index (%)

Week 3 Week 4
Timing of application Timing of application
1 2 3 1 2 3

N-rate

1 [ 2964 ab PB8IBMa 3356 ab S - 0B -

2 BB 348 ab ab ab 3773 ab 37.66 ab

3 356 ab 3022 ab b 3656 ab | 338 ab 8255 b

Values followed by the same letter per week do not differ significantly at P<0.01

Treatments
according to the Tukey test; Rate 1 160 kg/ha N
| Rate 2 240 kg/ha N
Week 3: SE =2.123; LSD = 6.038; CV% = 19.4 Rate 3 320 ka/ha N

30% at planting; 70%

Timing 1
9 13-4 weeks after emergence

Week 4: SE = 1.684; LSD = 4.788; CV% = 13.7

50% at planting; 50%
13-4 weeks after emergence

Timing 2

70% at planting; 30%

Tining 13-4 weeks after emergence

Table 4.8: The interaction effect between N level and application timing on harvest index at two and three weeks
after emergence in the autumn season.

Harvest index (%)

Week 2 Week 3
Timing of application Timing of application
1 2 3
N-rate
1 b - a 4495 a BN A
2 a 8.705 a 447 a 4523 a
3 ab _ 7.839 44 28 o [NS8IS6N o NSBION o
Values followed by the same letter per week do not differ 3|gn|f|cantly at P<0.01 Treatments
according to the Tukey test; mae ] J40kgha
Raie 2 220 kg/ha N
Week 2: SE = 1.174; LSD = 6.383; CV% = 14.4 Rote 3 300 kg/ha N
Timing 1], 30% at planting; 70%
Week 3: SE = 1.770; LSD = 8.698; CV% = 3.7 fd Neos affscamegance
Timing 2 50% at planting; 50%
13-4 weeks after emergence
TIMG 3l veoks affer emergonce
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CHAPTER 5: RESULTS AND DISCUSSION - TUBER YIELD AND QUALITY
RESPONSE TO NITROGEN MANAGEMENT

Final tuber yield and quality assessments were performed for the three potato cultivars in order to establish their
responses to N management (N level and application timing). This information will enable the optimisation of
production practices, in this case, N fertiliser management, to ensure high nutrient use efficiency and to derive
more environmentally friendly practices, which should enable growers to produce high yield and good quality
potatoes more sustainably and profitably.

5.1 Tuber size distribution

Tuber size distribution is one of the factors used to grade potatoes and is highly important to both the fresh market
consumer and the processing industry. It is thus an important quality factor that affects the marketable yield.
Nitrogen management regulates photosynthesis and thus crop canopy growth, and also the initiation of tubers.
The tuber initiation stage, on the other hand, regulates growth and development of the crop, which subsequently
will affect size distribution, among other things.

Cultivar, N timing and N rate had no significant effect on the small (5 g — 100 g) (Figures 5.1, 5.3 and 5.5) and
large (>170 g) size tuber yields (P>0.05) in the spring trial (Figures 5.13, 5.15 and 5.17). However, the medium
(100 g — 170 g) size tuber yield showed significant differences in response to N application timing, with the
treatment that received 70 % N at planting plus 30 % N after tuber initiation, and 50 % N at planting plus 50 % N
after tuber initiation, having significantly higher medium-sized tuber yields, in comparison with the treatment that
received only 30 % N at planting and a further 70 % N after tuber initiation (Figures 5.11). N rate and cultivar had
no significant effect on medium-sized tuber yield (Figures 5.7 and 5.9). Size distribution in the autumn season also
showed no significant differences between cultivars (Figures 5.2, 5.8 and 5.14) as well as N treatments (Figures
54,5.6,5.10,5.12,5.16 and 5.18).
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Figure 5.1: Small sized (5 g — 100 g) tuber yield as influenced by cultivars BP1, Eos and Lanorma in the spring
season. Bars with the same letter do not differ significantly at P<0.05 according to the Tukey test. Vertical bars =
Least significant differences; CV% = 25.9; LSD (Cult) = 3.319; SE (Cult) = 0.548.
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Figure 5.2: Small sized (5g — 100g) tuber yield as influenced by cultivars BP1 and Eos in the autumn season. Bars
with the same letter do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant
differences; CV% = 13.3; LSD (Cult) = 1.866; SE (Cult) =0.307.
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Figure 5.3: Small sized (5g — 100g) tuber yield as influenced by N rate for cultivars BP1, Eos and Lanorma in the
spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey
test. Vertical bars = Least significant differences; CV% = 25.9; LSD (Rate) = 1.241; LSD (Cult x Rate) = 3.338; SE
(Rate) = 0.437; SE (Cult x Rate) = 1.047
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Figure 5.4: Small sized (5g — 100g) tuber yield as influenced by N rate for cultivars BP1 and Eos in the autumn
season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey test.
Vertical bars = Least significant differences; CV% = 13.3; LSD (Rate) = 1.429; LSD (Cult x Rate) = 1.902; SE
(Rate) = 1.496; SE (Cult x Rate) = 0.65
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Figure 5.5: Small sized (5g — 100g) tuber yield as influenced by N timing for cultivars BP1, Eos and Lanorma in
the spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey
test. Vertical bars = Least significant differences. CV% = 25.9; LSD (Time) = 1.241; LSD (Cult x Time) = 3.338; SE
(Time) = 0.437; SE (Cult x Time) = 1.047
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Figure 5.6: Small sized (5g — 100g) tuber yield as influenced by N timing for cultivars BP1 and Eos in the autumn
season. Bars with the same letter do not differ significantly at P<0.05 according to the Tukey test. Vertical bars =
Least significant differences. CV% = 13.3; LSD (Time) = 1.429; LSD (Cult x Time) = 1.902; SE (Time) = 1.496; SE
(Cult x Time) = 0.65
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Figure 5.7: Medium sized (100g — 170g) tuber yield as influenced by cultivars BP1, Eos and Lanorma in the spring
season. Bars with the same letter do not differ significantly at P<0.05 according to the Tukey test. Vertical bars =
Least significant differences. CV% = 17.4; LSD (Cult) = 4.866; SE (Cult) = 1.239
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Figure 5.8: Medium sized (100g — 170g) tuber yield as influenced by cultivars BP1 and Eos in the autumn season.
Bars with the same letter do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least
significant differences. CV% = 18.8; LSD (Cult) = 2.331; SE (Cult) = 0.383
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Figure 5.9: Medium sized (100g — 170g) tuber yield as influenced by N rate for cultivars BP1, Eos and Lanorma in
the spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey
test. Vertical bars = Least significant differences. CV% = 17.4; LSD (Rate) = 1.796; LSD (Cult x Rate) = 4.885; SE
(Rate) = 0.632; SE (Cult x Rate) = 1.528
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Figure 5.10: Medium sized (100g — 170g) tuber yield as influenced by N rate for cultivars BP1 and Eos in the
autumn season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey
test. Vertical bars = Least significant differences. CV% = 18.8; LSD (Rate) = 1.013; LSD (Cult x Rate) = 1.807; SE
(Rate) = 0.352; SE (Cult x Rate) = 0.558
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Figure 5.11: Medium sized (100g — 170g) tuber yield as influenced by N timing for cultivars BP1, Eos and Lanorma
in the spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the
Tukey test; Vertical bars = Least significant differences. CV% = 17.4; LSD (Time) = 1.796; LSD (Cult x Time) =
4.885; SE (Time) = 0.632; SE (Cult x Time) = 1.528
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Figure 5.12: Medium sized (100g — 170g) tuber yield as influenced by N timing for cultivars BP1 and Eos in the
autumn season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey
test. Vertical bars = Least significant differences. CV% = 18.8; LSD (Time) = 1.013; LSD (Cult x Time) = 1.807;
SE (Time) = 0.352; SE (Cult x Time) = 0.558
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Figure 5.13: Large sized (> 170g) tuber yield as influenced by cultivars BP1, Eos and Lanorma in the spring season.
Bars with the same letter do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least
significant differences. CV% = 18.9; LSD (Cult) = 5.937; SE (Cult) = 1.512
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Figure 5.14: Large sized (> 170g) tuber yield as influenced by cultivars BP1 and Eos in the autumn season. Bars
with the same letter do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant
differences. CV% = 34.0; LSD (Cult) = 2.103; SE (Cult) = 0.346
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Figure 5.15: Large sized (> 170g) tuber yield as influenced by N rate for cultivars BP1, Eos and Lanorma in the
spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey
test. Vertical bars = Least significant differences. CV%= 18.9; LSD (Rate) = 2.441; LSD (Cult x Rate) = 6.074; SE
(Rate) = 0.858; SE (Cult x Rate) = 1.939
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Figure 5.16: Large sized (> 170g) tuber yield as influenced by N rate for cultivars BP1 and Eos in the autumn
season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey test.
Vertical bars = Least significant differences. CV% = 34.0; LSD (Rate) = 1.224; LSD (Cult x Rate) = 1.597; SE
(Rate) = 0.217; SE (Cult x Rate) = 0.427
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Figure 5.17: Large sized (> 170g) tuber yield as influenced by N timing for cultivars BP1, Eos and Lanorma in the
spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey
test. Vertical bars = Least significant differences. CV%= 18.9; LSD (Time) = 2.441; LSD (Cult x Time) = 6.074; SE
(Time) = 0.858; SE (Cult x Time) = 1.939
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Figure 5.18: Large sized (> 170g) tuber yield as influenced by N timing for cultivars BP1 and Eos in the autumn
season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey test.
Vertical bars = Least significant differences; CV% = 34.0; LSD (Time) = 1.224; LSD (Cult x Time) = 1.597; SE
(Time) = 0.217; SE (Cult x Time) = 0.427

