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Abstract of a thesis submitted in partial fulfilment of the requirements for a degree of 

Doctor of Philosophy 

By 

Juliano Salgado de Oliveira 

Abstract	

Growth and development of potato (Solanum tuberosum L.) crops after different cool 

season storage. 

Tuber yield variation has been attributed to seed potato physiological age in numerous 

studies on potato. Seed potato physiological age has been defined as the developmental 

stage of a seed potato, or physiological state which influences production capacity and 

causes major impacts on potato yields. Physiological age is reportedly determined by 

genotype, chronological age and environmental conditions (especially temperature) during 

the storage phase. The temperature sum (or thermal-time) accumulated by the seed potato 

during the storage period can been used as a measure of physiological age. Manipulating 

seed potato physiological age may be an effective method to alter tuber yield and yield 

distribution for many cultivars. One important way to manipulate physiological age is to 

expose the seed potatoes to different temperature regimes during the storage phase. 

Therefore, an assumption of this study is that physiological age can be measured through 

quantification of accumulated thermal-time through development processes, from harvest 

to planting. These, in turn, are then expected to impact potato yield and size (or the grade 

size of each potato, which determines the yield size distribution). The rationale of the 

research is that contrasting seed potato storage regimes will provide different physiological 

ages at the time of planting. This may affect crop growth and development in the field and 

potentially affect tuber yield and yield distribution for different cultivars. The hypothesis 

to do this is; if seed potato physiological age is an important source of yield variation it 

must impact on at least one of the parameters of yield; i.e. cumulative amount of radiation 

intercepted by the canopy (Rcum), radiation use efficiency (RUE) or partitioning (harvest 

index; HI). 

First, a field experiment (Experiment 1, or Benchmark experiment) under non-limiting 

growth conditions benchmarked the mechanisms of potato growth, development, yield and 

yield distribution for three commercial cultivars (‘Bondi’, ‘Fraser’ and ‘Russet Burbank’). 
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In New Zealand, ‘Bondi’ has high yield ability, which interests growers. However tubers 

may be too long, which is a complaint of processors. ‘Fraser’ has excellent long-term 

storage attributes with resistance to cool temperature sweetening. However, the difficulty 

of getting high tuber yields is seen as a disadvantage by the potato growers. ‘Russet 

Burbank’ was included in Experiment 1 to benchmark results internationally because is 

used worldwide as the standard for French fries and consequently there is extensive 

scientific literature about this cultivar. 

The objective of Experiment 2 was to generate ‘Bondi’ and ‘Fraser’ seed potatoes of 

different physiological ages from contrasting storage regimes (treatments). At the end of 

storage the seed potatoes from the different treatments had accumulated 972 and 2249 °Cd 

and their sprouting patterns were assessed for differences. Half of the potatoes of each 

treatment had any developing sprouts removed before planting, which added two 

agronomic treatments; (i) seed potatoes planted with sprouts (‘Sprouts on’) and (ii) de-

sprouted potatoes (‘Sprouts off’). A second field experiment (Experiment 3) assessed crop 

growth and development from these seed potatoes. 

To formalise the effects of physiological age on the establishment phase of ‘Bondi’ and 

‘Fraser’, and quantify the effects of seed potato physiological age on seed potato “vigour” 

a wider range of storage temperature was artificially produced in Experiments 4 and 5. 

These potatoes were then planted at a constant temperature environment on six different 

dates (Experiment 4) and in a single late field planting (Experiment 5). 

In Experiment 1 ‘Bondi’ had the largest tuber fresh weight yield (66 t ha-1), which was 

20% higher than ‘Fraser’. Yield differences among cultivars were explained by differences 

in radiation use efficiency (RUE), because the spatial and temporal patterns of canopy 

development were similar for all cultivars. This resulted in similar amounts of radiation 

intercepted at the time of 95% final tuber yield (~1400 °Cd from emergence). ‘Fraser’ had 

the lowest rate of canopy senescence, lowest harvest index (HI), produced thicker leaves 

(lowest specific leaf area) and maintained higher leaf DM at the end of the season. This 

cultivar also grew longer stolons on the below-ground stem nodes and had the latest tuber 

initiation and bulking. 

The storage treatments applied in Experiment 2 resulted in seed potatoes with different 

sprouting patterns (physiological ages) at the end of the storage period. The potatoes from 
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a three month warm up sprouted earlier, produced longer sprouts with more nodes and 

higher sprout dry matter than a one month warm up. 

In Experiment 3 total tuber yield and number were unaffected by any of the storage or de-

sprouting treatments applied in Experiment 2. The lack of any yield differences reflected a 

stable pattern of R/Ro, RUE and HI found for ‘Bondi’ and ‘Fraser’. However, the seed 

potatoes planted with ‘Sprouts on’ shifted the yield distribution towards larger grades. 

Measurements of individual leaves on the main stems of ‘Bondi’ and ‘Fraser’ indicated 

that the rate of leaf appearance was not constant during canopy expansion and was 

controlled by competition with the below-ground tubers. 

Experiment 4 showed that prolonged storage of tubers at 20 °C temperatures reduced the 

seed potato “vigour” of late plantings. Nevertheless, for the October planting (commercial 

planting time in Canterbury, New Zealand) crop establishment was unaffected regardless 

of whether tubers had accumulated 200 °Cd or 2000 °Cd during storage. The late field 

planting in ‘Experiment 5’ confirmed the plasticity in storability of ‘Bondi’ and ‘Fraser’ 

seed potatoes. 

It is concluded that seed potato physiological age produced from different thermal regimes 

during the storage phase, was unimportant for the production of ‘Bondi’ and ‘Fraser’ in 

Canterbury. Tuber yield and yield distribution were unaffected by the seed potato 

physiological age and this reflected a similar pattern of Rcum, RUE and HI among the 

different age treatments. This represents an opportunity for grower to choose more 

economical ways of storing seed potatoes in temperate areas. Under non limiting 

conditions for crop growth, RUE was identified as crucial component of potato yield 

among different cultivars and may be included as breeding criteria for higher tuber yields 

and calibrated on a cultivar basis in potato simulation models. 

 

Keywords: growth and development, harvest index, physiological age, radiation 

interceptance, radiation use efficiency, seed potato storage, seed potato “vigour”, specific 

leaf area, stolon length, tuber distribution, tuber yield. 
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1 General	Introduction	
 

1.1 Potato industry overview 
The potato (Solanum tuberosum L.) is the world`s fourth most important crop in total 

production (Hawkes, 1994). It is grown and eaten in more countries than any other crop 

(Jackson, 1999). 

In New Zealand around 10500 ha of farmland is used to grow potatoes, which represents 

the largest area dedicated to a single vegetable crop. Within this area 3500 ha are grown 

for the table, 5600 ha for processing into other potato products and 1200 ha as seed 

potatoes (Potatoes New Zealand, 2014). 

There are over 200 potato growers in New Zealand and around 50 potato cultivars used 

(Potatoes New Zealand, 2014). These potato cultivars must be able to provide high quality 

yields as early as possible to be economically competitive (Eremeev et al., 2008). 

However, low potato yields and inadequate quality (e.g. yield distribution) are major 

production constraints for some of these cultivars. This represents a practical issue. The 

physiological origins of such constraints are usually unclear in potato breeding programs. 

 

1.2 Physiology of yield 
The first step to optimise tuber yield and quality is to understand crop responses to 

environmental and management factors. For a crop free of pests and diseases, weather is 

the primary determinant of crop yield (Monteith, 2000). In addition, when crops are grown 

in non limiting moisture, temperature and nutrient conditions, yield responds linearly to 

the amount of solar radiation intercepted (Monteith, 1977; Allen and Scott, 1980). This 

concept has allowed crop physiologists to describe yield based on three components 

(Jamieson et al., 2004; Hay and Porter, 2006) as shown in Equation 1. 

 

Equation 1     Y = ∫ 
t

em

 (Ro   R/Ro   RUE) HI 
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Where Y is the tuber yield, Ro is the daily incident solar radiation received, R/Ro is the 

daily fraction of Ro which is intercepted by the canopy (or radiation interceptance), RUE is 

the overall photosynthetic efficiency of the crop (i.e. the efficiency of conversion of 

radiant to chemical potential energy), HI is the fraction of the dry matter produced which 

is allocated to the harvested parts and em is the value of t at emergence. 

For potato crops, the hypothesis is that the determinants of yield in Equation 1 depend on 

the physiological age of the seed potato planted. This can be defined as the developmental 

stage of a seed potato and has been extensively identified as a key variable of potato crop 

growth, development and yield (Bodlaender and Marinus, 1987; Hartmans and Van Loon, 

1987; Van Der Zaag and Van Loon, 1987; Van Loon, 1987). Indeed, tuber yield variation 

has been attributed to seed potato physiological age (PA) in numerous studies on potato. 

Nevertheless, its impacts on the parameters described in Equation 1 are unknown or 

insufficiently quantified. This has impaired the inclusion of physiological age in potato 

modelling approaches. The hypothesis is that seed potato physiological age is an important 

source of potato yield variation and must impact at least one of the parameters of yield 

presented in Equation 1. 

 

1.3 Seed potato physiological age and storage strategies 
Differences in physiological age of seed potato influences yield parameters such as date of 

emergence, stem numbers, canopy growth pattern, maturity date, total tuber yield and 

tuber size distribution (Christiansen et al., 2006). Generally, physiologically young 

potatoes are recommended for long growing seasons because seed potatoes emerge later, 

but produce larger canopies with longer duration, intercept more radiation and yield more 

than physiologically older seed potatoes (Struik and Wiersema, 1999). Conversely, 

physiologically older seed potatoes emerge and initiate tubers earlier than young seed 

potatoes but produce plants with smaller maximum leaf areas and earlier canopy 

senescence (Van Der Zaag and Van Loon, 1987). For this reason physiologically older 

seed potatoes are recommended for short growing seasons or in cases where potatoes are 

produced for seed or an early fresh market, when prices are higher. 

Seed potato physiological age is reportedly mainly influenced by storage duration and the 

temperature experienced during this phase, but the responses are determined by genotype 
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(Struik and Wiersema, 1999). Therefore, physiological age can be quantified as the 

thermal-time accumulated from harvest to planting. The gradual increase in accumulated 

thermal-time by the seed potato during the storage period, results in progressively ‘older’ 

seed. In Canterbury, New Zealand, seed potatoes of main crop cultivars are generally 

stored within a few weeks after harvest (March) in a cool store and then allowed a warmer 

period of less than a month outside the cooler (2 - 4 °C) before they are planted in the field 

(mid October). This is based on a conventional standard practice that has been imported 

from USA and Canada. However, there is currently a lack of knowledge on how these 

storage practices affect the seed potato physiological age of different potato cultivars and 

whether they influence tuber yield and distribution. 

An assumption of this study is that, impacts on physiological age can be assessed through 

quantification of accumulated thermal-time through development processes, from harvest 

to planting. These, in turn, are then expected to affect potato tuber yield and size. The 

hypothesis is that seed potato storage regimes will provide different physiological ages at 

the time of planting. The possibility to change crop growth and development in the field 

from these seed potatoes, and potentially improve yield and yield distribution for different 

cultivars (i.e. current practical issue for some cultivars grown in New Zealand) will be 

tested. This includes any impact of seed potato physiological age on the parameters of 

yield described in Equation 1. The results will allow best storage strategies to be 

implemented, on a cultivar basis, to improve tuber yield and yield distribution. 

Incorporation of the results to potato simulation models may aid prediction storage 

treatment on these variables. 

 

1.4 Aims and objectives 
The principal aim of this research presented is to investigate the response of crop growth 

and development to seed potato physiological age and quantify any impact on tuber yield 

and yield distribution. 

The thesis is presented in nine chapters (Figure 1.1). Chapter 2 reviews relevant literature 

for the mechanisms driving potato growth, development, tuber yield and yield distribution. 

It reports the literature on seed potato physiological age and its impact on potato growth 

and development. The description of site, experimental and agronomic details, including 

long term and seasonal weather data, crop husbandry and radiation interceptance 
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measurements, is given in Chapter 3 for two main field experiments. In addition, five 

results chapters are presented to explore the objectives of this thesis. 

Objective 1: to quantify the mechanisms of potato crop yield and grade distribution 

(Chapter 4). In this chapter detailed measurements of plant growth and development, yield 

and yield distribution are reported for three cultivars. These results form the benchmark for 

crop growth and development to which potatoes crops grown at different physiological 

ages are compared in later chapters.  

Objective 2: to generate seed potatoes of different physiological ages from contrasting 

storage regimes (Chapter 5). This chapter describes the influence of different storage 

practices on the development of seed dormancy break and subsequent sprout growth and 

development. This experiment creates seed potatoes of different physiological age to 

assess in the field. 

Objective 3: to assess the influence of different seed potato storage regimes on crop 

growth, development, yield and distribution (Chapters 6 and 7). Tuber yield and yield 

distributions from the different storage regimes (Chapter 5) are described in Chapter 6. 

Chapter 7 investigates the effects of the seed potato storage regimes on the patterns of 

canopy development for radiation interceptance (R/Ro) and radiation use efficiency (RUE) 

from the different physiologically aged seed potatoes. Results are compared with those 

obtained from the more detailed repeated measurements benchmarked in Chapter 4. 

Objective 4: to quantify the effects of seed potato physiological age on seed potato 

“vigour” (Chapter 8). This chapter formalises the effects of storage duration and 

temperature on seed potato physiological age and “vigour”. To do that, a wider range of 

seed potato physiological age than developed in Chapter 5 is thermally produced to 

determine the thresholds of “vigour”. 

Finally, Chapter 9 provides a general discussion of the agronomic implications of the 

findings. In addition, it discusses the physiological aspects of key results and their 

relevance for potato crop modelling, and breeding.  
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1.5 Thesis structure 
 

 

Figure 1.1 Outline of thesis structure and main topics dealt with in each results chapter. 
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2 Literature	Review	
This chapter reviews the current literature on potato crop growth and development. It starts 

reviewing simulation modelling approaches in potato studies. This helps to portray the 

overall view of this research and to understand some key variables for analysis in this 

thesis. Later the mechanisms driving tuber yield and yield distribution are described and 

quantified in response to environmental factors. Concomitantly, the response of these 

mechanisms to seed potato physiological age is investigated. Finally it describes the data 

required to potentially improve simulation modelling of potato crops. 

 

2.1 Potato simulation modelling 
Simulation models of crop production enable the quantitative description of environmental 

effects on plant physiological processes (Hay and Porter, 2006). In addition they deliver a 

comprehensive framework of all processes, their mutual dependence and interrelations 

(Haverkort, 2007). 

The construction of a potato crop model can vary in the level of complexity, ranging from 

simple data-orientated models to complex process-oriented ones. Most of the recent potato 

models use a mechanistic approach. They are based on components of crop growth and 

development integrated in time (dynamic models) to describe crop performance. 

The growth of a crop is best described by considering its development to occur in distinct 

phases (MacKerron and Waister, 1985). Therefore, a common approach to modelling 

crops is to segment the process of crop growth and development in discrete periods in 

which structure and the size of mass of specific organs changes (Squire, 1990). This 

concept has been adopted in potato model approaches (Griffin et al., 1993; Kooman and 

Haverkort, 1995; Kooman et al., 1996b; Streck et al., 2007a).  

Kooman and Haverkort (1995), for example, used a relative timescale to describe the crop 

development or crop ontogeny (age). They divided the length of the growth cycle in four 

phases each starting and ending by a characteristic stage of crop development (Figure 2.1). 

At planting (Phase 0) the rate of sprout growth is solely determined by temperature 

accumulation. At crop emergence (start of Phase 1) foliar expansion is linearly related to 

temperature. Phase 1 finishes at tuber initiation. Phase 2 is from tuber initiation until the 
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end of leaf growth. In Phase 2 leaves compete with the tuber for assimilate. The beginning 

of Phase 3 coincides with the moment when 90% of assimilates produced daily are 

partitioned to tubers. However, during Phase 3 all assimilates are partitioned to the below-

ground tubers. The end of this phase characterizes the end of crop growth. 

The development of the crop canopy for radiation interceptance and daily partitioning of 

dry matter to tubers is described concomitantly for these phenological phases. 

 

 
Figure 2.1 Schematic representation of radiation interceptance (R/Ro) and the fraction of the 

daily assimilate that is partitioned to the tubers (ftub) from planting (PL) to 
emergence (EM), the start of tuber growth (Tbulking), the moment that leaf 
expansion ceases (EL) until the end of crop growth (EC). Redrawn from Kooman 
and Haverkort (1995). 

 

Accurate prediction of the time of each of these phases is essential to the prediction of 

physiological responses under different field conditions (Hodges, 1991c). Moreover, 

temperature is used as the main driver of potato crop development in a number of potato 

models (Wolf and Van Oijen, 2003). 

In this thesis a similar framework will be used to estimate the stages of crop development 

measured in cumulative thermal-time calculated from crop emergence. A thermal-time 

scale will be used to estimate the time of individual phases (emergence, tuber initiation, 

end of leaf growth and end of crop growth). Similarly to Figure 2.1, radiation interceptance 

0.0
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Figure removed for copyright compliance 
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will be estimated using a three phase model. This approach results in a more mechanistic 

description of the processes involved in the formation of yield in potatoes. 

 

2.2 Simulation models for potato yield prediction 
Potato crop growth and tuber dry matter production have been linked to the duration of its 

growth cycle, which depends on climate, cultivar and crop management (Kooman et al., 

1996a, 1996b). Therefore, assuming optimum crop management (e.g. soil moisture, 

nutrients, disease control) differences in tuber dry matter (DM) yield between cultivars can 

be explained by differences in the amount of accumulated radiation intercepted, the 

utilization coefficient of foliage followed by dry matter distribution within the plant (Van 

Der Zaag and Doornbos, 1987). 

Indeed, the amount of radiation intercepted by a crop and the radiation use efficiency 

(RUE) are a useful basis for investigating, or predicting, yield variation (Monteith, 1977). 

From this concept, a simple model to express potato dry matter growth has been reported 

(Section 1.2; Equation 1). The integration of the components described in Equation 1 over 

time allows the description of yield accumulation changes in terms of plant development 

processes. The physiological importance of this is described in the following sections. 

In this thesis the components of yield described in Equation 1 are explored for different 

cultivars. 

 

2.3 Potato crop growth and development 
Development and growth are related processes in plants. However they are also 

independent processes per se and may not occur simultaneously. Growth refers to an 

irreversible increase in organ mass, area, volume, height or diameter. Development refers 

to meristematic cell differentiation, organ initiation and appearance, and extends to crop 

senescence (Hodges, 1991b). It comprises morphological and phenological aspects 

(Ritchie, 1991). Morphology refers to the beginning and ending of various plant organs 

with the plant life cycle (Tsuji et al., 1998). It involves the appearance, expansion and 

duration of organs (i.e. leaf, stem, branches and tubers). This promotes changes in crop 

dimensions which influence growth potential through effects on R/Ro (Brown, 2004). 
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Phenological development embraces the concept of chronology and crop maturity changes 

through growth/reproductive cycles (Brown, 2004). It involves changes in the stages of 

growth and is associated with major changes in biomass partitioning patterns (Tsuji et al., 

1998). 

For potatoes the phenological development is particularly important for describing the 

ontogeny of the crop. It can progress from one crop generation (e.g. dormant seed potato 

initiated in one crop) to the next (e.g. senescence of the mature crop). 

 

2.3.1 Factors driving potato crop development 

Temperature has been described as the primarily factor driving plant morphological and 

phenological development (Hodges, 1991a). Other factors including daylength and water 

stress may delay development in some plants. 

In potato, phenological development is mainly driven by accumulated temperature and 

modified by photoperiod (Ewing and Struik, 1992). 