The marketable (total of medium and large) tuber yield was significantly influenced by cultivar, N timing and N rate
in the spring trial. Cultivar BP1 produced a significantly lower yield of marketable tubers, compared with Lanorma,
which had the highest marketable yield (Figure 5.19). Eos did not differ significantly from Lanorma and BP1. In the
autumn trial, no significant differences were recorded between cultivars, but the results showed the same trend as
in spring, with Eos giving a higher marketable yield than BP1 (Figure 5.20).

The marketable yields of cultivars Lanorma and Eos increased significantly with increase in N rate from 160 to 320
kg/ha (Figure 5.21). The general tendency observed was that the highest N rate of 320 kg/ha gave the highest
medium- and large-sized tuber yields. Furthermore, it is also clear that cultivar Lanorma produced a higher yield
of medium and large (marketable) tubers than BP1, whereas Eos did not significantly differ from either of the other
two cultivars. No significant marketable tuber yield differences were observed during the autumn season, but the
same tendency as in spring was observed, where the highest N rate (300 kg/ha N) increased marketable yield,
compared with the lowest N rate (140 kg/ha N) (Figure 5.22). These results correlate with the results of Zebarth et

al. (2004), who reported that a higher amount of N resulted in a higher medium and large tuber yield for cultivar
Russet Burbank.
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Figure 5.19: Marketable yield as influenced by cultivars BP1, Eos and Lanorma in the spring season. Bars with the
same letter do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant
differences. CV% = 10.46; LSD (Cult) = 3.862; SE (Cult) = 0.984
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Figure 5.20: Marketable yield as influenced by cultivars BP1 and Eos in the autumn season. Bars with the same
letter do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant differences.
CV% =19.2; LSD (Cult) = 4.345; SE (Cult) = 0.714
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Figure 5.21: Marketable (medium and large) tuber yield as influenced by N rate for cultivars BP1, Eos and Lanorma
in the spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the
Tukey test. Vertical bars = Least significant differences. CV% = 10.46; LSD (Rate) = 2.43; LSD (Cult x Rate) =
4.580; SE (Rate) = 0.85; SE (Cult) = 0.98
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Figure 5.22: Marketable (medium and large) tuber yield as influenced by N rate for cultivars BP1 and Eos in the
autumn season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey
test. Vertical bars = Least significant difference. CV% = 10.46; LSD (Rate) = 2.43; LSD (Cult x Rate) = 4.580; SE
(Rate) = 0.85; SE (Cult) = 0.98

Nitrogen timing treatments affected marketable tuber yields significantly in spring. The treatments that received
70 % N at planting and a further 30 % N after tuber initiation, as well as 50 % N at planting and 50 % N after tuber
initiation (Figure 5.23), showed significant increases in marketable yield, compared with 30 % N at planting and
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70 % N after tuber initiation. A general tendency was observed that more N applied at planting (70 % N at planting
and 30 % N after tuber initiation) resulted in the best final marketable and total tuber yield. Similar results were
reported for similar studies by Kunkel and Holstad (1971) and Ipenkwe et al. (1974). These authors concluded that
an adequate early season supply of N is important for stimulating sufficient early vegetative growth that can later
support optimal size distribution and high final yield, whereas Rens et al. (2015) found a linear increase in
marketable yield in response to early N application.
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Figure 5.23: Marketable (medium and large) tuber yield as influenced by N timing for cultivars BP1, Eos and
Lanorma in the spring season. Bars with the same letter per cultivar do not differ significantly at p<0.05. Vertical
bars = Least significant differences. CV% = 10.46; LSD (Time) = 2.43; LSD (Cult x Time) = 4.58; SE (Time) = 0.85;
SE (Cult) =0.98

For the autumn field trial, the N timing treatment with 70 % N at planting and 30 % N after tuber initiation also
showed a tendency to increase marketable yield, compared with the treatment that only received 30 % N at planting
(Figure 5.24), which agrees with the spring trial. Although no significant differences were observed, the tendency
was that the highest N proportion applied at planting (70 % N) resulted in the best final marketable and total tuber
yield, which was in agreement with the spring trial.

Timing of tuber initiation played a crucial role in the high marketable yield recorded for Lanorma, because this
cultivar initiated most of its tubers within two weeks after emergence and resorbed very few tubers later in the
season (Figure 4.43). This extended the bulking period of initiated tubers, compared with the other cultivars,
resulting in a higher proportion of medium and large tubers by the end of the growing season. In contrast, BP1
initiated tubers continuously throughout the season (Figure 4.43), which shortened the bulking period of tubers that
were initiated late in the season, and as a result produced a large proportion of small tubers.
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Figure 5.24: Marketable (medium and large) tuber yield as influenced by N timing for cultivars BP1 and Eos in the
autumn season. Bars with the same letter per cultivar do not differ significantly at p<0.05. Vertical bars = Least
significant differences. CV% = 19.2; LSD (Time) = 1.391; LSD (Cult x Time) = 3.281; SE (Time) = 0.483; SE (Cult)
=0.714

The highest (320 kg/ha) and recommended (240 kg/ha) N rates produced an efficient canopy early in the season.
There were also enough N reserves to maintain the canopy, which ensured adequate bulking of the tubers. The
lowest (160 kg/ha N) N rate, on the contrary, resulted in a reduction in photosynthesis and growth rate, and a lower
leaf area index, which implied that the plants took too long to produce an efficient leaf canopy, resulting in less
light interception and early death of the plant. The implication thereof was that tuber initiation was hampered owing
to stolons that died off before tubers could initiate, while the plants depleted all N reserves before tubers could bulk
sufficiently.

In relation to N application timing, a moderate to large amount of N applied early in the season (50 — 70 % N at
planting) also produced an adequate canopy and sufficient N reserves to maintain the canopy, which ensured
adequate bulking of the tubers. Nitrogen application timing where large quantities of N were applied late in the
season (30 % N at planting and 70 % N after tuber initiation) resulted in an extension of the vegetative stage, at
the expense of tuber bulking (lower harvest index).

5.2  Final total tuber yield

Comparing the N treatments, final total tuber yield was significantly influenced (P<0.05) by N rate and timing. Final
total tuber yield significantly increased from a rate of 160 kg/ha N to 320 kg/ha N (Figure 5.25). These results also
correspond with the study by Banjara et al. (2014), who reported that the highest amount of N applied (375 kg/ha
N) resulted in a higher final total tuber yield for cultivar Russet Burbank, whereas the study by McPharlin and
Lancaster (2010) showed the same effect up to a certain optimum N amount, whereafter no further significant yield
increases occurred. Despite the fact that the final total tuber yield showed no significant differences in the autumn
trial, similar trends were observed as in spring. Final total tuber yield showed an increasing tendency with
increasing N rate from 140 to 320 kg/ha N (Figure 5.26).
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Nitrogen timing treatments resulted in highly significant total tuber yield differences in spring (Figure 5.27). The
treatment with highest N proportion at planting (70 % N) gave the highest final total tuber yield, followed by the
treatment with 50 % N at planting, while the treatment that received only 30 % N at planting had the lowest final
total tuber yield for each cultivar. A similar trend was observed in autumn, although no significant differences were
recorded (Figure 5.28).
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Figure 5.25: Final total tuber yield as affected by N rate for cultivars BP1, Eos and Lanorma in the spring season.
Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey test. Vertical bars
= Least significant differences. CV% = 7.1; LSD (Rate) = 2.001; LSD (Rate x Cultivar) = 3.896; SE (Rate) = 0.706
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Figure 5.26: Final total tuber yield as affected by N rate for cultivars BP1 and Eos in the autumn season. Bars with
the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least
significant differences. CV% = 12; LSD (Rate) = 2.154; LSD (Rate x Cultivar) = 3.464; SE (Rate) = 0.748
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Figure 5.27: Final total tuber yield as influenced by N timing for cultivars BP1, Eos and Lanorma in the spring
season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey test.
Vertical bars = Least significant differences. CV% = 7.1; LSD (Time) = 2.001; LSD (Time x Cultivar) = 3.896; SE
(Rate) = 0.706
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Figure 5.28: Final total tuber yield as influenced by N timing for cultivars BP1 and Eos in the autumn season. Bars
with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey test. Vertical bars =
Least significant differences. CV% = 12; LSD (Rate) = 2.154; LSD (Rate x Cultivar) = 3.464; SE (Rate) = 0.748

A study by Ojala et al. (1990) also observed that a higher amount of fertiliser early in the season resulted in a
higher final total tuber yield, whereas Zotarelli et al. (2015) came to the conclusion that tuber yield did not increase
with an increase in N application (above 56 kg/ha N) during TI.
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The differences in final total tuber yields can partly be attributed to the effect of N treatments on canopy
development. The lowest N rate (140 — 160 kg/ha N) was unable to produce a sufficient leaf canopy early in the
season due to depleted N reserves. This resulted in a decline in the number of initiated tubers due to stolon die-
off, as well as retarded tuber bulking thereafter. Although the highest N level (300 — 320 kg/ha N) produced an
efficient canopy early and had enough N reserves to maintain the canopy, the harvest index results suggested that
the high N rate stimulated leaf canopy and unnecessary secondary growth at the expense of tuber development
and bulking, while the vegetative stage was also extended.

In relation to N application timing, a large amount of N applied early in the season (50 — 70 % N at planting) also
produced an adequate canopy early in the season, and N reserves were sufficient to maintain the canopy and
adequate bulking of the tubers. An adequate, early season N supply is thus important for supporting vegetative
and tuber growth. Nitrogen application timing with large quantities of N applied late in the season (70 % N after
tuber initiation) resulted in an extension of the vegetative stage at the expense of tuber bulking, which negatively
affects the total and marketable yields.

The interaction effect between cultivar, N rate and N timing on final total tuber yield was highly significant (P<0.05)
(Table 5.1). Cultivars Lanorma and Eos performed the best when the recommended and highest N rates (which
did not differ significantly from each other) were applied in combination with 70 % N at planting and 30 % N after
tuber initiation. For cultivar Lanorma, however, the N rate x N timing interaction effect was not significant, although
the trend was the same as for the other cultivars.

Although the trend for Lanorma was similar to other cultivars, it tended to be less responsive to N treatments,
especially N rate. This confirms the fact that each cultivar's ability to take up and efficiently use nutrients differs
owing to its own unique requirements and characteristics (Kleinkopf et al. 1981, Love et al. 2005, Levy and Veilleux
2007). The requirements include factors such as critical photoperiod and environmental conditions, whereas
characteristics comprise aspects such as growth habit, tuber initiation and size distribution (Ewing and Struik 1992,
Visser 2012). This confirms the conclusion that each cultivar has its own unique optimal nutrient requirements.
Since cultivars differ in morphology and developmental characteristics, each cultivar therefore reacts differently to
various external factors (Kleinkopf et al. 1981, Love et al. 2005, Levy and Veilleux 2007). This has been well
illustrated by various research studies on the topic of tuberisation. One such a study is that of Love et al. (2005),
who found that four cultivars differed in their responses to different rates and timings of N application treatments.
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Table 5.1: The interaction effect between cultivars (BP1, Eos and Lanorma), N level and timing in the spring season
on final total tuber yield.
Final yield (t/ha)

Timing of application Treatments
1 2 3 Rate 1 160 kg/ha N
NBeralte Rate 2 240 kg/ha N
1 48060 bcd 145787 bed  [JEEEM b o sfulabab
2 441 cd 5392 abc | 54.04 abc Timing 1|, 430 /° :' p:f"""g‘ e
3 5153 abcd = 49.05 abcd 5278 abc it ool
Timing 2 50% at planting; 50%
Eos 3-4 weeks after emergence
N-rate Timing 3|, /0% ot planting; 30%
1 - d 515 abcd - ab 3-4 weeks after emergence
2 53.88 abc 52.07 abc 53.46 abc
3 4658 bcd | 54.89 abc [JEEIEEH o
Lanorma
N-rate
1 50.13 abcd 50.21 abcd 51.78 abcd
2 49.73 abcd 50.06 abcd abc
3 4786 abcd 52.75 abc a

*Values followed by the same letter do not differ significantly at P<0.05
*SE =2.169; LSD =6.168; CV% = 7.1

5.3  Tuber specific gravity (SG)

The processing industry uses tuber specific gravity (SG) as a tool to assess processing quality in order to ensure
optimal recovery rates and high-quality products. A tuber SG value of at least 1.075 is usually required (Steyn et
al 2009, McPharlin and Lancaster 2010). Significant differences in SG occurred for cultivar, N level, and N timing,
as well as the interaction between cultivar and N timing. Cultivar had a highly significant effect on SG, with BP1
and Lanorma (which did not significantly differ from each other) showing higher and more acceptable SGs than
Eos in the spring season (Figure 5.29). Previous studies, such as those by Schark et al. (1956), Werner et al.
(1998), and McPharlin and Lancaster (2010), have verified that specific gravity is primarily an inherent cultivar
characteristic, and that each cultivar will respond differently to the various climatic, soil and management aspects.

Comparing the spring and autumn seasons, it is clear that the autumn season produced much higher SG values,
as compared with spring. Cultivars also differed significantly in the autumn trial, with BP1 again giving significantly
higher SG values than Eos did (Figure 5.30). According to GWK (2014), Eos is not a good processing potato variety
and is sensitive to high air temperatures and drought. During the spring season, the climate was very hot and dry,
which possibly resulted in lower SG values (Figure 5.30). In the autumn season, the plants grew from hotter into
cooler days, which is known to result in better tuber quality (Steyn et al. 1998).
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Figure 5.29: Tuber specific gravity as influenced by cultivars (BP1, Eos and Lanorma) in the spring season. The
horizontal dotted line represents the acceptable norm (=1.075). Bars with the same letter per cultivar do not differ
significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant differences. CV% = 0.2; LSD
(Cult) = 0.00139; SE (Cultivar) = 0.000354
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Figure 5.30: Tuber specific gravity as influenced by cultivar (BP1 and Eos) in the autumn season. The horizontal
dotted line represents the acceptable norm (=1.075). Bars with the same letter per cultivar do not differ significantly
at P<0.05 according to the Tukey test. Vertical bars = Least significant differences. CV% = 0.1; LSD (Cult) =
0.000887; SE (Cultivar) = 0.000146

Nitrogen rate affected SG significantly in spring and, generally, SGs decreased with an increase in N level. At the
highest N level (320 kg/ha), SGs were significantly lower than those at the lowest N level (160 kg/ha) were (Figure
5.31). In autumn, SG was also significantly influenced by N level. Similar to the response in spring, SGs decreased
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significantly as the N level increased (Figure 5.32). Similar results, where high N rates decreased tuber specific
gravity, have been reported for numerous studies such as those of Teich and Menzies (1964), Kunkel and Holstad
(1972), MacLean (1984), Westermann and Kleinkopf (1985), Santerre et al. (1986), Ojala et al. (1990), Porter and
Sisson (1991a), Westermann et al. (1994), Belanger et al. (2002), Zebarth et al. (2004), and McPharlin and
Lancaster (2010). A possible explanation is that excess N stimulated and extended canopy growth, which in turn
shortened the tuber bulking stage and delayed maturity. Starch synthesis is then negatively influenced, and since
there is a high correlation between starch synthesis and total dry matter accumulation, the high N levels result in
lower SG values (MacLean 1984, Westermann and Kleinkopf 1985, Ojala et al. 1990, Porter and Sisson 1993,
Westermann et al. 1994, Love et al. 2005).

During the spring trial, N timing had a highly significant effect on SG, with the treatment that received 50 % N at
planting and 50 % N after Tl having the highest SG values for all cultivars, except BP1 (Figure 5.33). An N
deficiency early in the season caused a reduction in photosynthesis and plant growth, and thus a reduction in leaf
area, which resulted in early senescence of the plant. The plant therefore depleted most N reserves before the
tubers could bulk sufficiently. Although there was a reduction in SG when 70 % N was applied at planting and 30 %
after Tl, the SG values were still above the acceptable norm of 1.075.

1.078
1.076 Norm > 1.075
1.074

£

=

® 1.072

[-11]

=2 .