 

2.3.1.1 Thermal-time 

The relationship between developmental events and air temperature to predict phenology 

was first described by Reaumur (1735). From his initial concept of heat units a broader 

concept of thermal-time (Tt) has appeared. Tt may be divided in two components. 1) the 

integral, or accumulation, of temperature over a period of time and 2) use of this integral in 

a temperature response function. Based on this, Tt has been calculated using different 

approaches. In its most basic form Tt is simply described as a linear function of 

temperature accumulation. This concept has serious limitations because it discounts 

enzymatic activity in plant development. At lower temperatures, for example, the enzyme 

protein is insufficiently flexible to establish the conformation required for the reaction. At 

higher temperatures the enzymes coagulate and the reaction catalyse is impaired 

(Bonhomme, 2000b). A solution to this is to use three ‘cardinal’ temperatures (Figure 2.2). 

This defines a base (Tb) and a maximum temperature threshold below and above which no 

development occurs. In addition an optimum temperature marks where developmental rate 

is maximal. In the Tt approach with three ‘cardinal’ temperatures, development rates and 
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daily mean temperatures (Tmean) conform to a linear relationship (Muchow and Bellamy, 

1991). 

 

Figure 2.2 Schematic representation of the ‘cardinal’ temperatures using a Tb of 4 °C an optimum 
of 25 °C and a maximum of 30 °C. 

 

In fact this is a simplistic and convenient description of the actual parabolic response of 

enzyme activity to temperature (Bonhomme, 2000b). Moreover the simple thermal-time 

equations ignore other facts such as thermo-periodicity and day length effects on 

development (Hodges, 1991a). For these reasons it may be preferable to use hourly time 

steps in the calculation of temperature instead of daily time steps to calculate Tt (Soltani 

and Sinclair, 2012).  

The optimum development rate of potato has been reported to be within the range of 14 

and 22 °C (Yamaguchi et al., 1964; Marinus and Bodlaender, 1975; Sands et al., 1979). 

The minimum and maximum have been described as ~2 °C and 30 °C (Van Keulen and 

Stol, 1995), respectively. However, for a series of potato experiments in New Zealand 

minimum, optimum and maximum temperatures of 4, 25 and 30 °C, respectively, are used 

(Brown, H. E. personal communication).  

In practice, during the potato growing season Tb has little influence on the precision of the 

developmental stages because average temperatures are usually well above the threshold 

temperature (Bonhomme, 2000b). 

In this thesis a sensitivity analysis will be performed on the rate of leaf appearance 

(phyllochron; Section 7.3.1) to determine the most appropriate base temperature for the Tt 
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calculations. This is because phyllochron was the most extensive variable measured in this 

study and the least sensitive to non-developmental factors. 

 

2.4 Incident radiation 
Of the spectrum radiation incident at the surface of the earth, only the visible solar 

radiation (~400 - 700 nm) is of interest for plant ecophysiologists (Jones et al., 2003). This 

is because plant photosynthesis is driven primarily by visible light that is absorbed by 

pigment molecules (mainly chlorophyll a and b and carotenoids). This waveband is 

referred to as photosynthetically active radiation (PAR) (McCree, 1971). 

According to Monteith and Unsworth (1990), of the total solar radiation received, 

approximately half is PAR. On this basis most potato researches have used the fraction of 

~1:0.5 to describe total radiation intercepted over PAR; e.g. 0.5, (Van Delden et al. (2001); 

Yuan and Bland, 2004) and 0.45, Marinque et al. (1991). 

 

2.5 Canopy ground cover and radiation interceptance (R/Ro) 
Total DM accumulation is directly proportional to the total amount of intercepted radiation 

in many crops, including potato (Allen and Scott, 1980). Caldiz (2000), for example, 

showed that tuber yield was closely related to canopy ground cover duration across 

different potato cultivars and seasons, between 1991 and 1994, in Argentina. 

The radiation interceptance (R/Ro) can be calculated as a direct measure of the fraction of 

ground covered by the crop canopy (Vos, 1995b). For example, van Oijen (1991a) 

suggested that the cumulative amount of radiation intercepted over the growing season can 

be calculated using a linear interpolation of weekly radiation interceptance, assuming the 

percentage light interception to be equal to the percentage of radiation interceptance. Later, 

empirical functions may be used to quantify the radiation intercepted over the season and 

analyse the radiation interceptance in terms of the function parameters (Kooman et al., 

1996a). 
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2.5.1 Field measurement of radiation interceptance 

There are a number of methods and instruments to directly measure canopy radiation 

interceptance in the field. In potato research, non-destructive methods commonly used 

include grids, ceptometers and solarimeters. 

There are some advantages in the use of grids to measure percentage of radiation 

interceptance (Burstall and Harris, 1983). These include precision and relatively low cost. 

However, this is a labour intensive method particularly in field experiments with many 

plots. 

The ceptometer is composed of a probe that measures the transmitted PAR flux beneath 

the canopy and a beam fraction sensor that measures PAR incident on the canopy at the 

same time. From this the direct and diffuse components of PAR can be separated (Climent, 

2012). 

A more robust method is to use tube solarimeters to log data at hourly intervals; e.g. 

Muchow and Davis (1988). This method successively integrates diurnal changes in R/Ro. 

However, these instruments are costly which limits their widespread use across a number 

of treatments and replicated plots within an experiment. In addition, solarimeters do not 

distinguish between living leaves and other material (Burstall and Harris, 1983). Thus, this 

instrument seems inadequate to estimate green canopy, or radiation interceptance and time 

of canopy senescence. 

An alternative is a Multispectral Radiometer. These estimate radiation interceptance based 

on contrasting reflectance in the visible (red) and near-infrared waveband (Gamon et al., 

1995). Reflectance at these two wavelengths is then combined to the Normalized 

Difference Vegetation Index (NDVI) to predict crop radiation interceptance (Tucker and 

Sellers, 1986). NDVI is expressed as the equation: 

 
Equation 2     NDVI = (NIR - VIS) / (NIR + VIS) 
 

Where NIR is the near infra-red wavelength (750 - 850 nm) reflected by leaf tissue and 

VIS is the radiation absorption in the visible (VIS) wavelengths (400 - 700 nm) by 

chlorophyll and associated pigments (Curran, 1981). R/Ro expressed in this form ensures 

that only the green (chlorophyll tissues) area of canopy ground cover is estimated. 
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NDVI is one the most extensive vegetation indices used in the world (Ramsey et al., 

2004). It has been used extensively to measure the state of canopy vegetation over many 

spatial and temporal resolutions (Huete and Liu, 1994; Leprieur et al., 2000). Gamon et al. 

(1995), for example, successfully estimated radiation interceptance of many grasses, 

shrubs and trees using the NDVI method. However, this method has not yet been widely 

adopted in potato research to measure radiation interceptance. 

Radiation interceptance will be indirectly measured in this thesis using a Multispectral 

Radiometer and its relationship with NDVI. 

 

2.6 Canopy components 
The interception of light by the crop canopy described earlier depends on the dynamic of 

crop canopy formation. This may be expressed at the individual leaf expansion level or at 

the canopy expansion level, as an overall increase in leaf area. At the canopy level, 

expansion and senescence are usually related to the leaf area index (leaf surface per unit 

soil surface; LAI). LAI is then expressed as a direct function of the total number of leaves 

or duration of the period of vegetative growth. In contrast, in the individual leaf expansion 

level the canopy expansion is associated to individual leaf area changes. This allows a 

mechanistic description of the canopy based on the explicit relationship with its lower 

level attributes. This seems an appropriate approach considering that potato canopy 

development is largely influenced by processes that involve individual leaf appearance, 

expansion and lateral branch development (Vos, 1995a; Fleisher and Timlin, 2006). 

 

2.6.1 Primary leaf appearance rate and phyllochron 

The appearance of leaves determines the rate at which the potato crop obtains maximum 

LAI. Temperature is a major environmental factor that drives leaf appearance in potato 

plants (Vos and Biemond, 1992; Cao and Tibbitts, 1995). Thus, a common approach to 

predict the appearance of successive leaves; e.g. potato leaves > 5 mm of length; (Vos and 

Biemond (1992); Fleisher et al., 2011), is to calculate the phyllochron. This is defined as 

the time interval between the appearance of successive leaf tips (Klepper et al., 1982). It is 

usually estimated by the inverse of the slope of the linear regression of the number of 

leaves against accumulated Tt (°Cd) for potatoes (Streck et al., 2007b). 
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The rate of leaf appearance per °Cd (or phyllochron; °Cd leaf-1) on a potato crop ranges in 

the literature. While a value of 30 °Cd leaf-1 (Tb=0 °C) was found for ‘Vebeca’ (Vos and 

van der Putten, 1998) and for ‘Bintje’ (Vos and Biemond, 1992), a much lower 

phyllochron (~18.4 °Cd leaf-1; Tb=0 °C) was estimated for ‘Asterix’ (Streck et al., 2007b). 

Moreover, Firman et al. (1995) studied the rate of leaf appearance of six different cultivars 

in the UK between 1985 and 1990. Different rates of leaf appearance were found among 

cultivars with 30.5 °Cd leaf-1 for Maris Piper and 36.6 °Cd leaf-1 for ‘Home Guard’; Tb=0 

°C. 

Vos (1995a) suggested that differences among genotypes in the rate of leaf appearance are 

small. According to Jamieson et al. (1995), phyllochron may not be constant through the 

whole period of plant growth. In this case, using two or more values of phyllochron might 

be necessary to describe the rate of leaf appearance in an individual plant (Soltani and 

Sinclair, 2012). Brown et al. (2011) used this approach to model potatoes. In their model 

phyllochron increase from a value of 5 °Cd leaf-1 for the first leaf increasing to 30 °Cd 

leaf-1 for leaves 5 - 25 and then to 60 °Cd leaf-1 from leaves 25 - 34. 

In this thesis the rate of phyllochron on the main stem will be calculated for three cultivars. 

 

2.6.2 Leaf expansion and maximum leaf area 

During the expansion phase, the leaf imports carbon and nitrogen and undergoes rapid 

protein synthesis until its full capacity to photosynthesize is reached (Buchanan-Wollaston, 

1997). To explain the leaf expansion process it is convenient to separate the processes of 

cell division and cell expansion. The first process involves the production of new cell 

material. In the second process the cell turgor is the driving force for cell expansion (Dale, 

1988). The same author suggested that leaf cell size can vary widely depending upon 

ontogenetic factors and the environment (i.e. temperature, radiation, water). Fleisher and 

Timlin (2006) showed that cell division and expansion have a curvilinear response to a 

range of temperatures (being optimum at ~27 °C). Nutrient status may also affect leaf 

growth through the effect of cell division and expansion. However, in most instances it is 

unclear which of these factors are actually responsible for driving leaf growth (Basra, 

1994). 
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In crop studies, potential maximum leaf size may be analysed in terms of expansion 

duration or rate. These parameters are both believed to be affected by temperature in 

potato plants (Vos, 1995a). In crops like maize and sorghum, maximum leaf area is larger 

the longer the duration of expansion (Kiniry et al., 1991). However, potato plants are 

generally indeterminate (Vos and Biemond, 1992) and the duration of expansion is not a 

reliable predictor of final individual leaf area. Instead, maximum size of main stem leaves 

seems to be well correlated with the rate of leaf expansion (Vos and Biemond, 1992; Vos 

and van der Putten, 1998). Vos and Biemond (1992) showed that leaf expansion rate and 

final leaf area were maximum for leaf positions 11 - 13 on the above-ground main stem of 

‘Bintje’. For those leaf positions, expansion rate was ~24 cm2 leaf-1 day-1 (~1.84 cm2 leaf-1 

°Cd-1; Tb=2 °C) and final leaf area ~380 cm2. Conversely, the duration of expansion was 

not constant, and it was shorter for larger leaves compared with smaller leaves on the main 

stem. 

 

2.6.3 Individual leaf duration (life span of leaves) 

Leaf duration is an import determinant of its ultimate contribution to photosynthate (Basra, 

1994). The phase at which the individual leaf area is maxima is, therefore, of great 

importance. At maximum expansion the mature leaf becomes an asset to the plant. At this 

stage the leaf contributes to the plant supply of carbon (Buchanan-Wollaston, 1997).  

Vos and Biemond (1992) reported an increased life span (up to a maximum of 80 - 100 

days) with increased nitrogen supply for leaf numbers 12 to 14 on the main stem of potato 

plants. Life span declined gradually for later formed leaves. They also found that the life 

span was longer for leaves with the largest full grown areas.  

With time, photosynthesis gradually declines in the leaf. This is directly related to the net 

export of nitrogen from the leaf (Vos and Oyarzun, 1987). This culminates in final leaf 

senescence which affects the life span of leaves. 

 

2.6.4 Individual leaf senescence 

Senescence is a highly regulated developmental phase in the life of a leaf that results in the 

co-ordinated degradation of macromolecules and the subsequent mobilization of 
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components to other parts of the plant (Buchanan-Wollaston, 1997). Leaf senescence has 

been regarded as a programmed process co-ordinated by the expression of specific genes. 

However premature senescence may also happen. This can be driven by leaf shading, 

drought stress and nitrogen deficiency (Buchanan-Wollaston, 1997). Deficiency of other 

readily retranslocated nutrients such as phosphorus and potassium cause earlier and faster 

senescence of older leaves (Basra, 1994). 

In a potato crop, high radiation intensities (Kooman et al., 1996b) and high temperatures 

(Menzel, 1985) increase leaf senescence rates. Leaf senescence is also dependent upon Tt 

(Hay and Porter, 2006). Vos (1995a), for example, found yellowing at a rate of 0.17 leaves 

day-1 (at a mean temperature of 15 °C) for ‘Bintje’. 

The quantification of individual leaf senescence rate of potato plants is scarce in the 

literature. In this thesis the rate of senescence will be quantified for individual leaves on 

the main stem. 

 

2.6.5 Branching 

Branches are secondary stems and may develop from the below-ground nodes or bud in 

the axils of above-ground leaves. Because most potato varieties are indeterminate, canopy 

development can be largely dependent on the appearance of lateral branches and leaf 

appearance on those branches (Vos, 1995a). 

However, the contribution of lateral branches to total leaf area in the plant may depend on 

the stage of development of the crop and on the cultivar used (Firman et al., 1995). This is 

because earlier in the growth season total leaf area is determined by leaves on the main 

stem. However, later in the growth season a larger fraction of the total leaf area can be 

contributed by leaves on branches, but this may depend on the main stem population. 

Generally, for a low number of emerged main stems an increase in leaf area in branches 

occurs (Fleisher et al., 2011) from higher branching activity. 

 

2.6.6 Number of stem per plant and stem density 

The process of light interception in field potato crops is mediated by the stem density. This 

is defined as the number of main stems per unit area (Wurr et al., 2001). This concept 
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combines the seed potato plant spacing (row spacing) and number of stems emerged per 

plant. Fleisher et al. (2011) showed that given adequate nutrition, potato plants with 

smaller stem densities can increase leaf area through the production of basal and lateral 

branches. This was comparable to the amount of leaf area produced under larger stem 

densities. 

 

2.7 LAI estimation 
The description of leaf area index (LAI), or the area of leaves covering a given soil, 

includes the elements of canopy development and growth. LAI can be estimated using the 

components of canopy formation described in Section 2.6. 

For a given point in time the components of leaf size (cm2), number (n) and stem 

population (per m2) can be used to measure LAI using Equation 3 (Brown, 2004); 

 
Equation 3  LAI = ((La * Sa) - (Ls * Ss)) * stem population 
 

Where La is the number of leaves appeared per stem (n main stem-1), Sa is the mean size 

of new leaves (m2), Ls is leaf senescence per stem (n main stem-1) and Ss is the size of the 

senesced leaves (m2). LAI is described in units of m2 m-2. Leaf area expressed in this form 

only account for leaf area of the main stem leaves. Branching activity later contributes to 

an increase in LA (Brown, 2004). 

 

2.8 Radiation interceptance, LAI and k 
R/Ro at any given time may be measured directly using instruments (Section 2.5.1). An 

alternative is to determine R/Ro from the LAI. This is possible by using the exponential 

function with Beer’s law (Monsi and Saeki, 1953), as described in Equation 4. 

 
Equation 4  R/Ro = 1 - exp (-k * LAI) 
 

Where k is the radiation extinction coefficient, which expresses the ability of a given LAI 

to intercept light. 
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Of all the factors associated with the relative value of k (e.g. leaf reflection properties, 

thickness, size, shape and three-dimension arrangement within the canopy) the leaf angle 

plays a major role (Hay and Porter, 2006). However, leaf angle is not a conservative factor 

(Khurana and McLaren, 1982). It is greater in the early morning and late afternoon, when 

the higher solar angle reaches more foliar area, compared with solar noon (Fletcher, 2004). 

In potatoes, changes in k are partly linked to LAI (Khurana and McLaren, 1982). These 

authors have shown that as LAI increases k decreases in potato plants. However, a range of 

k values have been assigned for similar values of LA in different studies. For example, for 

a LAI of 2.0, k was estimated to be 0.61 by Gordon et al. (1997), 0.57 by Khurana and 

McLaren (1982) and 0.44 by Burstall and Harris (1983). 

Moreover, the average value of k for the potato growth season also varies in the literature 

and it has been reported between 0.54 (Firman and Allen, 1989) and 0.8 (Van Der Zaag 

and Doornbos, 1987). 

For a determined value of k there will be a point of radiation interceptance saturation for a 

given LAI (critical LAI; LAIcrit). From this point onwards any increase in LAI will only 

confer minor changes in the radiation intercepted. A LAIcrit between ~3 and 3.85 has been 

reported for potatoes (Khurana and McLaren, 1982; Firman and Allen, 1989; Searle, 

1999). 

In this thesis, k and LAIcrit will be calculated for three different potato cultivars. 

 

2.9 Radiation use efficiency (RUE) 
Crop production is dependent on light interception, and the canopy photosynthesis 

efficiency of conversion of CO2 into carbohydrate (Monteith, 1977). The latter has been 

termed light or radiation use efficiency (RUE). For a fixed amount of radiation intercepted, 

RUE can be generally equated as the rate of gross photosynthesis minus growth respiration 

(expressed as an efficiency whose value varies depending on the composition of the 

biomass being synthesised), and maintenance respiration which consumes photosynthate at 

a rate that depends on temperature and the amount of existing biomass that is being 

maintained (Hay and Porter, 2006). 
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Many authors have reported linearity between dry matter increases in the crop and 

cumulative total radiation (or PAR) intercepted by the potato crop during the growth 

period (Khurana and McLaren, 1982; Marinque et al., 1991). Therefore, RUE may be 

calculated as the ratio between the amount of radiation intercepted and the gain in plant net 

dry weight during a particular time interval. 

Nevertheless, care should be taken when interpreting values of RUE for three main 

reasons. First, because RUE can be calculated on the basis of either absorbed (Spitters, 

1987) or radiation intercepted. Absorbed radiation includes the radiation reflected from the 

ground towards the canopy (albedo) and the radiation absorbed by the overall crop. 

Radiation interceptance refers to the difference between incident and transmitted radiation 

beneath the canopy. Secondly, RUE can be expressed on the basis of total solar radiation 

or photosynthetically active radiation (Bonhomme, 2000a). Finally, RUE can be calculated 

using total crop DM (Marinque et al., 1991) or more commonly only above-ground or only 

below-ground dry matter. 

In potato crops RUE has been reported to range between 0.72 and 1.76 g total DM MJ-1 of 

total solar radiation intercepted in different parts of the world (Marinque et al., 1991). 

Values exceeding 2 g total DM MJ-1 total solar radiation intercepted have also been 

reported (Kooman et al., 1996a). 

In this thesis RUE is reported on the basis of total radiation solar radiation intercepted and 

uses above and below-ground (stolons + tubers + stems) dry matter (excluding roots). 

 

2.9.1 Factors affecting RUE in potato plants 

Monteith (1977) suggested that RUE could be expressed as a conservative value to 

estimate production of temperate C3 species grown with adequate water and nutrients. Van 

Der Zaag and Doornbos (1987) showed that potato crops grown under stressful conditions 

could exacerbate cultivar differences in RUE through changes in photosynthesis rates. 