£ 1070 Nitrogen

2 Rate:

& hate.
1.068 ® 160kg/ha
1.066 B 240 kg/ha
1.064 320 kg/ha

BP1 Eos Lanorma
Cultivar

Figure 5.31: Tuber specific gravity as influenced by N level for cultivars BP1, Eos and Lanorma in the spring
season. The horizontal dotted line represents the acceptable norm (=21.075). Bars with the same letter per cultivar
do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant differences. CV%
=0.2; LSD (Rate) = 0.001343; LSD (Rate x Cultivar) = 0.002160; SE (Rate x Cultivar) = 0.000756
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Figure 5.32: Tuber specific gravity as influenced by N level for cultivars BP1 and Eos in the autumn season. The
horizontal dotted line represents the acceptable norm (=1.075). Bars with the same letter per cultivar do not differ
significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant differences. CV% = 0.1; LSD
(Rate) = 0.000752; LSD (Rate x Cultivar) = 0.000974; SE (Rate x Cultivar) = 0.000335
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Figure 5.33: Tuber specific gravity as influenced by N application timing for cultivars BP1, Eos and Lanorma in the
spring season. The horizontal dotted line represents the acceptable norm (=1.075) Bars with the same letter per
cultivar do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant differences.
CV% =0.2; LSD (Time) = 0.001343; LSD (Time x Cultivar) = 0.002160; SE (Time x Cultivar) = 0.000756
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Similar results that showed SG reduction when a high proportion of N was applied later in the season (e.g. 70 %
N after Tl) were also reported by MacLean (1984), Westermann and Kleinkopf (1985), Westermann et al. (1994),
Ojala et al. (1990), Porter and Sisson (1991a), and Biemond and Vos (1992), as well as McPharlin and Lancaster
(2010). These studies concluded that an excess of N applied late in the season delayed tuber maturity (and
therefore SG) due to the stimulation of canopy growth late in the season. The explanation for the decrease in SG
that was observed when 70 % N was applied at planting and 30 % after Tl is, however, unclear. No significant
differences in SG were recorded for the autumn trial. Nevertheless, the same tendency as in spring was observed

(Figure 5.34).
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Figure 5.34: Tuber specific gravity as influenced by N application timing for cultivars BP1 and Eos in the autumn
season. The horizontal dotted line represents the acceptable norm (=1.075). Bars with the same letter per cultivar
do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant difference. CV%
=0.1; LSD (Rate) = 0.000752; LSD (Rate x Cultivar) = 0.000974; SE (Rate x Cultivar) = 0.000335

A significant interaction effect between cultivar and N timing (Table 5.2) was observed in the spring trial. Cultivar
BP1 did not show any significant differences between the three N timing applications, whereas for Eos and
Lanorma, the treatments with 30 % N at planting and a further 70 % N after emergence, as well as 70 % N at
planting and 30 % N after emergence, reduced specific gravity.

These results can possibly be explained by the differences between cultivars in the onset and duration of TI. The
treatment with 30 % N at planting and 70 % N after emergence affected Eos and Lanorma because most tubers
were initiated early in the season, and as the season progressed, only a small number of additional tubers were
initiated. The high proportion of late N delayed tuber maturity, the accumulation of starch, and therefore also SG.
However, BP1 initiates tubers until late in the season and it is therefore expected that the immature tubers would
result in lower SG. BP1 did not, however, show any response to N timing, which was unexpected and difficult to
explain. The autumn season did not show significant cultivar x time interactions, but the same trend was observed.
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Table 5.2: The interaction effect between cultivars (BP1, Eos and Lanorma) and N timing on SG in the spring
season

i g " Treatments
Specific gravity Rate 1 160 kg/ha N
Timing of application Rate 2 240 kg/ha N
1 2 3 Rate 3 320 kg/ha N
30% at planting; 70%
BP:I. 1.076 a 1.075 a 1.075 a Tlmlng "3.4 weeks after er?\ergence
Eos - d 1.07 C - d Timing 2|, 50% af planting; 50%
Lanorma 1075 a OB b 1075 a 9 “}p-4 weets after emergence
. . . e 70% at planting; 30%
Values followed by the same letter do not differ significantly at P<0.05 Timing 31,4 weeks after emengence

according to the Tukey test

SE =0.000335; LSD = 0.000974; CV% = 0.1

54 Hollow heart occurrence

Hollow heart occurrence differed significant between cultivars, N rate and N timing treatments. Cultivar BP1
presented a significantly higher hollow heart occurrence, compared with Eos and Lanorma, while the latter two
cultivars did not differ significantly from each other (Figure 5.35). Hollow heart occurrence varies from cultivar to
cultivar due to environmental conditions of specific sites, as well as agricultural practices (Rex and Mazza 1989,
McPharlin and Lancaster 2010). Moreover, BP1 is known to be more prone to developing disorders such as hollow
heart (Visser 2012). From the results, it also clear that Eos and Lanorma are not very susceptible to hollow heart
defects.

Significant differences in hollow heart occurrence were observed between the two lowest N rates (160 kg/ha and
240 kg/ha) and the highest N rate (320 kg/ha) for cultivars BP1 and Eos (Figure 5.36). The highest N rate
consistently resulted in the highest hollow heart occurrence for all three cultivars (although not significant for
Lanorma), as it stimulated the tubers to grow very fast, causing tissues to rupture, which resulted in hollow heart
cavities. Porter and Sisson (1991a) also reported an increase in hollow heart occurrence for cultivars Russet
Burbank and Shepody, when N rates were increased from 0 to 270 kg/ha on a gravelly loam soil.
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Figure 5.35: Hollow heart frequency present at final harvest as influenced by cultivar (BP1, Eos and Lanorma) in
the spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the Tukey
test. Vertical bars = Least significant difference. CV% = 37.2; LSD (Cult) = 1.1517; SE (Cultivar) = 0.1235
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Figure 5.36: Hollow heart frequency at final harvest as influenced by N rate for cultivar BP1, Eos and Lanorma
within the spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the
Tukey test. Vertical bars = Least significant differences; CV% = 37.2; LSD (Rate) = 5.07; LSD (Cult) = 4.87; SE
(Rate) = 0.07; SE (Cult) = 0.127
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The N timing treatment that received more N later in the season (30 % N at planting and 70 % N after Tl) showed
significantly higher hollow heart occurrences in cultivars BP1 and Lanorma than the other two treatments (Figure
5.37). The high proportion of N (70 %) after tuber initiation caused the tubers to grow too fast, resulting in increased
hollow heart occurrence. Hollow heart is known to develop when excessive N is applied between the tuber initiation
stage and when the tubers reach a mass of about 60g. These results concur with the reports by Rex and Mazza
(1989), McPharlin and Lancaster (2010), Theron and Pieterse (2012), and Rens et al. (2015) on this topic.

The autumn season, on the other hand, showed no significant differences for either the N rate or N timing
treatments. Despite the fact that the cultivars did not differ significantly, hollow heart only occurred for BP1, which
corresponds with the spring trial. Together with the fact that the crop did not reach its full potential, it is believed
that the cooler climate during autumn played a role in slowing down growth during the bulking stage, which
contributed to lower hollow heart occurrence. There were also no significant interaction effects.
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X 25
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Figure 5.37: Hollow heart frequency at final harvest as influenced by N timing for cultivar BP1, Eos and Lanorma
in the spring season. Bars with the same letter per cultivar do not differ significantly at P<0.05 according to the
Tukey test. Error bars = Least significant differences. CV% = 37.2; LSD (Rate) = 5.07; LSD (Cult) = 4.87; SE (Rate)
=0.07; SE (Cult) = 0.127

5.5  Chip colour

Chip colour is another important quality aspect for the potato crisp and French fry industry. Lowered reducing sugar
levels result in lighter chip colours, which are desired by the processing industry. Colour values higher than 45 are
regarded as acceptable to the industry (Kumar et al. 2004, Zebarth et al. 2004). Nitrogen rate and application
timing had no significant effect (P>0.05) on chip colour, in both the spring and autumn seasons, which corresponds
with various previous studies, such as those by Kunkel and Holstad (1971), Kumar et al. (2004) and Zebarth et al.
(2004). Other studies (e.g. Hope et al 1960, Kunkel and Holstad 1971, Ipenkwe et al. 1974, Steyn et al. 2009), on
the other hand, found that excessive amounts of N, as well as high N amounts late in the season, delayed tuber
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maturity and can also cause reducing sugar levels to increase, which will affect chip colour negatively. Results on
how N level and timing influences reduced sugar content, and consequently chip colour (Kunkel and Holstad 1971,
Kumar et al. 2004), are thus still inconsistent and further studies are necessary. According to Kunkel and Holstad
(1971), this variation in results can be ascribed to different environmental conditions (climate), variety, fertiliser
placement, and locations of the different studies.

Cultivar had a significant effect on chip colour in spring, with BP1 showing significantly higher colour values
compared with Eos, whereas Lanorma did not differ significantly from BP1 or Eos (Figure 5.38). This corresponds
with the findings of McPharlin and Lancaster (2010), whose study verified that genetics comprise one of the main
factors influencing chip colour. In the autumn season, no significant differences in chip colour were recorded, but
the same tendency regarding BP1 occurred (Figure 5.39).
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Figure 5.38: Chip colour as influenced by cultivars BP1, Eos and Lanorma in the spring season. The horizontal
dotted line represents the acceptable norm (=45). Bars with the same letter per cultivar do not differ significantly
at P<0.05 according to the Tukey test. Error bars = Least significant difference. CV% = 5.2; LSD (Cult) = 2.662;
SE (Cult) = 0.678
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Figure 5.39: Chip colour as influenced by cultivars BP1 and Eos in the autumn season. The horizontal dotted line
represents the acceptable norm (245). Bars with the same letter per cultivar do not differ significantly at P<0.05
according to the Tukey test. Error bars = Least significant difference. CV% = 6.2; LSD (Cult) = 4.455; SE (Cult) =
0.732
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CHAPTER 6: RESULTS AND DISCUSSION: TUBER CHEMICAL ANALYSIS,
NITROGEN USE EFFICIENCY AND SOIL RESIDUAL NITROGEN LEVEL IN
RESPONSE TO NITROGEN MANAGEMENT

6.1 Tuber chemical analysis

6.1.1 Total nitrogen content in tuber skin, medullary tissue and pith

The studies by Johnston et al. (1968) and Kratzke and Palta (1986) indicated that tuber N content is highest in the
periderm (skin) of the tuber, and tends to decrease from the skin towards the pith, with an exception of an increase
in either the inner or outer medullary tissue. The data from the present study corresponds with the work of Glynne
and Jackson (1919), Johnston et al. (1968) and Kratzke and Palta (1986), as indicated in Figure 6.1. However, the
inner and outer medullary tissues were not separated in this study, resulting in average values for the inner and
outer medullary tissue, which showed a slight increase compared with the pith.

Nitrogen
Rate:

m 160 kg/ha N

m 240 kg/ha N
320kg/haN

Nitrogen Rate
Medullary
tissue
SE 0.05 0.05 0.03
1SD | 020 0.19 0.1
Medullary tissue Pith CV (%) | 9.40 | 11.00 |10.10

Total nitrogen content (%)

Skin Pith

Potato tuber zone

Figure 6.1: Total N content in the potato skin, medullary tissue and pith zone as influenced by N rate (expressed
on dry matter content) in the spring season. Bars with the same letter per cultivar do not differ significantly at
P<0.01 according to the Tukey test; Vertical bars = Least significant difference.

Nitrogen level resulted in significant differences (P<0.01) in total N content in the tuber skin, medullary tissue and
pith. Total N content in all three potato tuber zones increased significantly with increases in N rate from 160 to 320
kg/ha (Figure 5.22), although the N contents in the skin and medullary tissue did not differ significantly between
the 240 and 320 kg/ha N treatments. Thus, there seems to be a direct relationship between the amount of N
present in the soil due to the treatments and the N contents of different tuber zones. A study by Olsen et al. (1996)
reported a similar tendency, but for the element Ca. It is believed that the application of excess N inhibits protein
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formation and promotes the accumulation and storage of N in a non-protein (nitrate) form, which can influence
tuber quality negatively (Riley 2001, Vaezzadeh and Naderidarbaghshahi 2012). Cultivar and N timing treatments
did not affect N concentrations of different tuber zones. Riley (2001) reported differences in tuber N accumulation
due to N application timing, but trends were not clear. The tuber chemical analyses were only performed for the
spring trial due to cost considerations, as differences were not expected in autumn since the crop did not grow to
its full potential.

6.1.2 Phosphorous (P), Potassium (K), Calcium (Ca) and Magnesium (Mg) content in
tuber skin, medullary tissue and pith

Tuber chemical analyses were performed to determine the phosphorous (P), potassium (K), calcium (Ca) and
magnesium (Mg) contents in the tuber skin, medullary tissue and pith for the different treatments. The chemical
analysis results for the different tuber zones and the three cultivars are presented in Figure 6.2. Similar to N content,
there was a tendency of decreasing nutrient concentrations from the skin to the pith. Subramanian et al. (2011)
also found that the mineral levels, including P, K, Ca and Mg contents, are generally highest in the potato and
decreases towards the centre.

No clear treatment effects were observed for cultivar (Figure 6.2), N rate (Figure 6.3) and N timing (Figure 6.4).
The levels of all nutrients were within acceptable ranges for potatoes (Walworth and Muniz 1993), with the
exception of Ca and Mg. Calcium content was slightly below acceptable levels in some instances, whereas
magnesium content was significantly below acceptable levels. The reason for the low Ca and Mg content in the
tubers is unclear.

The tuber chemical analysis results also indicated that Ca and Mg contents were much lower, compared with N, P
and K content. Studies by Simmons et al. (1988) and Walworth and Muniz (1993) also confirmed that the Mg and
Ca contents are usually lower than the K content. The same trend was seen regarding the trial.
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Figure 6.2: Total (a) phosphorous, (b) potassium (c), calcium and (d) magnesium content in the potato tuber skin,
medullary tissue and pith as, influenced by cultivar in the spring season. The horizontal dotted line represents the
acceptable norm for each element according to Walworth and Muniz (1993).
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Figure 6.3: Total (a) phosphorous, (b) potassium (c), calcium and (d) magnesium content in the potato tuber skin,
medullary tissue and pith as influenced by N rate in the spring season. The horizontal dotted line represents the
acceptable norm for each element according to Walworth and Muniz (1993).
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Figure 6.4: Total (a) phosphorous, (b) potassium (c), calcium and (d) magnesium content in the potato tuber skin,
medullary tissue and pith as influenced by N timing in the spring season. The horizontal dotted line represents the
acceptable norm for each element according to Walworth and Muniz (1993).

6.2  Nitrogen use efficiency (NUE)

Nitrogen use efficiency (NUE) is a crucial factor to consider for optimal crop yields, environmentally friendly
practices, and reduced input costs. The cultivars showed no significant differences in NUE in both the spring
(Figure 6.5) and autumn seasons (Figure 6.6), although BP1 tended to have the lowest NUE, and Lanorma the
highest. Comparing N treatments, NUE was significantly influenced (P<0.01) by N rate and timing. Nitrogen use
efficiency significantly decreased from the lowest (60 kg/ha N) to the highest (320 kg/ha) N rate (Figure 6.7) in the
spring season. The same trend of decreasing NUE with increase in N level was also observed for the autumn trial
(Figure 6.8). This corresponds with the findings of Westermann and Kleinkopf (1985), as well as Zebarth et al.
(2004), who concluded that NUE decreased curvilinear with increasing applied N level.
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Figure 6.5: Nitrogen use efficiency as influenced by N level in the spring season. Bars with the same letter do not
differ significantly at P<0.01 according to the Tukey test. Vertical bars = Least significant differences. CV% = 7.4;

LSD (Cult) = 22.37; SE (Cult) = 3.43
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Figure 6.6: Nitrogen use efficiency as influenced by N level in the autumn season. Bars with the same letter do not
differ significantly at P<0.01 according to the Tukey test. Vertical bars = Least significant differences. CV% = 12.2;

LSD (Cult) = 41.13; SE (Cult) = 2.93
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Figure 6.7: Nitrogen use efficiency as influenced by N level in the spring season. Bars with the same letter per
cultivar do not differ significantly at P<0.01 according to the Tukey test. Vertical bars = Least significant difference.
CV% =7.4;LSD (Time) = 12.4; SE (Time) = 3.27
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Figure 6.8: Nitrogen use efficiency as influenced by N level in the autumn season. Bars with the same letter per
cultivar do not differ significantly at P<0.01 according to the Tukey test. Vertical bars = Least significant difference.
CV% =12.2; LSD (Time) = 14.62; SE (Time) = 3.77

Regarding N application timing, significant differences occurred, with a higher proportion of N applied at planting
(70 %) resulting in highest NUE (Figure 6.9). This corresponds with the findings of Westermann and Kleinkopf
(1985), as well as Zotarelli et al. (2015), who concluded that a higher N rate (above 56 kg/ha N) applied at tuber
initiation negatively influenced NUE and also increased residual N in the soil. Although the autumn trial did not
show any significant differences, the same trend was observed (Figure 6.10).
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Figure 6.9: Nitrogen use efficiency as influenced by N application timing in the spring season. Bars with the same
letter per cultivar do not differ significantly at P<0.01 according to the Tukey test. Vertical bars = Least significant
difference. CV% = 7.4; LSD (Time) = 12.4; SE (Time) = 3.27
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Figure 6.10: Nitrogen use efficiency as influenced by N application timing in the autumn season. Bars with the
same letter per cultivar do not differ significantly at P<0.01 according to the Tukey test. Vertical bars = Least
significant difference. CV% = 7.4; LSD (Time) = 12.4; SE (Time) = 3.27

There was a significant (P<0.05) interaction effect of N rate x N timing (Table 6.1) for NUE. Nitrogen use efficiency
decreased significantly when a combination of highest N rate and N application timing of 30 % N at planting plus
70 % N after tuber initiation was applied. The N treatment combination with lowest N rate (160 kg/ha N) and timing
of 70 % N at planting plus 30 % N after tuber initiation, had highest NUE.
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Table 6.1: The interaction effect between cultivars (BP1, Eos and Lanorma), N level and timing in the spring season
on N use efficiency.