Previous potato studies have concentrated on the effects of different stresses on RUE; e.g. 

water stress (Van Der Zaag and Doornbos, 1987; Trebejo and Midmore, 1990), nitrogen 

(Van Der Zaag and Doornbos, 1987; Vos and van der Putten, 1998; Searle, 1999; Shah et 
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al., 2004), temperature (Ku et al., 1977; Timlin et al., 2006) and photogenes (Van Oijen, 

1991b; Shah et al., 2004). 

Moreover, internal physiological processes in the plant have been associated with RUE 

through photosynthesis regulation. Dickinson et al. (1991), for example, associated the 

excess of carbon in source leaves of tomato plants with the block in sucrose translocation. 

Local sucrose accumulation slows photosynthesis by creating a feed-back limitation of the 

chloroplast activity when photosynthates are unable to be remobilized from the leaf 

(Dickinson et al., 1991; Jeffroy and Ney, 1997; Pessarakli, 2005) which causes RUE to 

decrease. 

In addition, according to Dwelle (1990) if carbon is partitioned into starch in the leaf 

instead of sucrose it becomes readily unavailable for export from the leaf tissue and 

accumulates in the leaf. This may result in low specific leaf area (cm2 g-1) and thicker 

leaves. Reich et al. (1997) suggested that that thicker leaves (i.e. lower SLA) may reduce 

the net carbon fixation on a leaf mass basis from shaded chloroplasts in the lower parts of 

the leaf lamella. A second possibility is that increases in non-structural carbohydrates in 

some species both decreases SLA and limit carbon fixation (Meziane and Shipley, 2001). 

Goundriaan and de Ruiter (1983) reported physical chloroplast damage from accumulated 

starch in the potato leaves and Schapendonk et al. (1995) suggested sink limitation in 

potato plants decreased photosynthesis efficiency. 

Although RUE can be considerably variable in potatoes, a constant RUE value is often 

used in potato models, but this being variable among models; e.g. 1.25 g MJ-1 of total solar 

radiation intercepted (Kooman and Haverkort, 1995), 1.74 g MJ-1 of total solar radiation 

intercepted (Griffin et al., 1993). 

 

2.10 Dry matter partitioning to tubers 
The process of dry matter (DM) partitioning in indeterminate plants, like most potatoes, 

happens concomitantly to canopy expansion (Hay and Porter, 2006). Under these 

circumstances, several organs (sink) in the plant (e.g. leaves, stems, roots) will compete for 

assimilate. However, the fine description of the control of partitioning competition has not 

been completely elucidated in plant science. This is a strong reason why DM content 

(DM%) in the tuber is often expressed as a fixed value in potato models; e.g. 20%; 
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MacKerron and Waister (1985). However, according to Jefferies and Mackerron (1989), 

tuber dry matter concentration tends to increase progressively with the growth of the crop, 

but the pattern of increase varies among crops and years. 

Temperature and photoperiod are the most important environmental factors regulating DM 

partitioning to tubers. This topic has been reviewed by Struik and Ewing (1995). Other 

factors affecting partitioning in the plant are the interplant relations. This was extensively 

studied by plant physiologists around 1960 through the approach of source and sink effects 

on yield (Hay and Porter, 2006). This topic will be explored in the next sections. 

 

2.10.1 Source (Supply) 

Dwelle (1990) defined a “source” as: “plant tissues which are net carbon producers, 

generally green, photosynthetic tissues”. In a potato plant these organs are leaves and 

stems. 

Kooman and Rabbinge (1996) studied the relation between dry matter allocation to the 

tuber and earliness using a series of potato cultivars. They found that when tuber initiation 

was delayed, leaf growth was prolonged. They concluded that factors which influence the 

strength of the tuber sink affect both assimilate allocation and leaf longevity. 

Engels and Marschner (1987) examined the effect of source manipulation by pruning 50% 

of the canopy during the bulking phase of the potato tubers. They concluded that the tuber 

growth was exclusively limited by the source capacity of the plant. However, Evans (1993) 

reviewed experimental work on the manipulation of source-sink (e.g. leaf removal, 

selective shading and selective removal of organs) and concluded that this approach is 

inappropriate to investigate source and sink relations to yield. The author argued that the 

sink is constructed from assimilates generated by the source, therefore it is inappropriate to 

describe them independently. In addition, disruptions to the intrinsic coordination of the 

plant were common in many experiments of this nature (Hay and Porter, 2006). 

 

2.10.2 Sink strength (Demand) 

Sink has been defined as “a net carbon user, which includes respiration, growth and 

storage compounds” (Dwelle, 1990). The ability of sink organs to accumulate carbon 
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compounds is denoted “sink strength” (Marcelis, 1996) or “sink demand”. In potatoes, the 

potato tuber is the sink of most interest. Once tubers are initiated they act as a sink. From 

then onwards they compete with foliage for assimilates and so reduce foliage growth. As 

the sink gets bigger, competition increases and growth is reduced in a continuing cycle 

(Khurana and McLaren, 1982).  

In potato plants, the sink capacity of a given tuber (number of starch-storing parenchyma 

cells) can increase throughout the life of the crop by cell division (Hay and Porter, 2006). 

Moorby (1968), for example, found a two to three-fold increase in photosynthetic rate and 

a double increase in assimilate exported by the leaves after tuber initiation. Furthermore, 

low concentration of sucrose at the site of phloem unloading is crucial for maintaining an 

active sink (Dwelle, 1990). 

Sale (1973) proposed that potato assimilation is governed primarily by sink size of the 

developing tubers. The author also suggested that the size of the developing sink size can 

be enhanced by increasing the number of the developing tubers. Searle (1999), found a 

linear relationship (R2=~0.90) between total tuber number (m2) and yield (ton ha-1) across 

a series of experiments. It was concluded from this that tuber number and yield were 

interdependent. Moreover, Engels and Marschner (1986) found that the earlier the tuber is 

initiated in the plant, the higher the tuber growth rate and this determines individual tuber 

competing strength for photosynthates. From this, these authors concluded that tuber “sink 

strength” is determined by its weight in the initial growth phase. 

To understand the “sink demand” it may also be appropriate to describe the phenological 

processes preceding tuber growth at the early stages of development (e.g. initial growth of 

stolons and tuber initiation). Stolon growth, tuber induction and tuberization are key 

developmental events in the potato plants life. These lead to the formation of the 

harvestable products of the potato crop (Brown, 2007). Indeed, the formation of stolons in 

the below-ground stems sets potential sites for tuber initiation. 

Surprisingly, the pattern of initiation and growth of stolons and tubers on the below-

ground stem has not been clearly elucidated in experimental studies (O'Brien et al., 

1998a). 

In this thesis the relationship between stolon elongation and tuber, initiation and 

tuberization, will be established. 
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2.10.2.1 Stolon initiation and elongation 

Stolons of potato plants are modified lateral stems formed in the below-ground stem nodes 

(Kumar and Wareing, 1972). The nodes closest to the mother seed potato are the first to 

form stolons. Then stolonization follows an acropetal pattern on the below-ground stem 

(Ewing and Struik, 1992). According to Vreugdenhil and Struik (1989), the time elapsed 

between stolon formation and tuber initiation tends to be lengthened in the earlier formed 

stolons compared with the later formed ones. Stolon initiation is stimulated by short days 

during the early days of plant growth (Struik and Ewing, 1995) which may result in longer 

stolons being produced before tuber initiation starts. Engels and Marschner (1986) 

observed that the early growth rate of tubers in controlled environments was significantly 

correlated to the volume and the cross sectional area of the phloem. These results 

suggested that stolon length may have influenced early sink “strength” and subsequent 

tuber growth. In addition, Kratzke and Palta (1992) studied the variation in stolon length in 

different potato cultivars. They concluded that despite being affected by environmental 

factors, this is a consistent genotype trait. In addition, Kumar and Wareing (1972) found 

that conditions of darkness and/or high humidity were considered the primary 

environmental factors determining stolon development. 

 

2.10.2.2 Tuber induction and initiation 

In favourable conditions stolon elongation will continue until the time of onset of tuber 

induction (Brown, 2007). This occurs with the visible sign of swelling in the apical region 

of the stolon tip (Jackson, 1999), which is often considered the start of the phase of tuber 

initiation; stolon diameter of 10 mm, (Marinque and Hodges, 1989) or twice the diameter 

of its subtending stolon (O'Brien et al., 1998b). 

A detailed literature review on the factors affecting the time of tuber initiation and the 

effects of tuber initiation on subsequent crop growth and development was undertaken by 

O'Brien et al. (1998a). They concluded that many factors considered to impact tuber 

initiation (e.g. photoperiod, irradiance, temperature, soil moisture, mineral supply, 

physiological and chronological age and date of planting), have little effect on the time of 

tuber initiation in plants grown under a wide range of field conditions in temperate 

climates. According to the authors, only at extreme conditions was the time of tuber 

initiation altered. However, such extreme conditions do not prevail in commercial 
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practices and effects of these on the timing of initiation of tubers in crops are negligible. 

Generally, under well managed growing conditions, the time of tuber initiation happens 

around 2 - 3 weeks after crop emergence (Firman et al., 1991) and duration of the 

initiation phase lasts for less than a week. 

However, in a more recent review it was stated that tuber induction and tuberization are 

usually promoted by short photoperiods, high light intensity and low levels of nitrogen 

(Brown, 2007). 

 

2.11 Harvest Index 
Harvest index (HI) is the third component of yield in Equation 1. HI is intrinsically related 

to the process of assimilate partitioning described earlier. It expresses the net result of 

assimilate partitioned to tubers and can be described as the fraction of tuber DM in relation 

to total plant DM (Khurana and McLaren, 1982). 

From tuber initiation onwards a conservative constant HI of 0.75 has been used over the 

entire growing season in models of potato crops (MacKerron and Waister, 1985). Jefferies 

and Mackerron (1989) proposed an exponential relationship using Tt as a driver of HI 

exponential change. Jefferies and Heilbronn (1991) stressed the importance of having a 

variable HI to reflect the tuber dynamic changes from initiation of models being able to 

estimate changes in the HI and hence, potential yield over the whole season. 

Moreover, if total and tuber dry matter are assumed to increase linearly through the potato 

crop season (Khurana and McLaren, 1982), HI can then be calculated by dividing the 

efficiency of conversion of radiation to tubers (g tuber DM MJ-1 PAR intercepted) by the 

efficiency of total plant dry matter production (g total DM-1 MJ PAR intercepted). 

 

2.12  Physiological age (PA) of seed potatoes 
Tuber yield variation has been attributed to seed potato physiological age (PA) in 

numerous studies on potato. Thus, the major hypothesis in this thesis is that PA impacts on 

at least one of the parameters of yield described in the previous sections. 
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The following sections will describe the known state of knowledge of the processes 

involved in seed potato PA, and its impact on R/Ro, RUE and HI. 

 

2.12.1 Overview 

Growers of early potato crops acknowledged the notion of PA long before it was precisely 

defined or measured (Hay and Walker, 1989). PA can been defined as the developmental 

stage of a potato seed, or physiological state which influences production capacity (Struik, 

2007) and causes major impacts on potato yields (Caldiz et al., 2001). 

PA of seed tubers has been reported to affect potato production by influencing the date of 

emergence, stem numbers, canopy growth pattern, maturity date, total tuber yield and 

tuber size distribution (Christiansen et al., 2006). 

After integrating the results about the effects of PA on growth “vigour”; defined as the 

potential of a tuber to produce sprouts and plants rapidly under conditions favourable for 

growth (Hartmans and Van Loon, 1987), of two potato cultivars in Europe, Van Der Zaag 

and Van Loon (1987) concluded that older seed potatoes emerge and initiate tubers earlier 

than young seed potatoes. However, they produce plants with smaller maximum leaf area 

and earlier canopy senescence. 

PA has been determined by genotype, chronological age and environmental conditions 

from tuber initiation until new plant emergence (Struik and Wiersema, 1999; Caldiz, 2000; 

Coleman, 2000; Struik, 2007; Caldiz, 2009). Under the environmental prism, PA results 

from the agronomic and climatic conditions during the phases of seed potato growth period 

and post harvest conditions during storage (relative humidity, diffuse light and 

temperature). The latter is considered the most important (Ewing and Struik, 1992; Struik 

et al., 2006; Struik, 2007). Furthermore, handling and pre-treatment prior to planting (e.g. 

pre-sprouting, de-sprouting, cutting and hormone treatment) also affect PA of the tuber 

(Christiansen et al., 2006). Other factors reported to influence PA include seed tuber size, 

tuber damage, duration of storage and degree of maturity at harvest (Struik and Wiersema, 

1999). 
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2.12.2 Development of Physiological Age  

The development process of physiological ageing of a seed potato tuber has been reported 

to start from tuber initiation (in the mother plant) and progress until new tuber formation 

(Caldiz, 2009). According to this author, before dormancy breakage, PA is entirely 

reflected by the mother tuber. Moreover, Struik (2007) divided the development of PA in 

the seed potato into five stages: 1) dormancy (no sprout), 2) apical dominance (only one 

sprout), 3) normal sprouting (many sprouts per seed tuber which are often branched), 4) 

senility (excessive sprouting with very weak sprouts) and 5) incubation (little tuber 

formation). An overview of the sequence of physiological stages of a tuber, as well as the 

general effects on crop growth and development from them is described in the following 

sections. 

 

2.12.2.1 Dormancy phase 

At harvest, potato tubers are dormant and will not sprout even if placed in suitable 

environmental conditions (Reust, 1986; Van Ittersum, 1992; Struik and Wiersema, 1999). 

This dormant state can be affected by both the pre-harvest and post-harvest environment 

(Suttle, 2004). The duration of tuber dormancy also differs among varieties and is 

influenced by the date of harvest and the state of maturity of the tubers when they enter 

storage (Hay and Porter, 2006). During this phase, immediate morphological changes do 

not occur in the tuber albeit biochemical and physiological processes take place. However, 

this phase influences the number of sprouts produced after breaking of dormancy and their 

growth vigour, and directly affects the progress of physiological ageing (Struik et al., 

2006). 

While in storage, seed potatoes experience two forms of dormancy: instantly after harvest 

there is a phase of ‘innate dormancy’. This may last for several weeks during which the 

nodes (or buds) are impeded to induce growth regardless of any alteration in the 

environmental conditions. This can be followed by a state of ‘induced dormancy’. In this 

case sprouting is inhibited in the non-dormant tuber buds by suppressing factors like low 

temperature (Hartmans and Van Loon, 1987; Hay and Walker, 1989). In addition to that, 
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three dormancy types possible in potatoes seed have been described: 1endodormancy, 
2ecodormancy and 3paradormancy (Lang et al., 1987; Suttle, 2007; Vreugdenhil, 2007). 

Once both endodormancy and ecodormancy have been broken; sprouts > 1 mm (Celis-

Gamboa et al., 2003/4), 80% showed one sprout of 2 mm (Van Ittersum, 1992; Van 

Ittersum and Scholte, 1992) or sprouts >3 mm in 80% of the seed potato tubers (O'Brien et 

al., 1983; Allen and O'Brien, 1986; Struik et al., 2006), the rate and pattern of sprout 

development are determined by the temperature and duration of storage (Coleman, 2000; 

Hay and Porter, 2006). The potato tuber then goes through a gradual breakdown of apical 

dominance (paradormancy) where progressively more sprouts are released from dormancy 

and begin to develop. This last process can also be influenced by different temperatures in 

certain cultivars. In some cultivars a high number of sprouts can be produced, in others 

only a few sprouts develop on the tuber (Struik and Wiersema, 1999). 

 

2.12.2.2 Sprout phase 

The loss of tuber dormancy (endodormancy or ecodormancy) and the onset of sprout 

growth are accompanied by biochemical changes (Suttle, 2004). This is because sprouting 

mobilizes starch and consumes a portion of the tubers biochemical reserves to grow sprout 

tissue. This leads to elevated sugar content, weight loss and wilting of the tubers (Daniels-

Lake and Prange, 2007). According to Espen et al. (1999), the increase in sucrose uptake 

capability during dormancy may be linked to a reaction of the transport mechanisms. 

Therefore, the same authors speculated that an increase in transport activity was the 

triggering event in the dormancy release. 

After the onset of sprouting the behaviour of the sprout is influenced by the age of the 

mother tuber (Struik and Wiersema, 1999). However, this influence may also be 

determined by storage conditions (Struik and Ewing, 1995; Struik and Wiersema, 1999) 

                                                 
1  endodormancy - the growth of the meristem is arrested due to factors within the 
structure itself; 
 
2  ecodormancy - the meristem is arrested due to environmental factors, e.g., low 
temperatures prevent or delay sprouting of buds; 
 
3 paradormancy - the meristem is arrested due to external physiological factors, e.g., a 
dominant bud inhibits the growth of other buds. 
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and modified by conditions and treatments that directly interfere with the functioning of 

the sprout; (e.g. temperature, diffuse light or de-sprouting), (Caldiz et al., 2001). 

Struik and Wiersema (1999) used a scale influenced by time (chronological age), and 

principally temperature, over the storage period to describe how PA progresses from the 

end of dormancy to total decay (when tubers no longer present vigour). Within this period, 

both 4sprout capacity and sprout number increase up to their maximum followed by a 

decrease. The growth vigour of the seed potato reflects the combination of these two and 

may be manipulated to improve yield according to crop cycle at different physiological 

states. In agreement with this, Van Der Zaag and Van Loon (1987) have demonstrated that 

maximum growth vigour may be earlier, may last for a shorter period and may decrease 

when the physiological ageing process is hastened. The practical significance of this is that 

early potato growers could maximize their yield by planting physiologically old seed for 

the earliest harvests and progressively younger seed for later harvests (O'Brien et al., 

1983). However, past a certain age the tubers may produce slender, weak sprouts, in the 

extreme termed “hairy sprout disorder” (Daniels-Lake and Prange, 2007), compromising 

crop establishment. Conversely, the use of physiologically young seed potato can be an 

advantage for long growing season (e.g. main crop potatoes). Struik (2007), for example, 

stated that generally, physiological younger potatoes provide higher yields when grown 

until full maturity. The reasoning is that younger seed potatoes emerge later, have fewer 

stems per seed tuber, show later tuberization but less secondary growth, have more foliage 

growth, more tubers per stem and a later maturity. Therefore, the challenge is to implement 

methods to manipulate sprouting to occur only when it is desirable, which will depend on 

the growing season and potato end-use (Daniels-Lake and Prange, 2007). 

In reality, on some cultivars over 40 leaf primordia may be formed on the sprout during 

storage. In other cultivars, the apical differentiation (and thus the production of new leaf 

primordial or nodes) is arrested after some time (Firman et al., 1991). The same authors 

showed that initiation of the flower primordia may already start on the sprouts before 

planting. Physiologically this means that for some cultivars, and under certain storage 

                                                 
4 Sprout capacity - defined as sprout growth (or re-growth after removal of the present sprouts), 
usually expressed in terms of sprout weight (in g per tuber). 
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conditions, the size of the first level of the main stem is determined before planting. These 

two different types of behaviour during storage suggest that the development of leaf and 

flower primordia should be taken into account when explaining effects of PA on seed 

tubers. 

To avoid any confusion the onset of sprout growth >3 mm in 80% of the seed potato tubers 

(O'Brien et al., 1983; Allen and O'Brien, 1986; Struik et al., 2006) will be defined as the 

end of dormancy in this thesis, since onset of sprout growth may occur following cold 

storage, long after natural dormancy has ended. 

 

2.12.3 Assessing physiological age  

The search for an appropriate indicator of dormancy and/or PA of seed potatoes has been 

the aim of many potato studies (Struik, 2006). Struik et al. (2006) stressed that it is 

important that an indicator is able to explain differences in rate of ageing between seed 

lots, from different origins, storage conditions, cultivars and treatments. Moreover, they 

suggested that such indicators should present quantifiable measures to model the effects of 

seed potato PA on crop growth and yield. 

However, Coleman (2000) pointed out the method for describing PA must be simple, easy 

to use, precise, accurate and have a predictable value. Many of the morphological, 

physiological, biochemical and biophysical methods proposed were recently reviewed by 

Caldiz (2009). The sprouting capacity (Krijthe, 1962a), the length of the longest sprout 

(O`Brien and Allen, 1981), length of the incubation period (Claver, 1951) and PA index 

(Caldiz, 2000; Caldiz et al., 2001) are examples of physiological indicators that have been 

used. The usefulness of the ‘sprouting capacity’ method was recognized in review of PA 

by Coleman (2000). The author also stressed the necessity of assessing PA on a cultivar-

specific basis. 

Among the biophysical indicators, accumulated thermal-time, also known as heat units or 

growing degree-days (°Cd), after sprout onset (O'Brien et al., 1983) and temperature sum 

during the whole storage period (Knowles and Knowles, 2006; Caldiz, 2009) have been 

used to quantify PA. 
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In this thesis the thermal-time accumulated during the whole storage period (from haulm 

desiccation to planting) and the thermal-time accumulated from sprout onset to planting 

time, will be measured. From this the most appropriate metric to quantify PA will be 

identified. 

 

2.12.3.1 Thermal-time during storage and after dormancy break 

Since the rate with which a tuber progresses from young to old is mainly affected by the 

temperatures during storage (Struik and Wiersema, 1999), many attempts to influence PA 

with different temperature regimes during this period have been reported. 

Struik et al. (2006) reported detailed experiments about the effects of temperature during 

storage on seed potato physiological ageing. They suggested that the thermal-time 

accumulated prior to the end of dormancy has little effect on the process of physiological 

ageing. However, the thermal-time accumulated after dormancy break is critical for the 

process of ageing in tubers. Earlier, others (O'Brien et al., 1983; Allen and O'Brien, 1986) 

had suggested a linear relationship between the length of the longest sprout on the tuber 

and thermal-time accumulated above 4 °C after sprout onset. 

Other authors (Klemke and Moll, 1990; Struik and Wiersema, 1999) have stated that a 

linear dependence on temperature accumulation from time of sprouting over a range of 

normal storage temperatures is insufficient to determine PA. Wurr (1979), for example, 

showed that for the same amount of accumulated thermal-time but created from different 

combinations of alternate temperatures, the pattern of sprouts (number, total sprout length 

and length of the longest sprout) differed considerably but had no affect on subsequent 

yield. In addition, Struik et al. (2006) showed that the storage temperature, and the time of 

warmer phases of storage were important in the development of physiological ageing. This 

may be because the natural breaking of dormancy, sprout growth and physiological ageing 

after sprouting have different optimum temperatures (Van Ittersum, 1992; Van Ittersum 

and Scholte, 1992; Struik and Wiersema, 1999). The optimal temperature for sprout 

growth for example is considerably lower (about 18 °C) than the optimal temperature for 

dormancy break (28 °C). Struik et al. (2006) also showed that ‘vigour’ differences in 

response to temperature during storage can vary greatly among cultivars. For example, 

‘Astarte’ had only 1% of plant emergence when tubers were stored at a low temperature (4 

°C) regime followed by high temperature (20 °C). For this same treatment ‘Sirtema’ and 
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‘Désirée’ had nearly 100% of plants emergence. For this reason it may be important to 

separate cultivars in terms of ‘high’, ‘low’ or ‘moderate’ rates of physiological ageing 

(Van Ittersum, 1992; Struik and Wiersema, 1999). 

In this thesis tuber response (e.g. dormancy, sprout growth and development) to different 

temperature regimes during the storage phase will be tested. 

 

2.12.4 Manipulation of seed potato dormancy and sprouting 

Many authors have demonstrated that prolonged cold storage delays the end of the 

dormancy period (Hartmans and Van Loon, 1987; Celis-Gamboa et al., 2003/4). Struik 

(2006) measured thermal time accumulation on tubers of different cultivars stored at 4 ºC 

and 16 ºC (Tb=0 °C) and observed that the amount of temperature accumulated (°Cd) for 

sprouting to occur ranged between 564 - 840 and 400 - 1168 ºCd, respectively. 

Hartmans and Van Loon (1987) found that the maximum sprouting capacity of cultivars 

‘Jaerla’ and ‘Desiree’ was reached about 80 to 100 days earlier when tubers were stored at 

12 °C compared with 4 °C. A strong linear relationship between sprouting capacity and the 

length of the longest sprout per tuber was found for both cultivars at both temperatures. 

Similar results were found by others (Celis-Gamboa et al., 2003/4). 

 

2.12.5  De-sprouting seed potato and physiological age 

De-sprouting seed potato supposedly accelerates the rate of physiological ageing, but helps 

to increase the number of sprouts per tuber, synchronise and rejuvenate the planting 

material (Struik and Wiersema, 1999). Moreover, de-sprouting seed potato is essential for 

the expression of the effects of PA, but this can be detrimental when following high 

storage temperatures (Struik, 2006). 

Sharma and Singh (2009) showed that de-sprouting the seed potato of ‘Kufri Giriraj’ did 

not result in changes in the number of tubers or yield, but the potatoes planted with sprouts 

produced larger tubers compared with de-sprouted ones. Allen (1978) reported emergence 

delayed in two weeks from de-sprouted seed potato compared with seed potato planted 

with sprouts of ~80 mm in length. Nevertheless, no evidence of differences in plant 

morphology or tuber bulking between treatments was found. Conversely, Singh and 
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Sharma (2008) tested multiple de-sprouting and different de-sprouting times. They found, 

in most cases, a positive increase in the number of stems emerged per plant from de-

sprouting treatments. They reported that emergence was compromised when de-sprouting 

was later, which they attributed to reduced potential to re-sprout. Moreover, they found an 

increase in final yield with increasing stem number from de-sprouted seed potato. 

 

2.12.6 Seed potato physiological age and the components of yield 

Potato yield differences have been strongly associated to PA of seed tubers. However, Van 

Der Zaag and Van Loon (1987) stated it is not always clear where the yield differences 

reported arise from. Size distribution responses to PA, for example, are usually reported 

using empirical correlations to total yield, stem number and date of planting. However, 

analyses of the main factors driving yield, expressed in Equation 1, are not often analysed 

together in a single study. As a consequence, PA has never been able to be incorporated 

into potato simulation models. 

An alternative hypothesis in this thesis is that physiologically young potatoes are 

recommended for long growing seasons because seed potatoes emerge later, but produce 

larger canopies with longer duration, intercept more radiation and yield more than 

physiologically older seed potatoes. Conversely, physiologically older seed potatoes 

emerge and start partitioning biomass to the tubers earlier than young seed potatoes but 

produce plants with smaller maximum leaf areas and have earlier canopy senescence. 

 

2.12.6.1 Canopy formation and radiation interceptance 

Seed potato PA has been suggested to affect canopy duration in potato crops (Firman et 

al., 1995). Indeed Caldiz (2000) showed that PA altered the time of maximum radiation 

interceptance and its duration. In this study the radiation interceptance increase was slower 

with young PA seed potato in the early season. In contrast, older PA seed potato advanced 

the time to maximum radiation interceptance in later plantings, but canopy duration varied 

with the cultivars used. In Uruguay, Sarries (2011) found that older PA seed reached 

maximum radiation interceptance faster compared with PA young ‘Chieftain’ potato for 

spring and autumn plantings. However, canopy duration averaged across season and years 
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was longer for the younger seed potato mainly because the crop from physiologically older 

potatoes senesced earlier. 

O'Brien et al. (1983) showed that ‘Pentland’ emerged faster with increased PA (measured 

as °Cd accumulated after sprouting; Tb=4 °C). In addition, for the early plantings LAI 

increased with increasing PA up to 672 °Cd. Any further increase in PA caused LAI to 

decrease slightly. 

These results contrast with the findings of Van Loon (1987). In this study, ‘Jaerla’ and 

‘Désirée’ were stored at either 4 or 12 °C. ‘Jaerla’ stored at 12 °C showed incomplete 

emergence while ‘Désirée’ stored at this temperature emerged later, showed slower initial 

canopy development and, in one year, it had a later senescence than seed stored at 4 °C. In 

addition, the lateral stem growth (measure in mm) after the formation of the first flower (as 

an indication of foliage growth) did not seem to respond to different PA treatments in 

‘Désirée’. 

However, none of this research has provided a quantifiable value (e.g. accumulated °Cd) 

of the time of maximum radiation interceptance (or maximum canopy cover), duration of 

maximum radiation interceptance and rate of radiation interceptance decline (or canopy 

ground cover senescence) between different cultivars and for different potatoes of different 

PA. The quantification of these variables will be presented in this thesis. In addition, the 

amount of accumulated radiation intercepted will be compared between cultivars and PA 

treatments. 

 

2.12.6.1.1 Individual	leaf	

Firman et al. (1995) tested the response of accumulated °Cd (Tb=4 °C) in storage over the 

seed potato storage period and different planting dates on the rate of leaf appearance in six 

cultivars in the UK. They found that phyllochron (measured as °Cd leaf-1; Tb=0 °C) 

differed among cultivars and ranged from 41.8 °Cd in young seed of ‘Home Guard’ to 27 

°Cd in the old seed of ‘Maris Piper’. Old seed potato of cultivars ‘Home Guard’ (1128 

°Cd) and ‘Estima’ (750 °Cd) had a shorter phyllochron (33 °Cd leaf-1) than young seed 

potato (~40.5 °Cd day leaf-1) that had accumulated 0 °Cd during storage. However, in 

another four cultivars tested, phyllochron was not different between old (750 °Cd) and 

young (0 °Cd in storage) seed potato and averaged 32.5 °Cd day leaf-1. In addition, the old 
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seed potato of all cultivars generally had a shorter phyllochron at later plantings (June and 

August) compared with earlier plantings (April and May). In addition, Firman et al. (1991) 

found that leaf number in the main stem was relatively stable among different cultivars for 

a range of PA seed potatoes, although older potatoes resulted in a higher number of leaves 

before the first inflorescence on the above-ground main stem. 

 

2.12.6.2 Number of main stems and branches 

According to Struik et al. (2006) the most noticeable manifestation of PA is in its effect on 

the number of stems emerged. However, the number of main stems produced per seed 

potato is highly cultivar-specific for a fixed PA (Struik and Wiersema, 1999). 

Allen and O'Brien (1986) studied seed potato of cultivar ‘Pentland Javelin’ that had 

accumulated between 0 and 840°C after sprout onset (Tb=4 °C) during storage. They found 

that increasing the number of °Cd the number of main stems emerged decreased. These 

results were in agreement with those of Van Loon (1987), but contrasted with those of 

Sarries (2011) who showed an increase in the number of main stems emerged per plant 

from seed potato that had accumulated more thermal-time during the storage phase. 

Moreover, Struik et al. (2006) showed that stem density usually increases when higher 

temperatures are applied for a short period and then decreases after an optimum 

temperature has been accumulated during storage. 

 

2.12.6.3 RUE 

Of all the components of yield, RUE is the least investigated in PA studies. This seems 

reasonable because data on cumulative radiation intercepted is also scarce. For a study 

done in Uruguay using different PA treatments, RUE was shown to be conservative 

(Sarries, 2011). However, this study was done for an early crop and the same conclusion 

could not be extrapolated to a main crop. 

 

2.12.6.4 Dry matter partitioning to tuber and HI 

Van Loon (1987) found no difference between seed stored at 4 and 12 °C for the time of 

tuber initiation. Nevertheless, O'Brien et al. (1998a) showed that extreme seed potato 
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ageing (chronologically and physiologically) anticipated the time of tuber initiation. In 

addition the number of below-ground nodes has been reported to increase with increasing 

PA (Firman et al., 1991). 

Sarries (2011) found that physiologically older seed (~1000 °Cd accumulated during 

storage; Tb=4 °C) started partitioning DM to tubers earlier compared with the young seed 

(0 °Cd accumulated). This difference seemed consistent throughout many of the different 

seasons and years examined. In addition, the HI was found to be higher for older (0.78) 

than physiologically young (0.73) potatoes. 

 

2.13 Potato yield quality and tuber size distribution 
The main drivers of tuber yield have been addressed in the previous sections. Furthermore, 

it is also important to be able to control potato yield quality. This is because potatoes are 

marketed according to specific quality attributes that include tuber size. Tuber size is 

defined by an interaction of factors that have been summarized into six main factors: 1) 

plant density, 2) number of stems per plant, 3) number of tubers per stem, 4) the rate and 

duration of crop growth 5) the individual tuber size and 6) the size distribution of 

marketable yield (Struik et al., 1990). 

 

2.13.1 Plant density and number of stem per plant 

Generally, at a fixed stem plant density, larger seed tubers will produce a higher number of 

stems per unit of area than smaller seed tubers (Struik and Wiersema, 1999). Wurr and 

Allen (1974) showed that at higher stem density (4 x105 stems ha-1) ‘Maris Piper’ had 

about 40% of its final yield concentrated in unsalable grades (<38 mm) compared with 

11% when planted at 105 stems ha-1. Iritani et al. (1983) also showed the number of tubers 

larger than 113 g (and excluding cull) in ‘Russet Burbank’ decreased with an increase in 

stem number per plant at final harvest. This decrease was attributed to increased 

competition for carbohydrates as the stem population rose. Similar results were found by 

Knowles and Knowles (2006) for ‘Russet Burbank’ and ‘Ranger Russet’. 
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2.13.2 Number of tubers per stem 

O'Brien et al. (1998b) showed that the number of tubers on the main stem declined from 

10.6 to 5.9 with an increase in the planting density from 3.12 x 105 to 10 x 105. They 

concluded that initial tuber formation is highly dependent on the abundance of assimilates. 

Therefore, competition may be the cause of the inverse relationship between the number of 

tubers per stem and stem population density (Wurr and Allen, 1974; Knowles and 

Knowles, 2006). For example, Knowles and Knowles (2006) showed for ‘Russet 

Burbank’, as the number of stems increased from 3 to 7, the number of tubers per stem 

decreased from 2.4 to 1.5 tubers. 

However on a plant basis, a positive relationship between the number of stems per plant 

and the total number of tubers has been described (Knowles and Knowles, 2006). Wurr 

and Allen (1974), for example, showed that the tuber average weight increased up to an 

optimum stem population. From this point, a further increase in the stem population 

produced a continued decline in the total yield which contrasts with the continued rise of 

tuber number population (Wurr and Allen, 1974; Knowles and Knowles, 2006). Moreover, 

the increase of number of tubers per plant over an optimum stem population will produce a 

progressive reduction in the average tuber weight (Knowles and Knowles, 2006) and also 

shift the size distribution towards smaller tubers (Hay and Porter, 2006). 

 

2.13.3 Tuber size of individual tuber 

At some point in time after emergence, each emerged main stem behaves independently 

and the assimilate it produces is partitioned exclusively among its tubers (Hay and Porter, 

2006). Therefore, the description of tuber size distribution requires the understanding of 

these factors at the crop level (Struik et al., 1990) as well as at the individual stem level 

(Struik et al., 1991). 

The number of tubers initiated on an individual stem differs among genotypes. According 

to O'Brien et al. (1998a) the tubers are all initiated early in the season. However the 

number of tubers initiated is usually higher than the number of tubers formed at the end of 

the growing season. Hide and Welham (1992) reported an average decline of 30% in the 

number of tubers (from initiation to ~21 weeks after planting) for ‘King Edward’, 

‘Pentland Crown’ and ‘Majestic’ tested in six different years. In addition ‘King Edward’ 
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produced the most tubers but only 32% (32 tubers plant-1) of the initiated tubers reached a 

size >4 cm. In contrast, ‘Pentland Crown’ produced the fewest tubers but 44% (44 tubers 

plant-1) reached size >4 cm. This occurs because some tubers are reabsorbed (O'Brien et 

al., 1998a) and possibly assimilate retranslocated to other tubers in the same stem during 

the tuber bulking phase. This is likely to be controlled at the node level based on node 

hierarchy predefined before tuber initiation (Struik et al., 1991). It is also likely to be 

linked with the process of stolon growth and development on the individual main stem 

(O'Brien et al., 1998a). 

At the individual stem level tubers compete for assimilates (Struik et al., 1991). The ability 

of a tuber to convert photosynthates into starch may define the “sink strength” in 

comparison to the other tubers sharing the same stem (Moorby, 1968). 

According to Struik et al. (1991) one of the key components of tuber size distribution in 

the individual stem is the pattern of stolon formation and development at the node level. 

Stolon number, position and growth are key determinants of the hierarchy of tuber growth. 

 

2.13.4 Marketable yield 

At final harvest, the size distribution of the marketable yield represents only a fraction of 

the harvestable yields. This is because marketable yields exclude tubers with physiological 

disorders like second growth, growth cracks, damage and diseases (Struik et al., 1990). In 

addition unmarketable small tubers are also removed from the size distribution; e.g. tubers 

<10 g (Searle, 1999). As a consequence final HI calculated is smaller for the final 

marketable yield. 

 

2.13.5 Physiological age and size distribution 

There are a number of studies relating the effects of PA treatments during storage on final 

size distribution (Iritani et al., 1983; Knowles and Knowles, 2006; Struik, 2006; Blauer et 

al., 2013). Differences in the size distribution seem, in many of these studies, to be directly 

associated with stem number changes produced by the PA treatments. However, the extent 

of these changes by PA treatments is dependent on the cultivar used. For example, Struik 

et al. (2006) showed that ‘Jaerla’ the old seed potato (4480 °Cd accumulated during 
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storage at 20°C; Tb=0 °C) produced ~13 stems m-2 while the young seed (896 °Cd 

accumulated during storage) produced 7.7 stems m-2. As a consequence, there was a 

reduction in 31% of the fraction of yield in the grades >55 mm with the older compared 

with the young seed potato. In contrast, ‘Désirée’ produced ~13.5 stems and had the same 

yield in this grade in both temperature treatments. 

In this thesis the effects of PA on final yield distribution will be measured for different 

cultivars. 

 

2.14 Improving potato modelling 
Efforts to simulate leaf area in relation to phenology have resulted in models of various 

complexity (Soltani and Sinclair, 2012). However, in potato models canopy development 

is commonly described as an overall increase in LAI rather than focusing on individual 

leaves (Kooman and Haverkort, 1995). 

A more complex modelling approach involves modelling areas of individual leaves. In this 

approach leaf initiation, leaf tip appearance, leaf expansion, and leaf senescence are all 

simulated (Kiniry et al., 1991). The need to describe canopy expansion and senescence at 

the leaf level in potato modelling research has been suggested (Squire, 1995). 

Jefferies and Heilbronn (1991), for example, modelled the rate of extension of individual 

leaves related to thermal-time. They then used this to calculate LAI and light interception 

on a daily basis. In this model each individual leaf has its potential maximum leaf length 

set according to its position on the main stem and with distinction for branches. Later, the 

potential leaf extension rate is fractionated according to the fraction of available water 

using a scale between 0 and 1. 

Lizaso et al. (2003) and Teixeira et al. (2011) fitted a curvilinear and a linear curve model, 

respectively, to describe the phase of leaf expansion, and the time at maximum area and 

senescence in maize. However, in potato research on individual leaf expansion (Firman et 

al., 1995; Vos and van der Putten, 1998; Fleisher and Timlin, 2006) only a set of leaves 

was measured on the main stem. 

In this thesis the rate of individual leaf appearance, leaf area expansion, duration at 

maximum area and senescence will be described for the main stem using a linear 
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relationship with thermal-time accumulated from crop emergence. Moreover, the effects of 

PA on these individual leaf area parameters will be quantified. Finally, the dynamic of 

radiation interceptance, RUE and partitioning (or the results of this process; e.g. HI) will 

be calculated for each individual cultivar and the effect of seed potato PA. 
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2.15 Conclusions 
 Potato yield variability can be explained by the variability in the total amount of 

radiation intercepted and/or RUE in different environments and expressed in 

different genotypes. 

 

 Radiation interceptance can be described either at the canopy expansion level or at 

an individual leaf level. Describing the individual leaf development and growth 

(source organs) can contribute to the understanding of the whole crop phenology. 

 

 DM partitioning to tubers is built under the interdependent relation of source and 

sink. The tuber “sink demand”, however, is dependent on the development of 

stolons and responds to a hierarchy of assimilates partitioning at the below-ground 

node level. 