Nitrogen use efficiency

Timing of application —— Treaiments
: 2 3 o T
q
NBralte Rate 3 320 kg/ha N
B 30% at planting; 70%
1 281.6 bcd 286.1 |bc - a it 3-4 weeks after emergence
2 183.7 fghij 224.7 cdefg 225.2 cdefg 50% at planting; 50%
s [NGG0Nni ESSEN; MEGASNohj | |"T"° -4 weeks atter emergence
2 70% at planting; 30%
Eos Timing. 3 3-4 weeks after emergence
N-rate
1 250.3 cde - ab - ab
2 2245 cdefg 217 efgh 222.7 defgh
3 4580 | 1715 | ighij | 183.9 fghij
Lanorma
N-rate
1 [Si8EN a0 [NSISEN a0 [NEESEN o
2 207.2 efghij 208.6 efghij 2325 cdef
3 l ghij | 184.3 fghij

Values followed by the same letter do not differ significantly at P<0.05; SE = 9.86; LSD =37.32;CV% =74

6.3  After harvest residual soil nitrogen

There was a tendency of increasing residual soil NOs- and NH.* levels with increases in N rate during the spring
season (Figures 6.11). The same tendency was observed in the autumn season, when the highest N rate resulted
in significantly higher residual soil NOs- and NH4* levels than the lowest and the recommended N rates (Figure
6.12). Jiang et al. (2012) and Zotarelli et al. (2014) also reported increases in residual soil N level with increases
in N rate, without a proportional increase in yield. The highest N rate thus resulted in more N remaining in the soil,
which was not utilised by plants. This increases the risk of nitrogen leaching into the environment and unnecessarily
adds to the already high input costs.

In general, the highest level of residual NOs- was found in the top 20 cm of the soil and it reduced with increasing
depth, both in the spring as well as in the autumn (Figure 6.13 and Figure 6.14). Ammonium levels, on the other
hand, stayed relatively constant for all depths. There was, however, one exception in the autumn season when an
interaction effect between depth and rate revealed that the highest N rate resulted in higher NOs and NH4* levels
present in the 60cm soil layer, which could be an indication that more N leached when compared with the lower
(160 kg/ha and 240 kg/ha) N rates treatments (Figure 6.15). Ammonium levels, on the other hand, stayed constant
throughout all depths in the spring season, whereas in autumn a higher level of NH4* was found at 20 cm depth
(Figure 6.15).
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Figure 6.11: Average residual soil N in the form of NH4+ and NO3- present at three depths present at three depths
(0-20cm, 20-40cm and 40-60cm) in the soil after final harvest as influenced by N rate applied for cultivar Lanorma
in the spring season. Bars with the same letter per nitrogen form do not differ significantly at P<0.05 according to
the Tukey test. Vertical bars = Least significant difference.
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Figure 6.12: Average residual soil N in the form of NH4+ and NO3- present at three depths (0-20cm, 20-40cm and
40-60cm) in the soil after final harvest as influenced by N rate for cultivar Eos in the autumn season. Bars with the
same letter per nitrogen form do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least

significant differences.
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Figure 6.13: Residual soil N in the form of NH4+ and NO3- present at different depths (0-20cm, 20-40cm and 40-
60cm) in the soil after final harvest for cultivar Lanorma in the spring season. Bars with the same letter per nitrogen
form do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant differences.
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Figure 6.14: Residual soil N in the form of NH4+ and NO3- present at different depths (0-20cm, 20-40cm and 40-
60cm) in the soil after final harvest for cultivar Eos in the autumn season. Bars with the same letter per nitrogen
form do not differ significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant differences.
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significant difference.
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Figure 6.16: Residual soil N in the form of NH4+ and NO3- present in the soil after final harvest influenced by N
timing for cultivar Eos within the autumn season. Bars with the same letter per nitrogen form do not differ
significantly at P<0.05 according to the Tukey test. Vertical bars = Least significant difference.
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The influence of N timing on residual N varied between the two seasons. In the spring trial, N timing showed no
significant differences in residual NHs* and NO3 present in the soil after final harvest. On the contrary, in the autumn
season, the treatment that received 30 % N at planting plus 70 % N after tuber initiation resulted in higher residual
NOs and NH4* which was not used by the plant, compared with the other two N timings (Figure 6.16). This variation
in results between the two seasons could have resulted from variations in climatic conditions, which consequently
influenced N mineralisation, N uptake and N leaching. The autumn trial was planted later than planned due to
inaccessibility of the field as a result of heavy rainfall. Due to the unfavourable environmental conditions during the
autumn season, the plants could not grow to their full potential, whereas the spring trial experienced reasonably
optimal climatic conditions and thus the plants probably utilised more N. Tuber yields are known to be higher in the
spring season than in the autumn season due to different environmental conditions (Fahem and Haverkort 1988,
Steyn 2012), and therefore it can be expected that more N was taken up from the soil in spring. This explains the
observation that in spring, there was a lower amount of residual N in the soil after harvest, compared with the
autumn season.

The lack of any significant differences between N timing treatments in residual soil N levels is difficult to explain.
The high rainfall conditions during the autumn trial posed an increased the risk of NO3- leaching (Cambouris et al.
2008), especially if rain occurred after large fertiliser top dressings. Similar results where environmental conditions
influenced residual N have also been reported in other studies, e.g. by Maidl et al. (2002), Cambouris et al. (2008)
and Zebarth et al. (2004). These outcomes accentuate the importance of taking all the factors (such as soil type
and expected climatic conditions) into account when fertiliser programmes are designed.

There was a significant (P<0.05) interaction effect between sample depth, N rate and N timing on residual soil N
levels after harvest, in both the spring and autumn seasons. It is clear from Tables 6.2 (spring season) and 6.3
(autumn season) that the combination of highest N rate and a high proportion (70 %) of N applied after tuber
initiation has resulted in higher soil NOs- and NH4* residual levels, compared with the other treatments. In general,
the highest amount of residual NOs was present in the top 20 cm of the soil, and levels decreased with increases
in depth, both in the spring and autumn trials. There was, however, one exception where highest N rate and 70 %
N applied after tuber initiation resulted in higher NOs- and NH4* levels in the 40cm and 60cm soil layers, which may
suggest that more N leached to deeper layers, in comparison with the other treatments. The plants could thus not
use such high amounts (highest N rate) at the specific stages, which resulted in a high amount of residual N in the
soil.
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Table 6.2: Residual soil N after harvest as influenced by the interaction effect of sampling depth, N level and timing
in the spring season.

Residual soil N after harvest (mg/kg)

+

NH, NO;
Timing of application Timing of application
1 2 3 1 2 3

20cm
N-rate

1 d 1.697 abcd | 1.513 abcd 3.32 cde 3963 abcd 3.69 abcde

2 d 20067 abc 1647 abcd -abc 408 abcd 391 abcd

3 a 143 bcd 1.933 abcd a 3.92 abcd 3.793 abcd
40cm
N-rate

1 bed = 1.77 abcd | 1427 bcd | 808 de 3.783 abcd [[3.023 de

2 cd 1.693 abcd | 1.493 abcd @ 3.327 cde 3.867 abcd 3.857 abcd

3 1917 abcd | 1.477 bcd 1.85 3.517 bcde 3.653 abcde

60cm

N-rate
1 [ 1437 bcd 1813 abcd [ER2AM d
2 [2108 ab | 1923 abcd 1.673 abcd
3 1.78 abcd 158 abcd 1.793 abcd

3.157 cde [2BE e

4077 abcd 351 bcde
3.1 |cde 3.883 abcd

Treatments

Treatments with the same letter per cultivar do not differ significantly at P<0.05 Rafe 1 160 kg/ha N
4 - . = . - |_Rate 2 240 kg/ha N
NH,*: SE = 0.134; LSD = 0.807; CV% = 14 e G

30% at planting; 70%
13-4 weeks after emergence
50% at planting; 50%
13-4 weeks after emergence

70% at planting; 30%
13-4 weeks after emergence

Timing 1

NOs SE =0.231; LSD = 1.203; CV% = 10.9

Timing 2

Timing 3
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Table 6.3: Residual soil N after harvest as influenced by the interaction effect of sampling depth, N level and timing

in the autumn season.