 

 The effect of potato seed physiological ageing has been shown to affect crop 

establishment, growth, development, yield and tuber size distribution, although 

these effects are cultivar-dependent. It is mostly driven by temperature during 

storage (especially after dormancy break). However, yield components response to 

physiological ageing treatments, are not well documented. This constitutes the 

major unknown in interpreting physiological age experiments. 

 

 The manipulation of physiological age during storage within a certain range can be 

an appropriate way of manipulating tuber size distribution on a cultivar basis. At 

extreme physiological ages (too young or too old) crop establishment and 

subsequent production will be compromised. 

 

 The quantification of the physiological age impact on each of the yield components 

can be the first step for incorporating this parameter in a potato simulation model.
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3 Materials	and	Methods	
 

3.1 Introduction 
Five experiments with two or three potato cultivars were included in this research 

conducted in Canterbury, New Zealand in 2011 and 2012. A summary of the experiments 

is shown in Table 3.1.  

In Experiment 1 detailed field data on the mechanisms of the potato physiology and dry 

matter partitioning were collected and used to benchmark three main potato cultivars 

(‘Bondi’, ‘Fraser’ and ‘Russet Burbank’). ‘Russet Burbank’ was included in Experiment 1 

to aid interpretation of the benchmark results because this cultivar is used worldwide as the 

standard for French fries and therefore there is an extensive scientific literature for this 

cultivar. Experiment 2 measured the sprouting behaviour of the locally used ‘Bondi’ and 

‘Fraser’ under different storage conditions prior to planting. Experiment 3 was a field 

experiment to measure the patterns of crop growth, development and tuber yield from 

different seed potato treatments. The data collected in this field experiment detailed the 

components of potato canopy expansion. A range of extreme seed potato physiological 

ages were produced in the storage Experiments 4 and 5. Data on crop establishment from 

these potatoes were collected from different planting dates under controlled temperature 

regimes (Experiment 4) or from a late planting in the field (Experiment 5). 

 

Table 3.1 Summary of the five experiments conducted at Lincoln, Canterbury, New Zealand. 

Experiment 
  1 2 3 4 5 

Type Field Storage Field Storage 
& 

Pot 

Storage 
& 

Field   
Location Block U2 1PFR Block U2 1PFR 1PFR 
Started 14/10/2011 23/3/2011 13/10/2011 17/05/2012 17/05/2012 
Finished 2/5/2012 12/10/2011 2/5/2012 7/2/2013 24/02/2013 
Cultivar ‘Bondi’ ‘Bondi’ ‘Bondi’ ‘Bondi’ ‘Bondi’ 

‘Fraser’ ‘Fraser’ ‘Fraser’ ‘Fraser’ ‘Fraser’ 

  
‘Russet 

Burbank’ 
  

 
    

Note: 1PFR: Plant & Food Research Ltd. 
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This chapter focuses on the description of site, experimental and agronomic details that are 

common to Experiments 1 and 3, including long term and seasonal weather data, crop 

husbandry and radiation interceptance measurements. Definition of plant structures is also 

described. Additional methods and measurements for these two experiments are reported 

within each results chapter. A full description of the materials and methods used in 

Experiments 1, 4 and 5 is given in the results Chapters 4 and 8. 

Experiment 2 occurred chronologically prior to field Experiment 1 (Benchmark 

Experiment), but it is reported first in the results chapters to aid interpretation of the 

results. 

 

3.2 Cultivars 
This thesis will focus on three main potato cultivars currently grown in New Zealand. 

‘Russet Burbank’ is one of the most grown cultivars (Potatoes New Zealand, 2014), and 

will be described in this thesis as the standard. ‘Bondi’ and ‘Fraser’ entered the New 

Zealand market for their favourable processing characteristics. 

 

3.2.1 ‘Russet Burbank’ 

‘Russet Burbank’ is a late maturing cultivar. It is the standard for excellent baking and 

processing quality. The cultivar is tolerant to common scab (Streptomyces scabies) but is 

susceptible to Fusarium spp. and Verticillium spp. wilts, leafroll and net necrosis and virus 

Y. It is a long-term storage potato for table stock and processing. Yield is moderately high 

and ranges from 28 - 67 t ha-1 (The Potato Association of America, 2014). The food 

industry pays a premium price for ‘Russet Burbank’. However, growers pay a high price 

for chemicals used to protect the variety from disease (Lang, 2001). 

 

3.2.2 ‘Bondi’ 

‘Bondi’ originated from ‘Ranger Russet’ and ‘Karaka’. The tubers are oval-long (block 

shape), often moderately large, that conform to the accepted French fry ideal, with a cream 

flesh colour. Physiological disorders are rare within this variety except for occasional 



43 
 

hollow heart in large tubers. It is a main crop regarded to have medium dormancy and 

middle maturity. It has a high yield potential across a wide range of growing conditions for 

planting from September to late November, for harvest from March to August and for 

direct processing or long-term storage. 

In New Zealand, potato growers have demonstrated increased interest in ‘Bondi’ because 

of its high yield ability. However tubers being too long, is the major complaint of 

processors. Because of that, in 2014 some processors stopped accepting this cultivar from 

growers in Canterbury (Kerry Hughes, personal communication). 

 

3.2.3 ‘Fraser’ 

‘Fraser’ is the result of a cross between the line 676.34 and ‘Whitu’. The tubers are round 

to round-oval, with a slightly flaky off-white skin and white flesh. It is suitable for 

processing into crisps (low sugar content and high dry matter content). This cultivar is 

reasonably resistant to virus, moderately resistant to Spongospora subterranean (powdery 

scab) and has some resistance to foliage Phythophthora infestans (late blight). It is 

considered a late main crop. 

The most important attribute of ‘Fraser’ is it can be kept for long-term storage with 

resistance to cool temperature sweetening. Thus there is increased interest from processors 

for this cultivar. However, the difficulty of getting high tuber yields is seen as a 

disadvantage of this variety by potato growers. 

 

3.3 Site (Experiments 1 and 3) 

3.3.1 Location 

Experiments 1 and 3 were located at Plant & Food Research Lincoln Farm (block U2), 

Canterbury, New Zealand (43°39'S and 172°28'E). The two experiments were established 

in adjacent areas with the same topography soil type and cultivation history. The paddock 

had been previously cultivated with pasture. 
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3.3.2 Soil 

The soil is classified as a Templeton silty loam (Typic immature pallic soil (Hewitt, 1998)) 

characterized as a moderately deep soil (45 - 90 cm) with 102 mm available water in the 

top 0.6 m. This soil is considered to have a low water logging vulnerability and a high 

(0.64) structural vulnerability (Landcare Research, 2014). 

 

3.3.3 Climate 

The climate in this area is characterized by a long term average (LTA) rain fall of 630 mm 

evenly distributed throughout the year and mean temperature of 14 °C during the potato 

growing season in Canterbury (October - May) (Table 3.2). Between October and March 

LTA evapotranspiration ranges from 110 to 157 mm per month. During this period soil 

water deficits are common in this area (Peri, 2002). The meteorological data analysed in 

this experiment were measured at the Broadfields Metereological Station (Plant & Food 

Research, Lincoln, New Zealand) located about 1 km northeast of the potato experimental 

site. 

Table 3.2 Long-term (1960 - 2012) data series for rainfall, Penman total potential 
evapotranspiration (Epo), daily maximum (Tmax), minimum (Tmin) and mean (Tmean) 
average temperature, wind run and total solar radiation recorded at Broadsfield 
Meteorological Station. 

Month 
Rainfall 
(mm) 

Epo 
(mm) 

Tmax 
(°C d-1) 

Tmin 
(°C d-1) 

Tmean 
(°C d-1)

Wind run 
(km d-1) 

Solar Radiation  
(MJ m-2 month-1) 

Jan 50 157 22.1 11.3 16.7 369 681 

Feb 43 126 21.8 11.2 16.5 344 534 

Mar 52 104 20.0 9.7 14.8 334 439 

Apr 53 66 17.2 6.8 12.0 286 287 

May 57 46 14.1 4.2 9.1 276 182 

Jun 59 34 11.3 1.6 6.5 248 133 

Jul  63 37 10.7 1.4 6.0 250 158 

Aug 64 53 12.1 2.5 7.3 293 241 

Sep 40 76 14.5 4.3 9.4 328 363 

Oct 48 110 16.7 6.1 11.4 351 533 

Nov 51 133 18.6 7.7 13.2 361 639 

Dec 53 152 20.6 9.9 15.2 361 705 

Annual 633 1094 17 6 12 317 408 
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3.4 Management (Experiments 1 and 3) 

3.4.1 Planting preparation  

The area planted for Experiments 1 and 3 comprised 0.031 and 0.25 ha, respectively. On 

10/08/2011 both areas were ploughed and on 6/10/2011 250 kg ha-1 of “Cropmaster” 15 

(15:10:10:8 NPKS) was surface applied. The site was then rolled and power harrowed. The 

day before planting, two-row beds were mechanically formed and the soil “conditioned” 

by removing clods to a narrow channel. A mouldboard plough was used to create a trench 

with 0.3 mm of depth in each row. An insecticide Imicacloprid 600 g l-1 (“Gaucho”) at 3 

ml 100 m-1 of row and a fungicide Azoxystrobin 250 g l-1 (“Amistar”) at 10 ml 100 m-1 of 

row with 150 l water ha-1 was applied on the rows. Fungicide and insecticide applications 

at the same rate were applied to the crop another 11 and four times, respectively, 

throughout the growth season. 

 

3.4.2 Planting 

On 13/10/2011 (Experiment 3) and 14/10/2011 (Experiment 1) the potato seeds were hand 

planted at a depth of 200 mm in the row and moulded by hand. The rows were 

mechanically moulded a second time on 18/10/2011 so the seed potatoes would be at ~300 

mm of depth in the row. Plant spacing was 0.35 m within the same row and 0.8 m between 

rows for both experiments. 

 

3.4.3 Weed control 

On 28/10/2011 pre-emergent herbicides Metribuzin (“Sencor”) at 500 g ha-1 and 

Cyanazine (“Bruno”) 2 l g ha-1 with 400 l of water were applied for weed control. From 

15/01/2012 any weeds emerged in the plots were removed by hand. 

 

3.4.4 Fertilizer applications 

Side-dressings of nitrogen fertilizer (Urea, 46% N) were applied based on soil test 

analyses, using a hand spinner on 13 and 21 December (100 kg N ha-1 each time), and 6 
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January 2012 (50 kg N ha-1). This was based on a potential potato yield of 20 t DM-1 ha-1, 

2% potato nitrogen content, and 100 kg ha-1 of nitrogen required by the plant. 

 

Table 3.3 Soil test results for the Experimental site in Lincoln, Canterbury, New Zealand from 
2011. Soil test were performed using a Ministry of Agriculture and Fisheries Quick 
Test (MAF QT) procedures. 

Nutrient pH 

N P Olsen 
Phosphate K Ca Mg Na

Kg/ha mg/L m.e/100 m.e/100g m.e/100 m.e/100

Soil test 5.8 62 39 0.7 7.94 1.94 0.12
Optimum 

range 5.4 - 5.8 
 

30 - 60 0.50 - 1.0 4.0 - 10 1.0 - 3.0 0.0 - 0.50
Note: Soil tests were carried out using the Ministry of Agriculture and Fisheries Quick test (MAF QT). 
Lower optima for plant growth from (Paper cited in Hills Laboratories, 2014). Nitrogen (N) value 
represents mineralised N available in the soil. 

 

3.4.5 Irrigation 

To provide an optimum level of water supply the experiment was irrigated eight times 

from 21/12/ 2011 to 2/2/ 2012 at a five to eight day interval with a total of 30 mm on each 

application (Figure 3.1), using a linear irrigator. The amount applied was based on the 

average daily potential evapotranspiration (Epo) of 4.0 mm day-1 (averaged from October to 

May) calculated from the long term data series shown in Table 3.2. 

In addition the irrigation was timed to prevent the actual soil moisture deficit from 

exceeding 60 mm in the top 400 mm of soil. The water stress threshold of 60 mm was 

calculated based on field capacity of about 30% (Yunusa et al., 1995), 40 mm of root 

depth and 50% of soil water capacity available to the plant. 

 

3.4.6 Crop desiccation and final harvest 

On 18/04/2012 the crop was sprayed off with diquat dibromide (20%) after the canopy had 

senesced over 50%. Senescence was assessed by a visual scale of 0 (complete senescence) 

to 5 (100% green). Senescence was defined as when 50% of the top leaves and stems had 

yellowed.  

These experiments ended when the potatoes were harvested on 2/05/2012. 
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3.5 Physical environmental measurements 

3.5.1 Soil moisture 

Actual rainfall and evapotranspiration values for the duration of the experiment were 

obtained from data recorded at Broadfields Meteorological Station at Lincoln, Canterbury, 

New Zealand. Potential soil water deficit was calculated based on the method of French 

and Legg (1979), using estimates of Penman`s evapotranspiration (Equation 5): 

 
Equation 5  PSWD = PSWDi-l + Epo - rainfall – irrigation 
 

Where PSWDi-l is the M on the previous day and Epo is the potential evapotranspiration 

estimated based on the National Institute of Water and Atmospheric Research (NIWA) - 

New Zealand, calculations. 

The potential soil water deficit and the time of water application, indicated by the arrows, 

are shown in Figure 3.1. On 04/10/2011 22.7 mm of rainfall was measured, therefore the 

cumulative soil water status was considered to be zero at that point. 

 

 

Figure 3.1 Potential water deficit (mm) calculated using daily values of Penman 
evapotranspiration (Et), rainfall (grey bars) and the time of each 30 mm 
irrigation application (arrows) during the experiment (October 2011 to May 
2012). Data collected from the Broadfields Meteorological Station (Lincoln, 
New Zealand). Horizontal dashed line represents the critical soil water deficit 
for potatoes grown in a silty loam soil at 75 mm (Neve et al., 2006). 
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3.5.2 Soil and air temperature and radiation 

Soil temperature was monitored on site from planting to emergence date using HOBO 4-

Channel data loggers connected to four thermal sensors set for hourly readings, 

permanently placed at the seed potato seed level (~150 mm of depth). The mean daily soil 

temperature registered from planting to emergence ranged from 10 - 16°C (Figure 3.2). 

 

 

Figure 3.2 Mean daily soil and air temperature (°C) measured, from planting to emergence. 
Data from Broadfields, Canterbury, New Zealand. Soil temperature was 
measured at 150 mm of depth below ground (in the row). 

 

Mean monthly air temperature (°C) ranged from 6 - 15 °C during the course of the 

experiment (Figure 3.3). The largest daily temperature difference occurred in November 

when the temperature ranged from 0 - 27 °C. The average daily solar radiation ranged 

from, 6.5 MJ m-2 for the month of May to 24 MJ m-2 for the month of November. The 

mean daily radiation ranged from a minimum of 2.6 MJ m-2 on cloudy days of May, to a 

maximum of 34 MJ m-2 on clear sunny days in the months of November and January. 
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Figure 3.3 Mean monthly air temperature (■) and mean monthly solar radiation (–•–) for the 
potato growing season (October-May) measured at the Broadfields 
Metereological Station (Lincoln, New Zealand). 

 

3.6 Crop measurements (Experiments 1 and 3) 

3.6.1 Crop emergence 

The date of 75% emergence was determined in all replicates by counting the number of 

plants emerged over the whole plot every second day. A plant was defined as emerged at 

the first appearance of a stem above the ground (Searle, 1999). 

 

3.6.2 Radiation interceptance (R/Ro) 

A multispectral radiometer system (CROPSCAN, inc., Rochester, MN) was used to 

estimate the crop radiation interceptance (R/Ro) at a 7 to 20 day interval from 18/11/2011 

to 13/04/2012. Two readings were taken on each plot and averaged. The equipment 

recorded both the incident and the reflected radiation from crop canopies simultaneously in 

eight narrow wavelengths (nm) bands (460, 510, 560, 660, 700, 710, 730, 760 and 810). 

As the size of the canopy increases more radiation in the visible (VIS) wavelengths (400 - 

700 nm) is absorbed by chlorophyll and associated pigments and more radiation in the near 

infrared (NIR) wavelengths (750 - 850 nm) is reflected due to multiple scattering by leaf 

tissue (Curran, 1981). Thus, differences in the reflectance of these two wavelengths can be 

used to estimate R/Ro. Reflectance at these two wavelengths was combined to the 
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Normalized Difference Vegetation Index (NDVI) to predict crop R/Ro (Tucker and Sellers, 

1986). NDVI was calculated according to Equation 6: 

 
Equation 6  NDVI = (NIR - VIS) / (NIR + VIS) 
 

The NIR and VIS wavelengths used to calculate the NDVI were 760 nm and 660 nm, 

respectively. All reflectance measurements were obtained between 10:00 and 15:00, based 

on local time during clear sky conditions. The potato canopy area for each assessment 

covered a circle 0.8 m in diameter. A bare soil reading was taken on the day of each 

measurement. There was a need to transform the NDVI reading to estimate the maximum 

radiation interceptance (or cover) and correct the values for bare soil reflectance. This is 

because bare soil readings ranged from 0.9 to 0.11 NDVI which overestimated canopy 

cover during the early phase of canopy expansion (right after crop emergence). Moreover, 

from visual assessments it was noticed that the maximum radiation interceptance readings 

underestimated the maximum radiation interceptance achieved by the canopy (R/Ro=0.95). 

Therefore, R/Ro was corrected for each plot using the NDVI values calibrated according to 

Equation 7: 

 
Equation 7     NDVIcorrected (R/Ro) = (NDVIr – NDVIs) x (Cmax) / (NDVImax – NDVIs) 
 

Where NDVIr is the Index measured on the crop, NDVIs is the Index measurement on a 

bare soil, Cmax is the actual maximum radiation interceptance (varying from no canopy =0 

to fully covered =1) and NDVImax is the highest NDVI reading for the plot. Cmax was 

considered 0.95 for the calculations. It follows that, when NDVIr equalled NDVIs the 

NDVI values were fully from the bare soil (no canopy), thus R/Ro equalled zero (Figure 

3.4). However, when the plot reached maximum canopy reading (NDVImax), R/Ro equalled 

0.95. 

A similar method to correct NDVI readings had been proposed by Carlson and Ripley 

(1997). 
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Figure 3.4 Schematic representation of the NDVI (R/Ro) corrected (Equation 7). 
 

3.7 Plant structure 
The following definitions will be used throughout this thesis to describe plant structure. 

 

3.7.1 Definitions  

In this thesis a main stem refers to the “true stem” developed directly from the seed potato. 

A seed potato tuber may produce several main stems. Each main stem produced on a 

potato plant has a section below the ground level and another above the ground level 

(below-ground main stem and above-ground main stem). A schematic diagram detailing 

only one main stem (grown from the seed potato) with its different organs (stolons, tubers, 

branches, leaves and flowers) is shown in Figure 3.5. Moreover, throughout this thesis, a 

potato plant will always refer to the group of main stems (all main stems that originate 

from a single seed potato tuber) with all their different types of branches (e.g. below and 

above-ground branches), stolons and tubers.  

Below the ground level, each main stem can develop stolons and below-ground lateral 

branches (BGLB) from its auxiliary nodes. Stolons are diageotropic stems with elongated 

internodes (Van Der Zaag and Doornbos, 1987) and may bear tubers (O'Brien et al., 

1998a). So, each main stem may produce several stolons and tubers. The BGLB may 
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develop into an above-ground stem (which is not a “true” main stem) after emerging 

above-ground (Figure 3.5). The distinction between main stem and BGLB is important 

because the latter may not produce any stolons (or tubers) in their below-ground nodes. 

Throughout this thesis, the report of tuber yield and number produced on the main stems 

will refer to the sum of all tubers produced on the stolons connected to the main stems 

(below the ground level) sub-sampled from a potato plant. In other cases the report of 

tuber length at the node level will refer to individual tubers produced at a certain node 

position on the main stem (below the ground level). 

Above-ground level, the main stem produces many leaves on its nodes (first level of 

foliage) and it terminates in an inflorescence (first inflorescence). Lateral branches 

(AGLB) are also produced on the main stems above the ground level. These AGLB can 

arise on the second (n-1) and third (n-2) axillary nodes below the first inflorescence (apical 

lateral branches) and on lower node positions (e.g. n-13 and n-14; basal lateral branches) 

of the main stems (Figure 3.5). These AGLB represent the second level of growth that can 

also terminate in an inflorescence (second inflorescence). Later, a third and higher levels 

may appear. 

Moreover, in this thesis the main stems (above the ground level) will be considered to 

continue on the AGLB (n-1 or n-2) of every level of growth. The first AGLB (n-1 or n-2) 

to appear (visually) was considered as a continuation of the main stem. Therefore, at final 

plant growth, the main stems may comprise many levels of growth above the ground level. 

So, in this thesis, values reported for the main stem measurements above the ground level 

(e.g. number of leaves, leaves dry matter (DM), petiole DM and ‘stem’ DM) are the sum 

of all the different levels of growth of the main stem (Figure 3.5). The term above-ground 

‘stem’ will be used to designate main stems and branches (all BGLB and AGLB) above 

the ground level without petioles, leaves and flowers. 
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Figure 3.5 Simplified diagram of one main stem produced by the seed potato with all its 
different organs (stolons, tubers, branches, leaves and flowers). Roots were not 
included. Revised after Vos (1995a) and Struik and Ewing (1995). A seed potato 
may produce several main stems. 
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4 Growth,	yield	and	size	distribution	of	 three	
main	potato	crop	cultivars	(Benchmark	field	
experiment)	

 

4.1 Introduction 
In New Zealand, nearly 60% of potato production is dedicated to the processed market. 

‘Russet Burbank’ is the standard cultivar used for French fries. The cultivars ‘Bondi’ and 

‘Fraser’ have been released for the French fries and crisping markets, respectively. 

From a potato growers perspective, the ability of these crops to yield in the process grades, 

where retail prices are highest, is of interest. However, the origins of yield differences are 

rarely made clear in cultivar trials (Van Der Zaag and Doornbos, 1987) and breeding 

programmes. 

In this chapter the above and below-ground growth behaviour of these three potato 

cultivars are reported from field grown conditions. Grade and accumulated yield are 

initially presented. Comparisons of total radiation interceptance, radiation use efficiency 

(RUE) and dry matter partitioning to tubers are then made among cultivars. The analyses 

of potato yield and number distribution are then examined for the individual below-ground 

stem. The relationship between individual tuber growth, node position and stolon length, 

to which the tuber is attached, are also described.  

The objective of Experiment 1 is to benchmark the growth and development of these three 

cultivars. This includes radiation interceptance, RUE and dry matter partitioning dynamics 

and the role of node position and stolon on tuber formation and growth on the below-

ground stem. These measurements provide the benchmarks for growth and development of 

these cultivars in non-limiting conditions. The values obtained will be used in later 

chapters to aid the interpretation of how ‘physiological age’ affects these crops growth, 

development and yield components. 
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4.2 Materials and Methods (Experiment 1) 
A full description of site, crop establishment, management and physical environmental 

measurements is given in Chapter 3. 

 

4.2.1 Experimental design 

Three cultivars (‘Bondi’, ‘Fraser’ and ‘Russet Burbank’) were used in this experiment. 

Each cultivar was replicated three times according to a completely randomized design 

(Appendix 1). Plots were 21 m long and 1.6 m wide with two rows.  

 

4.2.2 Seed origin and storage location 

A total of 348 seed potatoes of each cultivar were sown. The mean seed potatoes weight 

was ~115g for ‘Bondi’, ~80 g for ‘Fraser’ and ~115 g for ‘Russet Burbank’. The potatoes 

were collected from three different locations in mid-Canterbury. The history of each 

cultivar is described in Table 4.1. 

 

Table 4.1 Planting date and time of mother crop desiccation, harvest and beginning of cool storage 
for three cultivars planted in Experiment 1. 

Cultivar Location Planting Desiccation Harvest Enter cool storage 

‘Bondi’ 
Aberdeen 
Farm Ltd 

29/11/2010 11/02/2011 
Early 
May 

~mid May 

‘Fraser’ 
Maw 
Farm 

28/10/2010 2/02/2011 
Early 
May 

~mid May 

‘Russet 
Burbank’ 

Creeside 
Farm Ltd 

4/11/2010 23/03/2011 
Early 
May 

~mid May 

 

Following the commercial storage practices in Canterbury, all seed potatoes were stored in 

a cooler (4 °C) around two weeks after the crops were machine harvested. On 9/09/2011 

(~4 weeks before planting in the field) all potatoes were moved from the cooler into a shed 

(at ambient temperature and no light) to allow for the seed potatoes to break dormancy. 
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4.2.3 Sampling 

Six plants were sampled from each plot (three plants on each row). The plants were hand 

lifted using a fork on 11 occasions: from 23/11/2011 to 4/01/2012 in 6 - 8 day intervals 

and from 4/01/2012 to 29/02/2012 at 13 - 15 day intervals. The plants were lifted with care 

to preserve the stolons attached to the tubers and to the main stems. A sub-sample of one 

main stem of each plant (with all its above and below-ground organs; Figure 3.5) was 

randomly selected from each one of the six plants sampled. Unlike in wheat plants, where 

many tillers can be produced under the hierarchy of the main stem (dominant one), the 

main stems produced by the seed potato were not considered to be regulated by any 

hierarchy or dominance. So, based on this assumption, each of the main stems sub-

sampled were assumed to be representative of the entire sample (plant). 

The sub-sample was then separated into above and below-ground organs. 

 

4.2.4 Measurements 

4.2.4.1 Dry matter content (DM%) 

All dry matter content (DM%) yield measurements reported throughout this thesis were 

obtained by drying the samples in a forced air oven (65 - 70 °C) to constant weight. 

 

4.2.4.2 Above-ground  

The botanical composition was determined by dissecting the sub-samples into main stem 

(including the different levels of growth; Figure 3.5) and total branches (including BGLB 

and AGLB of different levels of growth) according to the terminology described in Section 

3.7.1. The measurements taken from the sub-sample main stems included total number of 

green leaves, individual green leaf area, individual green leaf DM (without the petiole), 

petiole DM and main stems DM. In addition, total branches DM was measured in the sub-

sample. Later, the DM proportion of the main stems (including the different levels of 

growth; Figure 3.5) and total branches (including BGLB, AGLB of different levels of 

growth) were determined for the sub-sample on each plot. 
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To measure leaf area a Li-Cor 3100 Area Meter was used. The leaves from each individual 

node of the main stem were grouped from the six sub-samples before going through the 

leaf area meter. 

Above-ground DM was also measured on the rest of the sample. Finally, the number of 

main stems produced on each plant sampled was counted. 

 

4.2.4.3 Below-ground  

For the whole sampling period, the total number of below-ground main stems was counted 

on the samples and their total DM (including stolons and excluding roots) was measured. 

In addition, for all 11 sampling events, the tubers collected from the destructive sample 

(including the tubers from the sub-samples) were washed and left to air dry before grading 

by hand. The tubers were then separated into six weight classes (g), 1 - 50, 50 - 113, 113 -

170, 170 - 250, 250 - 350 and >350. These weight classes are based on the general 

classification of tubers in New Zealand (Searle, 1999). The tubers were counted and 

individually weighed fresh (FM) using a Mettler Toledo PB1502 fine balance (Global 

Science and Technology Ltd, Glenfield, Auckland, NZ). Then, total tuber DM was 

measured for each grade. 

A ruler was used to take some measurements on the sub-sample. These measurements 

focussed on the stolons grown on the individual nodes of the below-ground main stem and 

on the tubers grown from these stolons. To achieve this, each node position was numbered 

from top (near ground surface) to bottom on the below-ground main stem profile. The 

nodes were then assessed for stolon length and tuber initiation status. The stolons were 

also classified according to their origin: primary and lateral stolons were those arising from 

primary and associated axillary nodes at below-ground nodes, respectively, whilst stolons 

originating as branches of primary stolons or secondary stolons are referred to as ‘branch’ 

stolons (Cother and Cullis, 1985). Tuber initiation was considered from when the tip of the 

stolon started swelling (2 mm of width). From the swelling stage onwards the potato was 

graded into size classes of one centimetre. These measurements at the individual node 

position level were last taken on 4/01/2012 for ‘Bondi’ and on 19/01/2012 for ‘Fraser’ and 

‘Russet Burbank’. After that it was impossible to lift the entire crop with all of the tubers 

still attached to each stolon, to be sure of its origin. 
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4.2.4.4 Final harvest and grading 

All plots were mechanically harvested on 2/05/2012 using a single row digger. Around 36 

plants were harvested from each plot. The total number of above-ground stems was 

counted on each plot and averaged for the plot prior to this operation. 

To obtain total number, FM and DM, the tubers were graded and processed (Section 

4.2.4.3). 

 

4.2.5 Calculations 

4.2.5.1 Tuber yield 

Values of FM and DM tuber yield were reported as the mean of each plot on each 

sampling date. To calculate the accumulated proportion of yield the tubers were sorted into 

weight grades of 50 g. The sum of weights within each grade divided by the total FM gave 

the proportion per grade. The sum of grade proportions from the lowest (0 - 50 g) to the 

highest (1050 - 1100 g) grade established the accumulated proportion which ranged from 

zero to one. 

In addition, accumulated tuber FM and DM yields (measure from 23/11/2011 to final 

harvest) were fitted against days after planting (DAP) using a Gompertz curve. Later, 

accumulated tuber DM was also fitted against thermal-time (Section 4.2.5.2) using the 

same type of curve. The time when 5% and 95% of the final tuber DM was also calculated 

for each plot based on the curve estimates. Finally, linear growth rates (LGR), tuber t DM 

ha-1 day-1 or t tuber DM ha-1 °Cd-1 were calculated for each plot of each cultivar. LGR was 

calculated by fitting a linear regression between accumulated tuber DM against DAP or Tt 

using all data-points within the range of 5 and 95% of the maximum yield for each cultivar 

(Brown, 2004; Teixeira, 2006). 

 

4.2.5.2 Thermal-time calculation 

Daily thermal-time (Tt, °Cd) was calculated using daily average air temperature (Tmean) 

after crop emergence. Tmean was measured using the average of hourly air temperatures 

above a threshold (Tb) of 2 °C (Section 7.3.1). Then the cumulative thermal-time was 

calculated by the sum of the daily Tt. A rate of 1.0 °Cd °C-1 above Tb was applied. 
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Because the Tmean was never over 25 °C during the field experiment period (Section 3.5.2) 

Tt did not have to be corrected for supra optimum temperatures (see Section 2.3.1.1). 

 

4.2.5.3 Radiation interceptance 

Radiation interceptance (R/Ro) was measured (Section 3.6.2), and the total incident 

radiation (Ro) from the Meteorological station (Section 3.5) was used to calculate the 

radiation intercepted in MJ m-2 by the canopy.  

Daily values of radiation interceptance (R/Ro daily) were estimated with a Piece-wise 

regression fitted to each individual plot using a series of 16 measurements taken from 

15/11/2011 to 13/04/2012. The regressions were fitted against days after planting (DAP) 

and Tt (Section 4.2.5.2). The Piece-wise regression consisted of a three linear phase model 

of canopy formation (Figure 4.5). Immediately after crop emergence, the phase of canopy 

growth happened concomitant to the R/Ro rise at a linear rate of increase. Then the crop 

had a canopy constant phase when the crop was at maximum radiation interceptance (R/Ro 

max). The final phase characterises the canopy senescence in which R/Ro decreases at a 

linear rate.  

The total amount of accumulated radiation intercepted (Rcum) was calculated by integrating 

daily values of radiation interceptance from crop emergence (em) to crop desiccation (des), 

on 18/04/2012, according to Equation 8: 

 

Equation 8   Rcum = ∫ 
des

em

 R/Ro daily*Ro daily 

 

Where, Ro daily is the daily average total incident radiation. 

 

4.2.5.4 Radiation use efficiency (RUE) 

RUEtotal was calculated from the total dry matter (DMtotal) accumulated in the entire plant 

(which included above and below-ground parts of the crop but excluded roots). In addition, 

the radiation use efficiency for tuber dry matter production (RUEtuber) was calculated as a 

fraction of the total dry matter. These calculations fitted a linear and a split line regression 
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to the plot averages of DMtotal and DMtuber respectively, against Rcum from 14/10/2011 to 

29/02/2012. The split-line regression fitted to DMtuber indicated the moment when RUE 

shifted from a low to a higher rate (“break point” of the regression). The “break point” was 

then considered to be the time of tuber bulking initiation. 

RUE was not adjusted for temperature because the average air temperature remained 

between 12 °C and 30 °C, regarded as the optimum threshold for potato crop growth for 

the entire crop growth season, from November 2011 to April 2012 (Figure 3.3). 

 

4.2.5.5 Fraction of total DM partitioned in the tubers (harvest index) 

The fraction of total dry matter partitioned in the tubers or harvest index (HI) was 

calculated using Equation 9: 

 
Equation 9     HI = DMtuber / DMtotal  

 

The pattern of crop HI increase was assessed by fitting an exponential curve between the 

fraction of total DM partitioned to the tubers and DAP for each cultivar from 30/11/2011 

to 29/02/2012. This relationship was also performed using total DM partitioned to the 

tubers and thermal-time accumulated from crop emergence. The measured values of each 

plot were compared for differences among cultivars. 

 

4.2.5.6 Non-destructive method of estimating individual leaf area  

In potato crops individual leaf area estimation using non destructive methods usually 

derives from the measures of width (W, cm) and length (L, cm) of the compound leaf. 

Later, a factor (f) is used to calibrate these parameters. Leaf area is then expressed as: 

 
Equation 10  A = f * W * L 
 

In the literature f ranges from 0.45 (Vos and van der Putten, 1998), to 0.74 (Fleisher and 

Timlin, 2006). 
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An alternative to this approach was tested in this chapter. Leaf expansion and final area 

(LA, mm2) of individual leaf position on the main stem was estimated by a split-line 

regression fitted against the terminal leaflet length (mm) (Figure 4.10) using the data 

collected (Section 4.2.4.2). 

 

4.2.5.7 Leaf area index (LAI) and extinction coefficient (k) 

Leaf area index (LAI) was estimated from leaf DM using the concept of specific leaf area 

(SLA; cm2 g-1 DM of leaf). To do this, the relationship between individual leaf area (LA; 

cm2) and individual leaf dry matter (g) was established by linear regression 

(0.94<R2<0.98). The regression was fitted for individual plots using the individual leaf 

area against their DM from six sub-sampled stems (Section 4.2.3). The slopes of the linear 

regressions gave the SLA of each cultivar. SLA was then multiplied by the average plant 

leaf DM. Finally, LA was extrapolated for the plant and then to a square meter to obtain 

LAI. 

The extinction coefficient (k) was used to describe the canopy architecture of the crops. 

The k value was calculated from the regression of the natural log of the fraction of 

radiation interceptance (R/Ro) by the crop against LAI. 

 

4.2.5.8 Leaves, petioles and above-ground ‘stems’ DM 

The proportion of DM allocated to leaves, petioles and above-ground main stems was 

established using the sub-sample measurements (Section 4.2.4.2) and then these were 

multiplied by the total DM of the sample (6 plants = ~1.7 m2) to give the DM of leaves per 

m2, petioles per m2 and above-ground ‘stems’ per m2, respectively. The DM was later 

averaged for the plant. 

 

4.2.5.9 Chance of tuber initiation occurrence 

The chance of tuber initiation occurrence at a certain node position on the below-ground 

main stem was calculated based on the six sub-samples averaged on each plot. For each 

node position it ranged from zero (0% initiated) to one (100% initiated). 
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4.2.6 Statistical analysis 

Data were analysed using GenStat version 14 (VSN International). Significant differences 

among the treatments were determined by analyses of variance (ANOVA) according to the 

complete randomised design (Appendix 1). Standard error of differences of means (s.e.m.) 

were used to evaluate least significant differences (LSD) at the α=0.05 or α=0.1 

probability level for means separation of the cultivars.  

Linear and non-linear regressions were fitted between dependent and explanatory variables 

using GenStat version 14 (VSN International). A split-line regression was fitted to identify 

the point of breakage using the same statistical package. When appropriate, a three stage 

regression (Piece-wise) was fitted using SIGMAPLOT version 10.0 (SPPSS Inc.). 

Regression coefficients, standard error of coefficient and coefficients of determination are 

reported. When values are significant at α=0.1 but not α=0.05, results are reported as a 

trend. 
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4.3 Results 
 

4.3.1 Final yield 

4.3.1.1 Final yield distribution 

Grade FM yield, total FM tuber yield and number differences among ‘Bondi’, ‘Fraser’ and 

‘Russet Burbank’ are shown in Table 4.2.  

There was an indication (P<0.067) that ‘Bondi’ had a higher total FM yield compared with 

‘Russet Burbank’ and ‘Fraser’. However, ‘Fraser’ and ‘Russet Burbank’ produced on 

average 70% and 57%, respectively, more (P<0.01) tubers than ‘Bondi’ per m2.  

The average tuber weight was higher (P<0.001) for ‘Bondi’ (238 g) than ‘Fraser’ and 

‘Russet Burbank’ (114 ± 29). 

‘Bondi’ produced a heavier (P<0.02) yield and higher (P<0.05) number of potatoes >113 g 

(French fry) than ‘Russet Burbank’ (Table 4.2). On average, ‘Bondi’ yielded ~61.9 t ha-1 

and produced 21 tubers m-2 in this grade. In contrast, ‘Russet Burbank’ produced 35.4 t ha-

1 and ~19 tubers m-2. 

Using a common grading system, seed grade for ‘Fraser’ produced the highest (P<0.003) 

yield and number of tubers > 50 g (3.4 t ha-1 and 11.1 tubers m-2) and ‘Bondi’ the lowest 

(0.9 t ha-1 and 2.7 potatoes m-2). Yield and number of ‘Fraser’ and ‘Russet Burbank’ seed 

potatoes for the grade 50 - 113 g were also higher (P<0.001) than ‘Bondi’. ‘Fraser’ and 

‘Russet Burbank’ crops produced ~16 tubers m-2, but ‘Bondi’ produced only 4 tubers m-2 

in this seed grade.  

In the table grade (113 – 170 g), ‘Bondi’ also had the lowest (P<0.001) yield and number 

of tubers (4.1 t ha-1 and 2.9 tubers m-2) compared with ‘Fraser’ (16.2 t ha-1 and 11.6 tubers 

m-2) and ‘Russet Burbank’ (13.9 tha-1 and 10 tubers m-2).  

For the premium process grades (tubers heavier than 170 g) ‘Bondi’, ‘Fraser’ and ‘Russet 

Burbank’ averaged 57.8, 19.4 and 21.6 t ha-1 respectively. Within the grade 170 - 250 g, all 

crops averaged 12 t ha-1 and six tubers m-2. However, for tubers heavier than 250 g, 

‘Bondi’ produced a higher yield and number than ‘Fraser’ and ‘Russet Burbank’ (Table 

4.2).  
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Table 4.2 Grade and total tuber fresh weight yields of ‘Bondi’, ‘Fraser’ and ‘Russet Burbank’ potato crops grown from October to May 2011 - 2012 at 
Canterbury, New Zealand. 