Residual soil N after harvest (mg/kg)

e

NH, NOs
Timing of application Timing of application
1 2 3 1 2 3
20cm
N-rate
1 1767 def 459 c |NH280M f 6.644 cde | 10.068 bcd 5.924 cde
2 4313 cd 3.978 cde | 1.547 ef b 7.908 bcde 5.812 cde
3 B8l | 7509 b | 7875 b a 10425 bcd | 11.373 be
40cm
N-rate
1 | 1591 ef | 1593 ef  1.852 def - -
2 2089 cdef 1.89 def NS5 f 5357 de
3 27N ¢ 3.315 cdef 3.773 cdef 8251 bcde 579 cde 6.385 cde
60cm
N-rate
1 1.83 def 1146 | ef - -
2 1.789 ef 1.984 def 618 cd
3 2.36 cdef 2.325 cdef 2.696 cdef 582 «cde 7.138 bcde 8.036 bcde
Treatments
Treatments with the same letter per cultivar do not differ significantly at P<0.05 Rate 1 140 kg/ha N
Rate 2 220 kg/ha N
NH4*: SE = 0.423; LSD = 2.651; CV% =22.7 Rate 3 300 ka/ha N
Timing 1 30% at planting; 70%

NO5 SE = 0.9517; LSD = 5.683; CV% = 24.4
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CHAPTER 7: GENERAL DISCUSSION AND CONCLUSIONS

71 Discussion

A general trend was observed that the numbers of stolons and subsequent numbers of initiated tubers increased
with increases in haulm count per plant. This was expected, since stolon development is closely related to the
amount of stems produced, whereas the initiation of tubers depends on stolons being present, since stolon tips
have to differentiate and swell in order to initiate tubers (Ewing and Struik 1992). Lanorma generally had longer
stolons throughout most of the season (week 2 to 9), although by the end of the season (11 weeks after
emergence), the cultivars did not differ significantly anymore. However, by the end of the season (week 11), the
highest N rate gave significantly longer stolons, compared with the lowest N rate, resulting in the tubers developing
on the edge of the hill, which increases the risk of tubers being exposed to sunlight and turning green (Millard and
MacKerron 1986, Rens et al. 2015). Similar to the study by Millard and MacKerron (1986), in the present study it
was also observed that a low N rate resulted in N deficiency, causing the plant to deplete all N reserves and as a
result it could not maintain all initiated stolons, which then died off before tubers could initiate. Previous studies by
Ewing and Struik (1992), O'Brien et al. (1998), Alva et al. (2004), and Rens et al. (2015) suggested that too much
N, especially early in the season, will delay tuber initiation and thus yield. Contrary to that, the results obtained
from the present study suggested that an excess of N early in the season did not affect stolon numbers (Porter
and Sisson 1991b) and initiated tubers.

BP1 tended to produce a larger canopy compared with Eos and Lanorma, especially during TI. It is known that
each cultivar has its own unique requirements and characteristics because of its genetic make-up, and cultivars
may thus respond differently to external conditions (Kleinkopf et al. 1981, Love et al. 2005, Levy and Veilleux
2007). These specific requirements include factors such as critical photoperiod and environmental conditions,
whereas characteristics comprise aspects such as growth habit, tuber size distribution and maturity group (Ewing
and Struik 1992, Visser 2012). A study by Abbasi et al. (2009), for example, also showed significant differences in
medium and large tuber yields of cultivars Agria and Satina, which emphasises the fact that cultivars can differ in
their responses to production conditions.

The cultivar Lanorma generally produced a substantially higher yield of medium- and large-sized tubers, as well
as final total tuber yield, compared with BP1 and Eos. The timing of tuber initiation played a crucial role in Lanorma'’s
high marketable yield because this cultivar initiated most of its tubers within two weeks after emergence and
resorbed very few tubers later in the season. This extended the bulking period available for initiated tubers,
compared with the other cultivars, resulting in a higher proportion of medium and large tubers. Contrary to that,
BP1 initiated tubers continuously throughout the season, which shortened the bulking period for tubers that initiated
late in the season, and as a result, it produced a large proportion of small tubers. Final tuber yield, as well as
medium and large tuber yields, increased significantly from the lowest to the highest N rate. This was because the
highest (300 — 320 kg/ha N) and recommended (220 - 240 kg/ha N) N rate treatments were able to establish an
efficient canopy early in the season. There were sufficient N reserves available to maintain the canopy and also
ensure adequate bulking of the tubers. These results correspond with the studies of Arsenault et al. (2001) and
Zebarth et al. (2004), where a higher amount of N resulted in a higher final total tuber yield for cultivar Russet
Burbank, whereas the study by McPharlin and Lancaster (2010) showed the same effect, up to a certain N level.
When more N was applied, there was no further significant yield increase. Contrary to this, the lowest N rate
resulted in a reduction in photosynthesis and growth, and a reduction in leaf area, which delayed the production of
an efficient leaf canopy, resulting in lower light interception, which could thus not maintain growth and resulted in
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early senescence of the plant. The study by Rens et al. (2015) also indicated that under their specific trial
conditions, biomass accumulation decreased below an N rate of 112 kg/ha (low N rate).

Although the highest N level produced a large and efficient canopy early in the season, a lower harvest index was
achieved, which suggests that excessive canopy growth was stimulated at the expense of tuber development and
bulking. This corroborates the findings of Biemond and Vos (1992), Vos (1997), Alva (2004), and Abbasi et al.
(2009), as well as Peres et al. (2005), who generally reported significant decreases in Hl as N levels increased.
Although no statistical differences were observed between cultivars in their tuber yield responses to N treatments
(N rate and N timing), Lanorma tended to be less responsive to N, especially higher N application rates. This
observation confirms reports by potato growers that Lanorma requires lower N rates, as compared with the other
major potato cultivars.

Nitrogen timing influenced final tuber yield, as well as medium and large tuber yields, significantly, with the
treatment receiving 70 % N at planting plus 30 % after tuber initiation producing the highest final tuber yield for all
three cultivars, while the treatment receiving 50 % N at planting plus 50 % after Tl resulted in the second highest
final tuber yield. A tendency was thus observed that the highest N proportion at planting resulted in the highest
final tuber yield for medium- and large-sized tubers. Previous studies have also confirmed that a higher amount of
fertiliser early in the season resulted in a higher marketable yield (Zotarelli et al. 2015) and final total tuber yield
(Ojala et al. 1990), whereas Zotarelli et al. (2015) came to the conclusion that tuber yield does not increase with
an increase (above 56 kg/ha N) in N application during TI. Studies by Kunkel and Holstad (1971) and Ipenkwe et
al. (1974) also came to the conclusion that an adequate, early season N supply is important for supporting
vegetative growth, which has the ability to influence size distribution and final yield. A higher amount of N at planting
ensured a sufficient canopy cover throughout the season, which promoted optimum growth and tuber bulking.
Rens et al. (2015), who performed a study on a sandy silica soil and experienced large amounts of rain, also found
that an increase in N rate early in the season resulted in a quadratic increase in biomass. On the contrary, 30 % N
at planting plus a further 70 % of N after tuber initiation resulted in an initial inadequate canopy, which then caused
the stolons to die off before initiating tubers due to a deficiency in N reserves (Lovell and Booth 1969). These
findings agree with the study of Millard and MacKerron (1986) who also reported that an N deficiency early in the
season caused a reduction in photosynthesis and plant growth, and thus a reduction in leaf area, which leads to
early senescence of the plant. The plant therefore depleted most N reserves before the tubers could bulk
sufficiently. Similar studies by MacLean (1984), Westermann and Kleinkopf (1985), Westermann et al. (1994),
Millard and MacKerron (1986), Ojala et al. (1990), Porter and Sisson (1991a), Biemond and Vos (1992) and
McPharlin and Lancaster (2010) confirm these findings.

A large amount of N applied later in the season (70 % N after Tl), on the other hand, extended vegetative growth
and delayed maturity, resulting in poor skin set and affected SG negatively due to inadequate starch accumulation.
This relates to the findings by Ojala et al. (1990) who concluded that high amounts of N applied late in the season
resulted in the promotion of unnecessary vegetative growth, which also delayed tuber maturation. The reduction
observed when a large amount of N is applied late in the season was also confirmed by MacLean (1984),
Westermann and Kleinkopf (1985), Westermann et al. (1994), Ojala et al. (1990), Porter and Sisson (1991a),
Biemond and Vos (1992) and McPharlin and Lancaster (2010).

Concerning quality, cultivars had a highly significant effect on specific gravity (SG), with BP1 and Lanorma (which
did not significantly differ from each other) showing higher and more acceptable SGs than Eos. Previous studies,
such as those of Schark et al. (1956), and Werner et al. (1998), and McPharlin and Lancaster (2010), showed that
specific gravity is predominantly a cultivar characteristic, although factors such as climate, soil, and cultural
practices can also affect the SG. The highest N rate also extended the vegetative stage, thus delaying maturity
and consequently skin set as well as the accumulation of starch in the tubers, which reduced specific gravity,
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whereas hollow heart occurrence also increased. Findings in numerous studies, such as those by Teich and
Menzies (1964), Kunkel and Holstad (1971), MacLean (1984), Westermann and Kleinkopf (1985), Santerre et al.
(1986), Ojala et al. (1990), Porter and Sisson (1991a), Westermann et al. (1994), Belanger et al. (2002), Zebarth
et al. (2004) and McPharlin and Lancaster (2010), correspond with the findings of this study, where an increase in
N rate decreased SG.

Cultivar had a clear effect on chip colour, with BP1 showing significantly higher colour values compared with Eos,
whereas Lanorma did not differ significantly from either BP1 or Eos (Figure 5.20). Nitrogen management, on the
other hand, had no significant effect on chip colour, which corresponds with various other studies, such as those
of Kunkel and Holstad (1971), Kumar et al. (2004), and Zebarth et al. (2004). In the autumn season, no significant
differences in chip colours were recorded, but the same tendencies as in spring occurred. Hope et al (1960)
reported inconsistent results on reducing sugar content (and therefore chip colour) response to N management
and recommended that further studies be done. According to Kunkel and Holstad (1971), such variation in results
can be ascribed to variations in environmental conditions (climate), variety, fertiliser placement, and trial locations.

BP1 presented a significantly higher hollow heart occurrence, compared with Eos and Lanorma, while the latter
two cultivars did not differ significantly from each other. Hollow heart occurrence varies from cultivar to cultivar,
due to environmental conditions of the specific site as well as agricultural aspects (Rex and Mazza 1989, McPharlin
and Lancaster 2010). Moreover, BP1 is known to be prone to the development of disorders such as hollow heart
(according to Visser 2012). From the results, it is thus clear that Eos and Lanorma are not very susceptible to
hollow heart defects. Hollow heart occurrence increased with increases in the N rate for all three cultivars, as it
caused the tubers to grow very fast, causing tissues to rupture, which resulted in hollow heart cavities. The same
was reported for the studies of Kalio (1960) and Porter and Sisson (1991a). A high proportion of N (70 %) N after
tuber initiation also caused the tubers to grow very fast, resulting in an increase in hollow heart occurrence. Hollow
heart is known to develop when excessive N is applied in mid- to late-season (between the tuber initiation stage
and when the tubers reach a mass of about 60g). This corresponds with the findings of Rex and Mazza (1989),
McPharlin and Lancaster (2010), Theron and Pieterse (2012), and Rens et al. (2015).

Nitrogen content in each potato tuber zone (skin, medullary tissue and pith) increased significantly as the N rate
increased. It is believed that the N content increase can be attributed to the higher amount of N present in the soil
for the higher N treatments. The study by Olsen et al. (1996) reported the same reaction, but for the element Ca.
Nitrogen application timing treatments did not affect accumulation of N in the tuber.

An increasing N rate showed a tendency for the residual soil NOs- and NH4* contents to increase during the spring
season (Figure 5.26). The same tendency was observed in autumn, when the highest N rate resulted in significantly
higher soil N reserves than did the lowest and recommended N rates. This corroborates the findings of Jiang et al.
(2012) and Zotarelli et al. (2014). The highest N rate thus resulted in large amounts of residual N in the soil that
the plants did not utilise, which increases the risk for leaching and increases input costs.

The influence of N timing on residual N present in the soil varied between seasons. Nitrogen timing in the spring
trial showed no significant differences in residual soil N in the form of NH4* and NO5 after final harvest. In the
autumn season, on the other hand, the treatment with 30 % N at planting plus 70 % N after tuber initiation resulted
in higher NOs- and NH4* levels in the soil, compared with the other two N timings. The variations between seasons
could be the result of variation in climatic conditions, which may have influenced N mineralisation, N uptake and N
losses. Zotarelli et al. (2015) also observed a higher residual soil N when a large amount (above 65 kg/ha N) of N
was applied at TI. Zotarelli et al. (2015) furthermore experienced that environmental conditions, such as climate,
play an important role in N treatment performance. The autumn trial experienced high rainfall after planting, which
was followed by long periods of overcast conditions and low radiation levels. After this, the weather conditions
changed to the other extreme, with extremely dry, hot conditions prevailing thereafter. The plants struggled to
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adapt to this sudden change in environmental conditions, and as a result, they never reached their full potential,
whereas the spring trial experienced reasonably optimal climatic conditions and thus could utilise more N. Rens et
al. (2015) also experienced large amounts of rain during 2010, which caused inaccessibility to some farms and
their trial was thus also planted later than planned, which extended growth into periods of unfavourable weather
conditions. This resulted in reduced plant growth and vigour, as well as a reduction in biomass (Rens et al. 2015).
In addition, this explains the observation that the spring trial had a lower amount of residual N in the soil after
harvest, compared with the autumn season

Nitrogen use efficiency decreased significantly with an increase in N level, in combination with an increase in the
amount of N applied at Tl (70 % N after Tl). On the contrary, a decrease in N level, in combination with an increase
in the amount of N applied at planting (70 % at planting), resulted in the highest NUE. Westermann and Kleinkopf
(1985) and Zebarth et al. (2004) also concluded that NUE decreased curvilineal with increasing N level, whereas
Zotarelli et al. (2015) and Westermann and Kleinkopf (1985) reported that a higher N rate applied at tuber initiation
negatively affected NUE.

The influence of N rate treatments as discussed above can be summarised in short as follows: the lowest N rate
negatively influenced stolon number, TI, size distribution, and final total tuber yield, whereas the highest N rate
stimulated canopy growth at the expense of tuber development and growth, and also delayed maturity, which
subsequently affected quality negatively. The recommended N rate for this specific soil (R2) thus performed best
and was consistent for all three cultivars. The potato growth and yield responses to N level are summarised in
Table 7.1.

Table 7.1: Summarised influence of N rate on the potato plant, tuber yield and quality.

No effect

4 =increase in parameter

§ =decrease in parameter
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The N timing treatment that received 30 % at planting plus 70 % after Tl (T1) negatively influenced stolon number,
Tl, size distribution, and final total tuber yield. A large amount of N applied late in the season (70 %) also delayed
maturity, resulting in lower tuber quality. The recommended timing treatment for the specific soil of 70 % N at
planting and 30 % after TI performed best for all three cultivars. The potato growth and yield responses to N
application timing are summarised in Table 7.2.

Table 7.2: Summarised influence of N timing on the potato plant, tuber yield and quality.

No effect No effec_t

No effect
Depends on season/ environmental conditions

* 4 =increase in parameter

* § =decrease in parameter
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7.2 Conclusions

In conclusion, the recommended N rate for this soil type (220 — 240 kg/ha N), split into 70 % at planting and a
further 30 % after tuber initiation, was, in general, the best N treatment combination for all three cultivars, ensuring
high vyields, optimal tuber size distribution, and acceptable tuber quality. Although cultivars reacted slightly
differently to N management, the recommended guidelines still apply to all of them. It can therefore be concluded
that these findings confirm that the current N rate and timing guidelines (Steyn and Du Plessis 2012) do still apply
to these two newer cultivars.

This study focused only on three cultivars and one soil type. This presents an opportunity for further research to
explore how the tuber initiation, growth and yield of other new cultivars would react to N management in other soil
types. The results of this research have improved our understanding of how N management (including rate and
timing) can be manipulated so that producers can achieve maximum yields of desirable tuber size distribution and
quality for specific cultivars.
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APPENDICES

Appendix A: Nitrogen % (in the form of ammonium and nitrate) in the soil, before planting

Figure A1: Experimental field trial layout for the spring and autumn season

16.2m
REP 1 >
g.; & o g
2 > = =2
Xi sl = =
. E
o

o
0

m

DEE
>
byl

REP 2

REP 2

c2
16.2m
RIT3

R2T1

cl
5.4m
R2T2
RIT2
i ‘ RIT3
R3T1

—_ o~
= S| [e|l8& g
-
3
59m
.5m _Im
o || = = o - ©
o 13E | I S g || &
XD - g -
| — — o~ P
[ @ 203 | & 58| 5| E g
REP 3 (@]xC = 2 o = o
5| |8 = || E || B 2 5
Treatments
T Spring frial |Autumn trial
L ‘ MEEE ;-_,lz oo s e R1 |160 kg/ha N[140 kg/ha N
TE|| == ;%ggg 22 R2 240 kg/ha N|220 kg/ha N
; = | R3 [320 kg/ha N [300 kg/ha N
=z T1 30% at planting
XA = ._’ 12 50% at planfing
13 70% at planting
Cl1 Bp1
c2 Eos
v c3 Lanorma
[ Eos
X Lanorma
Figure A1: Overall experimental field layout for the spring and autumn season.
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Appendix B: Weather conditions throughout the trials
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Figure B1: Monthly weather conditions during the spring season
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Figure B2: Monthly weather conditions during the autumn season
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