Cultivar 

Seed grade Table grade Process grade (premium)  
Total potato  (0 - 50 g) (50 - 113 g) (113 - 170 g) (170 - 250 g) (250 - 350 g) (> 350 g) 

Yield 
(t ha-1) 

nº 
(m2) 

Yield 
(t ha-1) 

nº 
(m2) 

Yield 
(t ha-1) 

nº 
(m2) 

Yield 
(t ha-1) 

nº 
(m2) 

Yield 
(t ha-1) 

nº 
(m2) 

Yield 
(t ha-1) 

nº 
(m2) 

yield 
(t ha-1)

nº 
(m2) 

‘Bondi' 0.90 2.70 3.30 4.10 4.10 2.9 11.8 5.60 20.0 6.70 26.0 5.8 66.1 27.8 
‘Fraser' 3.40 11.1 12.3 15.6 16.2 11.6 13.8 6.90 5.00 1.70 0.6 0.20 51.3 47.2 
‘Russet Burbank' 2.40 7.10 14.2 17.6 13.9 10.0 13.0 6.50 5.50 1.90 3.10 0.70 52.0 43.7 
P 0.003 0.002 <0.001 <0.001 <0.001 <0.001 ns ns 0.002 0.003 0.003 0.002 0.067 0.006 
LSD 0.85 2.62 1.96 2.40 3.08 2.11 3.25 1.56 5.33 1.86 9.5 1.93 13.6 8.2 
 

Cultivar 

French fry 

(>113 g) 
Yield nº 
(t ha-1) (m2) 

‘Bondi' 61.9 21.0
‘Russet Burbank' 35.4 19.0
P 0.02 0.05
LSD 15.01 1.88

Note: nº = number of potatoes. LSD = Least significant difference. The comparison of tuber yield and numbers in the French fry grade does not include ‘Fraser’ which is 
grown for crisp potatoes. 
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Figure 4.1 shows the accumulated proportion of yield screened into 50 g grades. ‘Fraser’ 

and ‘Russet Burbank’ showed similar distributions with 75% of their yield deposited in 

potato grades under 250 g. In contrast, potatoes that weighed less than 250 g accounted for 

only 25% of the ‘Bondi’ yield. For ‘Bondi’, 50% of yield was concentrated in the 250 - 

450 g range and 25% to tubers larger than 400 g. 

 

 

Figure 4.1 Accumulated proportions of yield against the weight classes at final harvest for 
‘Bondi’ ‘Fraser’ and ‘Russet Burbank’ potatoes. The crops were grown during 
the summer (October - May) in the years 2011 - 2012 at Lincoln, Canterbury, 
New Zealand. Horizontal dotted lines indicate the proportion of yield on each 
quartile. Bars are LSDα=0.05 represented for the accumulated proportion quartiles. 

 

4.3.2 Tuber DM content (%) change 

Tuber DM content (%), during the crop growing season, was compared for the different 

cultivars (Figure 4.2). There was a strong (R2=0.9) sigmoid fit between DM% increase and 

days after planting. The regression parameters indicated that the three cultivars increased 

DM% at a similar rate (Table 4.3). This increased from 15% (~50 DAP) to a maximum of 

26%, at ~140 DAP (time of 95% final tuber DM). This maximum was then maintained 

until final harvest. 
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Figure 4.2 Average tuber dry matter content (DM%) of ‘Bondi’, ‘Fraser’ and ‘Russet 

Burbank’ crops against days after planting (DAP) at Lincoln, Canterbury, New 
Zealand. Sigmoid regression (─), y = 0.27 * exp (-exp (- (x - 45.9) / 27.7)), R2 = 
0.91. Bars represent the pooled LSD of the cultivar means for each sampling 
date. Planting was on 14/10/2011. 

 

Table 4.3 Tuber dry matter content parameters for the sigmoid model displayed in Figure 4.2 for 
‘Bondi’, ‘Fraser’ and ‘Russet Burbank’ potato crops grown at Lincoln, Canterbury, New 
Zealand, 2011 - 2012. 

  Cultivar     

Parameter 
‘Bondi’ ‘Fraser’ 

‘Russet 
Burbank’ 

Significance LSDα=0.05 

a 0.26 0.27 0.28 ns 0.02 
b 36.7 30.0 26.2 ns 26.1 
x0 34.8 51.6 45.4 ns 18.5 
Note: Sigmoid curve is y=a * exp (- exp(- (x - x0) / b)). 
 

4.3.3 Tuber yield change 

A sigmoid curve described the variation (0R2<0.99) of tuber dry matter (DM) over time 

(Figure 4.3). ‘Bondi’ had a larger tuber DM yield (~17 t ha-1) compared with ‘Fraser’ and 

‘Russet Burbank’ (~13.5 t ha-1) at final harvest. This reflected the conservative DM% at 

final harvest among the cultivars (Section 4.3.2).  
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Figure 4.3 Average tuber dry matter (DM) of ‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet Burbank’ 

(▲) crops against days after planting (DAP) on 14/10/2011 at Lincoln, 
Canterbury, New Zealand. Curves represent sigmoid curves y = a * exp (- exp (- 
(x - x0) / b)). The parameters for the curves are displayed in Appendix 2. The bars 
represent the pooled LSD (Pα=0.05) of the cultivar means for each sampling date. 
Vertical dotted line represent the time of 95% final tuber DM. 

 

There was also a strong (R2>0.99) fit between tuber DM and thermal-time accumulated 

from crop emergence (Figure 4.4). Tuber DM increased consistently from ~370 °Cd (or 62 

DAP, Figure 4.3), when 5% of the final tuber DM was reached in all cultivars, to ~1400 

°Cd (or 140 DAP). At this point the cultivars had attained 95% of the final tuber DM yield 

(Table 4.4). Thereafter ‘Bondi’, ‘Fraser’ and ‘Russet Burbank’ crops had negligible 

change in weight. 

The rate of maximum tuber DM accumulation (LGR) was ~25% higher for ‘Bondi’ and 

‘Russet Burbank’ (average 1.21 kg ha-1 °Cd-1 or 16.5 kg ha-1 day-1) compared with ‘Fraser’ 

(average 0.9 kg ha-1 °Cd-1 or 12.6 kg ha-1 day-1). 

 

 

DAP

0 50 100 150 200

Po
ta

to
 D

M
 y

ie
ld

 (t
 h

a-1
)

0

5

10

15

20

95% final
tuber DM



68 
 

 
Figure 4.4 Average tuber dry matter (DM) against thermal-time (Tb=2 °C) for ‘Bondi’ (●), 

‘Fraser’ (□) and ‘Russet Burbank’ (▲) crops planted on 14/10/2011 at Lincoln, 
Canterbury, New Zealand. Curves represent sigmoid curves y = a * exp (- exp (- 
(x - x0 ) / b)). The parameters for the curves are displayed in Appendix 2. 
Vertical dotted line represent the time of 95% final tuber DM. 

 

Table 4.4 Parameters of sigmoid curves displayed in Figure 4.3 and Figure 4.4 that represent the 
accumulated tuber DM for ‘Bondi’, ‘Fraser’ and ‘Russet Burbank’ crops planted on 
14/10/2011 at Lincoln, Canterbury, New Zealand. 

Cultivar 
5% total potato 

DM (°Cd) 
95% total potato 

DM (°Cd) 
LGR 

(kg ha-1 °Cd-1) 
‘Bondi’ 370 (61) 1534 (149) 1.22 (16.6) 
‘Fraser’ 379 (66) 1498 (151) 0.90 (12.6) 
‘Russet Burbank’ 353 (60) 1169 (119) 1.20 (16.4) 
Pα=0.05 ns (ns) ns (ns) 0.02 (0.03) 
LSD 73.0 (6) 764 (37.8) 0.20 (2.87) 
Note: Values outside brackets are expressed in °Cd and bracketed values are in days after planting (DAP). 
The LGR was transformed from tonnes to kg in this table. 
 

4.3.4 Radiation interceptance (R/Ro) 

Figure 4.5 shows the Piece-wise models used to predict the radiation interceptance (R/Ro) 

during the crop growing season for each cultivar. These explained over 97% of the 

variance. The maximum R/Ro was higher (P<0.013) for ‘Bondi’ and ‘Fraser’ (~91%) than 

‘Russet Burbank’ (Table 4.5). Radiation interceptance increased at a rate of ~0.20% °Cd-1 

(~2.20% day-1) for all crops. On average the canopy of the cultivars reached their 

maximum R/Ro after ~500 °Cd (~73 DAP) and remained constant for ~840 °Cd (~62 days) 
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at this maximum radiation interceptance. However, there was a difference (P<0.025) in the 

rate of canopy senescence. Table 4.5 shows that ‘Russet Burbank’ had the fastest rate of 

senescence (0.15% °Cd-1 or 1.60% day-1) and ‘Fraser’ the slowest (0.06% °Cd-1 or 0.63% 

day-1). However, 95% of the crops final tuber DM yield (Section 4.3.3) was reached soon 

after the canopies started senescing (1350 °Cd or 135 DAP). 

 

 
Figure 4.5 Radiation interceptance (R/R○) measured from 15/11/2011 to 13/04/2012 against 

days after planting (DAP; a) and accumulated thermal-time from crop emergence 
measure in °Cd (b) for ‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet Burbank’ (▲) potato 
crops grown at Lincoln, Canterbury, New Zealand, 2011 - 2012. R/Ro from ‘0’ 
(no interceptance) to ‘1’ (100% interceptance). Regression parameters are shown 
in Appendix 3. Bars represent the standard error above and below the mean 
values. 
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Table 4.5 Crop canopy parameters for the Piece-wise linear model displayed in Figure 4.5 that 
represents the radiation interceptance dynamic of ‘Bondi’, ‘Fraser’ and ‘Russet 
Burbank’ potatoes measured from November 2011 - April 2012 at Lincoln, New 
Zealand. 

Cultivar 
R/R○ max 

(%) 

Time to 
R/R○ max 

(°Cd) 

Rate of 
 increase 
(% °Cd-1) 

Duration of 
constant phase 

(°Cd)

Rate 
of decrease 
(%°Cd-1) 

‘B’ 89.7 523 (73.5) 0.19 (2.2) 815 (61.5) -0.12 (-1.15) 
‘F’ 92.1 476 (74.3) 0.22 (2.3) 874 (64.4) -0.06 (-0.63) 

‘RB’ 87.2 500 (71.3) 0.18 (2.2) 838 (58.9) -0.15 (-1.60) 

P 0.01 ns ns ns 0.05 (0.03) 
LSDα=0.05 2.48 154 (10.8) 0.09 (0.8) 196 (19.8) 7.0*10-4 (0.63) 

Note: ‘B’: ‘Bondi’; ‘F’: ‘Fraser’ and ‘RB’: ‘Russet Burbank’. Values outside brackets are expressed in °Cd 
and bracketed values are in days after planting (DAP). 
 

4.3.5 Accumulated radiation intercepted (MJ m-2) 

Figure 4.6 shows the pattern and total amount of radiation intercepted by the three 

cultivars. For the early stage of canopy growth, up to 69 DAP, ‘Bondi’ and ‘Russet 

Burbank’ crops accumulated more (P<0.05) radiation than ‘Fraser’. By that date ‘Bondi’ 

and ‘Russet Burbank’ had accumulated 567 ± 27.7 and 586 MJ m-2 total radiation 

respectively, compared with 511 MJ m-2 by ‘Fraser’. However, the accumulated radiation 

intercepted was not different (P<0.14) among the cultivars soon after they all had reached 

95% of their final tuber yield (143 DAP). This value was on average 1650 ± 51.6 MJ m-2 

total radiation. 

Five days before the crops were desiccated (182 DAP) ‘Fraser’ had accumulated on 

average 12% more (P<0.05) total radiation than ‘Russet Burbank’. At haulm desiccation 

(187 DAP) ‘Fraser’ had accumulated 7% (LSDα=0.1; CV=4.2%) more radiation than 

‘Bondi’ and 14% (LSDα=0.05) more radiation compared with ‘Russet Burbank’, 

respectively. In addition, there were an indication that ‘Bondi’ accumulated 7% more 

(LSDα=0.1; CV=4.2%) radiation than ‘Russet Burbank’. 
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Figure 4.6 Total cumulative radiation intercepted by ‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet 

Burbank’ (▲) potato crops against days after planting (DAP) at Lincoln, 
Canterbury, New Zealand. Bars represent the pooled LSDα=0.05 of the cultivar 
means for each sampling date. The arrow indicates the time of ~95% final tuber 
DM yield (~140 DAP). Planting was on 14/10/2011. 

 

4.3.6 Total and tuber RUE 

The linear regression fitted to total plant DM (DMtotal) against total radiation intercepted is 

shown in Figure 4.7). RUEtotal was calculated as the slope of the linear regressions forced 

through the origin (Table 4.6). This was higher (P<0.02; LSDα=0.05) for ‘Bondi’ (1.24 g 

DM MJ-1) than ‘Fraser’ (0.99 g DM MJ-1), while ‘Russet Burbank’ averaged 1.09 g MJ-1. 

In Figure 4.7, an LSD bar is displayed for the total crop DM at 111 DAP (19 days before 

initiation of crop canopy senescence). At this point, ‘Bondi’ crops had accumulated the 

highest (P<0.02) amount of DM (16.3 t ha-1) and ‘Fraser’ the lowest (11.1 t ha-1).  

The radiation use efficiency for tuber dry matter production (RUEtuber) was unaffected 

(P<0.29) by cultivar, and averaged 0.24 g DM MJ-1 of total solar radiation intercepted in 

the early stage of growth (lag phase, before the “break point”; Figure 4.7) and 1.0 g DM 

MJ-1 thereafter (Table 4.7). The “break point” (time when tuber bulking started) differed 

(P<0.026) between the cultivars. ‘Fraser’ accumulated 324 MJ m-2 total solar radiation 

before the RUEtuber increase compared with ‘Russet Burbank’ (~200 MJ m-2 total solar 

radiation) with ‘Bondi’ intermediate. 
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Figure 4.7 Accumulated total (●) and tuber (○) dry matter (DM) against accumulated total 
solar radiation intercepted (Rcum) for ‘Bondi’, Fraser’ and ‘Russet Burbank’ 
potato crops measured between 14/10/2011 and 29/02/2012 at Lincoln, 
Canterbury, New Zealand. A regression line (••••) was fitted to the accumulated 
total DM against Rcum and the relationships are indicated by the arrows (ANOVA 
for the parameters are displayed in Table 4.6). The split-line regressions (─) fitted 
to the potato DM against Rcum are displayed in Table 4.7. The arrows pointed to 
the split-line regressions indicate the point of line convergence (“break point’). 
The white crossed circle represents potato final harvest DM and was excluded 
from the split line regressions. The LSD is displayed for the total crop DM 
accumulation on the 16/02/2012 (125 days after planting). 
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Table 4.6 ANOVA for the RUEtotal parameters from the linear model displayed in Figure 4.7 for 
‘Bondi’, ‘Fraser’ and ‘Russet Burbank’ potatoes grown from October 2011 to May 2012 
at Lincoln, New Zealand. 

Cultivar Slope (RUEtotal) 
‘Bondi’ 1.24 
‘Fraser’ 0.99 
‘Russet Burbank’ 1.09 
P α=0.5 0.02 
LSDα=0.0 5 0.15 
LSDα=0.1 0.12 
Note: RUEtotal is expressed in g total crop DM MJ-1 of total solar radiation intercepted. 

 

Table 4.7 Equations for relationships between tubers accumulated dry matter (t ha-1) and 
accumulated radiation intercepted (MJ) from the split-line regression for ‘Bondi’, 
‘Fraser’ and ‘Russet Burbank’ crops measured between 14/10/2011 and 29/02/2012 at 
Lincoln, Canterbury, New Zealand.  

3“Break” 

RUEtuber 

Cultivar 1RelationshipI  
2RelationshipII x y 

‘Bondi’ y = 0.004 x + 28.6 y = 0.011 x - 1.92 243 0.80 

‘Fraser’ y = 0.001 x + 93.4 y = 0.009 x - 2.36 324 0.51 

‘RB’ y = 0.003 x + 20.6 y = 0.001 x - 1.51 188 0.45 

P α=0.5 ns ns 0.026 ns 

LSD α=0.5 0.003 0.003 100 0.7 
Note: 1RelationshipI = before “break point”, 2RelationshipII = after “break point”. 3“break point” at which 
radiation use efficiency for tubers (RUEtuber) changes. On each split line regression the slopes of the lines 
represent the RUEtuber expressed in g DM MJ-1 of total solar radiation intercepted. RB = ‘Russet Burbank’. 
“Break”: P value and LSD displayed for the slopes of the Relationships I and II. 

 

4.3.7 Fraction of total dry matter partitioned in the tubers (HI) 

The fraction of the total plant DM partitioned in the tubers is shown by the exponential 

curves in Figure 4.8ab. The pattern of HI increase over time from planting to 138 DAP 

was exponential for the three cultivars. HI was higher (P<0.05) for ‘Bondi’ and ‘Russet 

Burbank’ than ‘Fraser’ throughout the growth season. After 138 DAP (around the time of 

95% final tuber DM, Figure 4.3), as the three cultivars had begun to senesce, ‘Bondi’ and 

‘Russet Burbank’ HI averaged 0.83 and 0.86 ± 0.04, respectively compared with 0.74 

(P<0.002) for ‘Fraser’. 

The time of 50% fraction of dry matter partitioned into the tubers was different (P<0.006) 

among cultivars (Figure 4.8ab). ‘Bondi’ and ‘Russet Burbank’ had 50% of their dry matter 
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accumulated in the tubers at ~70 DAP (~490 °Cd from crop emergence). However, 

‘Fraser’ reached this fraction 17 days later (~665 °Cd from crop emergence). 

 

 
Figure 4.8 Fraction of dry matter (DM) partitioned to tubers against days after planting 

(DAP; a) and cumulative thermal-time (b) for ‘Bondi’ (●), ‘Fraser’ (□) and 
‘Russet Burbank’ (▲) crops measured from 14/10/2011 to 29/02/2011 at 
Lincoln, Canterbury, New Zealand. Bars represent the pooled LSDα=0.05 of the 
cultivars means for each sampling date. The exponential curves were fitted to 
average values for: Figure (a): ‘Bondi’: y = 0.86 (0.03) - 3.73 (0.53) * [0.97 
(0.003) x], R2 = 0.97; ‘Fraser’: y = 0.81 (0.04) - 3.97 (0.75) * [0.98 (0.004) x], R2 
= 0.96 and ‘Russet Burbank’: y = 0.86 (0.03) - 4.42 (0.83) * [0.96 (0.003) x], R2 
= 0.96; and Figure (b) ‘Bondi’: y = - 0.5695 (0.1251) + 1.4176 (0.1047) * {1 - 
exp [- 0.0027 (0.0004) x]}, R2 = 0.99; ‘Fraser’: y = - 0.3399 (0.1026) + 1.2229 
(0.0822) * {1- ex [- 0.0017 (0.0005) x], R2 = 0.97 and ‘Russet Burbank’: y = - 
0.6795 (0.1115) + 1.5269 (0.1005) * {1 - exp [0.0032 (0.0003) x], R2 = 0.99. 
Bracketed values represent s.e.m. for coefficients. 
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4.3.8 Specific leaf area (SLA) 

SLA (cm2 g-1) change is presented in Figure 4.9 as a mean of all leaves measured on the 

distinct levels of the main stem. Because sink competition for nutrients and photosynthates 

among the potato plant organs increases after tuber initiation, more measurements were 

taken on the second and third main stem levels when the tubers had already been initiated.  

On the first level of the main stem ‘Bondi’ and ‘Fraser’ had similar SLA measured from 

100 - 400 °Cd (~160 cm2 g-1) compared with ‘Russet Burbank’ (~240 cm2 g-1). 

However, after 400 °Cd, when SLA was measured as a mean of the second and third main 

stem levels ‘Fraser’ had the lowest values (thicker leaves). ‘Bondi’ and ‘Russet Burbank’ 

reached a maximum of ~240 cm2 g-1 at 650 °Cd while ‘Fraser’ attained a maximum of 

~160 cm2 g-1 around that time. All three cultivars SLA declined some time after reaching 

maximum, but this was less evident in ‘Fraser’. Around the time when all cultivars had 

reached 95% of their total final tuber yield, ‘Bondi’ and ‘Fraser’ had a similar SLA of 

~135 cm2 g-1. 

 

 
Figure 4.9 Mean specific leaf area (SLA, cm2 g-1) of the first and subsequent (second and 

third levels; Figure 3.5) levels of the main stem measured in thermal-time from 
crop emergence for ‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet Burbank’ (▲) crops 
planted on 14/10/2011 at Lincoln, Canterbury, New Zealand. Bars represent one 
standard error of the mean.
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4.3.9 Leaf area by leaflet length calibration 

The increase in the individual leaf area on the main stem was explained by the increase in 

the leaflet length using a split-line relationship (0.93<R2<0.98) in ‘Bondi’, ‘Fraser’ and 

‘Russet Burbank’ cultivars (Figure 4.10). A single relationship could not be used for the 

three crops since there ‘break point’ (point of slope change) parameters and slopes were 

different (P<0.008). 

 

 
Figure 4.10 Split-line regressions fitted to individual leaf area against leaflet length data for 

‘Bondi’, ‘Fraser’ and ‘Russet Burbank’ potato crops measure from 23/11/2011 to 
19/1/2012. The potato crops were grown between 2011 and 2012 at Lincoln, 
Canterbury, New Zealand. Regression I (before the ‘break point’) and II (after 
the ‘break point”) are: ‘Bondi’; I: y = 0.80x - 9.82, II: y = 4.56x - 187.8, R2 = 
0.93; ‘Fraser’: I: y = 0.46x - 6.11, II: y = 2.51x - 96.1, R2 = 0.98; ‘Russet 
Burbank’: I: y = 0.60x - 8.91, II = 3.45x - 175.3, R2 = 0.96. 
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4.3.10 Canopy architecture 

There was no difference (P<0.61) among the three cultivars for the radiation interceptance 

by the canopy per unit of LAI. The critical leaf area index (LAIcrit) calculated for when the 

crops intercepted 90% of the incoming radiation was 3.8 for a extinction coefficient (k) 

calculated as 0.77 (Figure 4.11). 

 

 
Figure 4.11 Radiation interceptance (R/Ro) against leaf area index (LAI) for ‘Bondi’ (●), 

‘Fraser’ (□) and ‘Russet Burbank’ (▲) potato crops from 23/11/2011 to 
29/02/2012 grown at Lincoln, Canterbury, New Zealand. Regression R/Ro = 
0.95 [1 - exp (- 0.77 x LAI)], R2 = 0.97. Slope standard error = 0.02. 

 

4.3.11 Canopy components 
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produced on the main stems are shown in Table 4.8. 

‘Bondi’ and ‘Russet Burbank’ crops emerged ~30 DAP but ‘Fraser’ was five days later 
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Table 4.8 Emergence and canopy components for ‘Bondi’, ‘Fraser’ and ‘Russet Burbank’ crops 
grown in 2011 - 2012, Lincoln, Canterbury, New Zealand. 

Cultivar Emergence (DAP) Nº of MS plant-1 Nº of leaves on the MS 
‘Bondi’ 30 2.7 28.2 
‘Fraser’ 35 5.9 25.5 
‘RB’ 29 4.4 23.8 
P <0.001 <0.001 ns 
LSDα=0.05 1.3 0.3 4.93 
Note: ‘RB’ = ‘Russet Burbank’; DAP = days after planting; MS = main stem. 
 

4.3.11.1 Above-ground plant DM and branches  

From early (67 DAP) to late (at 125 DAP) in the potato growing season ‘Bondi’ had a 

larger (P<0.001) proportion of its above-ground green biomass stored in the above-ground 

branches (BGLB and AGLB; see Figure 3.5) compared with ‘Fraser’ and ‘Russet 

Burbank’ (Appendix 4). This accounted for ~18% of the ‘Bondi’ green biomass above the 

ground level around the time of maximum radiation interceptance (~75 DAP). At this 

point ‘Fraser’ and ‘Russet Burbank’ had a lower (P<0.001) amount of DM accumulated in 

the above-ground branches (average of 4%). At 125 DAP ‘Bondi’ sum of branches 

accounted for ~23% of the above-ground plant DM while ‘Fraser’ and ‘Russet Burbank’ 

accounted for ~9%. However, after 138 DAP the branches accounted for ~19% of the 

above-ground green biomass for all three cultivars.  

There were almost no BGLB on the main stems of the three crops (Appendix 5). 
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Figure 4.12 Above-ground (─ ─) and total minus branches (──) dry matter DM accumulated 
for ‘Bondi’, ‘Fraser’ and ‘Russet Burbank’ potato crops measured from 
23/11/2011 - 29/02/2012 crops against days after planting (DAP) on 14/10/2011 
at Lincoln, Canterbury, New Zealand. Bar represent LSDα=0.05 for comparison of 
total above-ground DM among cultivars at any time from days after planting 
(DAP). Sum of branches includes all BGLB and AGLB (see Figure 3.5). 

 

4.3.11.2 Leaves, petioles and above-ground ‘stems’ DM per plant 

Figure 4.13 shows the pattern of leaf (without petioles), petiole and ‘stem’ DM increase 

per plant in all cultivars.  

The leaves accounted for up to ~80% of the DM allocated to above-ground DM of the 

potato plants. This was most evident for ‘Fraser’. In most cases, the cultivars increased the 

DM allocated to their leaves up to ~100 - 110 DAP. From then on, leaf DM decreased for 

‘Bondi’ and ‘Russet Burbank’, but remained relatively constant for ‘Fraser’. This decrease 

represented a leaf DM remobilization of 0.82 and 0.45 t ha-1 for ‘Bondi’ and ‘Russet 

Burbank’, respectively. At 138 DAP the percentage of the above-ground green DM 

allocated to the leaves was highest (P<0.001) for ‘Fraser’ (80% ± 3.5) compared with 

‘Bondi’ (57 ± 3.5%) and ‘Russet Burbank’ (50.0 ± 3.5%). 

All crops had a constant increase in the DM allocated in the above-ground ‘stems’ up to 

~120 DAP. At 138 DAP ‘Russet Burbank’ had the highest (P<0.001) percentage of its 

green above-ground DM allocated in the ‘stems’ (35 ± 1.7%) compared with ‘Bondi’ (26 ± 

1.6%) and ‘Fraser’ (18.5 ± 1.7%). 

Petioles were the lowest above-ground organ pool for DM. This accounted for less than 

~15 g per plant in all three cultivars. 
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Figure 4.13 Pattern of plant dry matter (DM) accumulation in leaf, petiole and ‘stem’ above 
the ground level for ‘Bondi’, Fraser’ and ‘Russet Burbank’ crops against days 
after planting (DAP) on 14/10/2011 at Lincoln, Canterbury, New Zealand. Bars 
represent the pooled s.e.m. of the cultivars means for each sampling date. 

 

4.3.12 Individual tuber growth and development of yield distribution 

The following analyses describe the variation of tuber yield, number and size (or weight) 

distribution on the individual main stems (below-ground). All values reported were 

averaged from six sub-samples. 

 

4.3.12.1 Average total tuber dry matter per main stem 

The pattern of tuber dry matter accumulated during the crop growth period presented for 

the averaged below-ground main stem (Figure 4.14) was similar to the pattern of increase 

presented for the crop (Figure 4.3). However, cultivar differences were increased when the 

analysis was done for the average main stem. This result was anticipated, since 

accumulated yield (Section 4.3.3) and the average number of main stems produced per 

plant (Table 4.8) were inversely related across cultivars. At final harvest ‘Bondi’ produced 

a higher yield per main stem (179 g) than ‘Fraser’ (63.9 g) and ‘Russet Burbank’ (85.5 g ± 
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Figure 4.14 Average of total tuber dry matter (DM) per main stem (MS; see Section 3.7.1) 
for ‘Bondi’ (●), Fraser’ (□) and ‘Russet Burbank’ (▲) crops against days after 
planting (DAP) on 14/10/2011 at Lincoln, Canterbury, New Zealand. Bars 
represent the pooled LSDα=0.05 of the cultivars means for each sampling date. 

 

4.3.12.2 Average number of tubers per main stem 

The average number of tubers produced per main stem increased up to a maximum of ~4.5 

tubers at ~53 DAP for ‘Bondi’ and ‘Russet Burbank’ and 61 DAP for ‘Fraser’ (Figure 

4.15). Thereafter the number of tubers fluctuated till final harvest. At final harvest ‘Bondi’ 

and ‘Russet Burbank’ had more (P<0.01) tubers (~2.8) per main stem than ‘Fraser’ (2.3 ± 

0.3). 

 

Figure 4.15 Average of total number of tubers per main stem (MS; see Section 3.7.1) for 
‘Bondi’ (●), Fraser’ (□) and ‘Russet Burbank’ (▲) crops against days after 
planting (DAP) at Lincoln, Canterbury, New Zealand. Bars represent the 
standard error above and below the mean values.  
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4.3.12.3 Average tuber number distribution per main stem 

The assessment of the pattern of size distribution development during the crop growth 

phase at the individual main stem level enabled the analyses of the dry matter sink in the 

different weight classes. The differences found for tuber weight distribution were analysed 

by comparing the number of tubers in each grade. Figure 4.16 and Figure 4.17 show the 

change in the number of tubers in a particular weight class during the crop growth phase. 

The number of tubers in the <50 g class was different (P<0.01) among the cultivars at the 

end of the season (Figure 4.16a). This reached about 4.5 tubers (equivalent to 100% of the 

proportion of the total number) at ~55 DAP than decreased to about 0.3 tubers for ‘Bondi’  

and 0.5 for ‘Fraser’ and ‘Russet Burbank’ at final harvest.  

‘Bondi’ had a maximum number of tubers within the 50 - 113 g and 113 - 170 g (Figure 

4.16 b, c) classes earlier than ‘Fraser’ and ‘Russet Burbank’. The number then declined for 

‘Bondi’ soon after it reached its maximum. However, ‘Fraser’ and ‘Russet Burbank’ 

conserved their maximum numbers of tuber until the final harvest in these weight classes.  

In the process grade (170 - 250 g) ‘Bondi’ and ‘Russet Burbank’ increased their potato 

numbers from around 80 to 138 DAP. ‘Fraser’ increased the number of tubers in this 

weight grade by 25% between 138 DAP (around the time when the crop started 

senescence) and harvest.  

Moreover, ‘Bondi’ increased by ~0.6 the number of the tubers concentrated in the class 

250 - 350 g and around 0.5 in the class >350 g between 80 DAP and 138 DAP. However, 

‘Fraser’ and ‘Russet Burbank’ had less than 0.3 tubers in the size class 250 - 350 g and 

almost none in the >350 g size class (Figure 4.17 b, c). 
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Figure 4.16 Total number of tubers per main stem (see Section 3.7.1) for seed; <50 g and 50 - 
113 g) and table (113 - 170 g) tubers of ‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet 
Burbank’ (▲) against days after planting (DAP) at Lincoln, Canterbury, New 
Zealand. Bars represent the pooled LSDα=0.05 of the cultivars means for each 
sampling date. Values are stem averages for all plots in 2011 - 2012 at Lincoln, 
Canterbury, New Zealand. 
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Figure 4.17 Total number of tubers per main stem (see Section 3.7.1) for process potatoes 

divided into three weight classes (170 - 250 g, 250 - 350 g and > 350 g) tubers 
of ‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet Burbank’ (▲) against days after 
planting (DAP) at Lincoln, Canterbury, New Zealand. Bars represent the pooled 
LSDα=0.05 of the cultivars means for each sampling date. Values are stem 
averages for all plots in 2011 - 2012 at Lincoln, Canterbury, New Zealand. 
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was calculated at 82 DAP to measure the relative distance between phloem and sink. The 

stolon lengths summed from every node at 82 DAP (Figure 4.18) was highest (P<0.005) 

for ‘Fraser’ (354 mm) and lowest for ‘Russet Burbank’ (190 mm) with 256 mm for 

‘Bondi’. 

 

Figure 4.18 Average length (mm) of primary stolons at different node positions (number) on the 
below-ground main stem (Section 3.7.1) of ‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet 
Burbank’ (▲) potato crops measured from November 2011 (40 days after planting; 
DAP) to January 2012 (97 days after planting; DAP) at Lincoln, Canterbury, New 
Zealand. Bars represent the standard error above and below the mean values. 
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4.3.12.5 Average tuber initiation and growth on the main stem 

The pattern of tuber size distribution at each node position is shown for ‘Bondi’ ‘Fraser’ 

and ‘Russet Burbank’ (Figure 4.19). The average values presented correspond only to 

tubers formed in the primary stolons, since lateral and branched stolons had a low 

proportion of tuber initiation (Appendix 6). 

At 40 DAP only ‘Russet Burbank’ had shown signs of tuber initiation on tubers positioned 

in the nodes three, four and five. Seven and 13 days later these node positions showed 

signs of initiation in ‘Bondi’ (47 DAP) and ‘Fraser’ (53 DAP), respectively.  

The chance of tuber initiation at a particular node position is shown in Appendix 7. In the 

three cultivars the top (node one) and the bottom nodes had a low (near to zero) chance of 

initiating tubers. At 82 DAP the most likely (chance >70%) node positions to initiate a 

tuber were nodes three, four, five and six for ‘Fraser’ and ‘Russet Burbank’ and four, five, 

six, seven and eight for ‘Bondi’.  
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Figure 4.19 Mean length (mm) of tubers grown from a primary stolon at different node 
position (number) on the below-ground main stem (see Section 3.7.1) of 
‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet Burbank’ (▲) potato crops measured from 
November 2011 (40 days after planting; DAP) to January 2012 (97 days after 
planting; DAP) at Lincoln, Canterbury, New Zealand. Vertical dotted lines 
indicate tuber initiation (TI) when the tip of the primary stolon had reached 2 
mm. Bars represent the standard error above and below the mean values for 
mean tuber length comparison. 
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A Gaussian curve was fitted to the average values for the three cultivars. The curve 

regression explained 67 - 98% of the variation in the relationship between tuber length and 

stolon length in the ‘Bondi’ stem. For ‘Fraser’, 74 - 85% of the variation was explained. 

There were limitations to fit the Gaussian curve to the ‘Russet Burbank’ values on some 

occasions. This was because of the variation in the upper nodes one and two on the below-

ground stem. At 61, 82 and 97 DAP the average stolon length was shorter than the average 

presented on 47, 53, 67 and 75 DAP and presented a large stolon length variation (Figure 

4.22). As shown in Appendix 6 node one had a low chance (~0 - 22%) of initiating a node 

on the first six sampling measurements (40 to 82 DAP). Therefore it was excluded from 

the regression. 

There is some indication that the tuber length depended on the stolon length to which they 

were attached. The longer the stolons the longer were the tubers up to a certain stolon 

length, from when tuber length decreased. ‘Bondi’ grew its longest tubers on a stolon ~20 

mm of length, whereas ‘Fraser’ and ‘Russet Burbank’ grew them on stolons of ~50 and 40 

mm, respectively. 

There was also a pattern of stolon and tuber growth hierarchy for the different node 

positions. Upper (e.g. nodes two and three) and lower (e.g. nodes 9, 10 and 11 for ‘Bondi’ 

and 6, 7 and 8 for ‘Fraser’ and ‘Russet Burbank’) node positions generated the shortest 

tubers but also had the longest and shortest stolons, respectively. Node positions four, five, 

six and seven generated the longest tubers in most of the ‘Bondi’ observations. ‘Fraser’ 

and ‘Russet Burbank’ grew their longest tubers on nodes three, four and five for the time 

series presented. In most cases, the longest tubers at 82 and 93 DAP were also the first 

ones to reach a length greater than 5 mm at 45 (‘Bondi’ and ‘Russet Burbank’) and 53 

DAP (‘Fraser’). 

At 82 DAP ‘Bondi’ had more tubers grown to a longer size (e.g. tubers > 4 cm in length) 

compared with ‘Fraser’ and ‘Russet Burbank’.  
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Figure 4.20 ‘Bondi’: relationship between tuber length and (cm) and stolon length (mm) from 
47 to 82 days after planting (DAP) in 2011/12 at Lincoln, Canterbury, New 
Zealand. Numbers next to the average value indicate the node position on the 
main stem (MS, see Section 3.7.1). Bars represent one s.e.m for n=3 for tuber 
and stolon lengths. 

53 DAP

10 20 30 40

47 DAP

0 10 20 30 40
0.0

0.5

1.0

1.5

2.0

61 DAP

0 10 20 30 40

Tu
be

r l
en

gt
h 

(c
m

)

0

1

2

3

4
67 DAP

0 10 20 30 40

3

4

5

6

7

8
9

11
10

12
13

Stolon length (mm)

0 20 40 60
0

1

2

3

4

5

6

7 82 DAP

Stolon length (mm)

0 20 40 60

2

3

4

5

6

7

8

9

10
112

3

45

6

7 8

910
11

75 DAP

3
4

8
9

11 10
12 2

5

6

7

3

4
5

7

3
4

8
9

5
6

7

6



90 

Figure 4.21 ‘Fraser’: relationship between tuber length and (cm) and stolon length (mm) 
from 53 to 97 days after planting (DAP) in 2011/12 at Lincoln, Canterbury, 
New Zealand. Numbers next to the average value indicate the node position on 
the main stem (MS, see Section 3.7.1). Bars represent one s.e.m. for n=3 for 
tuber and stolon lengths. 
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‘Russet Burbank’: relationship between tuber length and (cm) and stolon length (mm) from 
40 to 82 days after planting (DAP) in 2011/12 at Lincoln, Canterbury, New Zealand. 
Continue in the following page. Numbers next to the average value indicate the node position 
on the main stem (MS, see Section 3.7.1). Bars represent one s.e.m. for n=3 for tuber and 
stolon lengths. 
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Figure 4.22 ‘Russet Burbank’: relationship between tuber length and (cm) and stolon length 
(mm) at 97 days after planting (DAP) in 2011/12 at Lincoln, Canterbury, New 
Zealand. Numbers next to the average value indicate the node position on the 
main stem (MS, see Section 3.7.1). Bars represent one s.e.m. for n = 3 for tuber 
and stolon lengths. 
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4.4 Discussion 

4.4.1 Tuber yield and number (cultivar differences) 

The results of this study suggest that the higher capacity found in ‘Bondi’ could potentially 

help potato growers to attain higher tuber yields in New Zealand. ‘Bondi’ final tuber FM 

yield (average 66.1 t ha-1) was ~21% higher than ‘Fraser’ and ‘Russet Burbank’ (average 

~52 t ha-1) and 24% higher than the average potato yield (50.2 t ha-1) in New Zealand 

(Fandika, 2012). ‘Bondi’ is known to return larger yields under lower inputs (e.g. water, 

fertilizer, insecticide and fungicides) compared with other processing cultivars (e.g. 

‘Russet Burbank’). The national average for ‘Russet Burbank’ is around 43.9 t ha-1 ± 1. 

The theoretical potential yield of 102 t ha-1 suggested for this cultivar (Iritani et al., 1983) 

is likely to be associated with higher crop inputs and a different set of climate conditions. 

In New Zealand, Martin et al. (1992) showed that the yield in this cultivar was increased 

from 55.2 under a late drought treatment to 73.3 t ha-1 when an overwatered treatment was 

applied. Similar results were found by Alva et al. (2002) in the U.S.A. Average national 

yields for ‘Fraser’ are 41 t ha-1 ± 1.9. This cultivar was bred for high crisping quality, but 

its inability to yield seems to represents a large constraint to its acceptance by growers. 

The ~14.5 t ha-1 tuber FM final yield difference between ‘Bondi’ and the other cultivars 

could not be explained by differences in DM% in this work. Low DM% has been related to 

larger individual tubers (Wurr and Allen, 1974) and larger tuber size distribution (Searle, 

1999). Nonetheless, tuber DM% was similar for these three cultivars (Figure 4.2) despite 

‘Bondi’ having considerably larger tubers (Figure 4.1). It is possible that ‘Bondi’ 

remobilized its assimilate from the least heavy tubers (Figure 4.16 and Figure 4.17) and 

above-ground biomass (Figure 4.13) towards larger tubers increasing the average DM%. 

Yet, the value of DM% found for the three crops (26%) seems somehow higher than those 

reported elsewhere. This contrasts, for example, with the 21% reported for ‘Russet 

Burbank’ in New Zealand by Admiraal (1988). However, DM% has been shown to vary 

with season, plant population (Wurr and Allen, 1974) and tuber density (Struik et al., 

2006). 
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4.4.2 Analyses of yield components 

The physiological explanation for the tuber yield production differences among cultivars 

will be explored by comparing the physiological basis of Rcum, RUE and DM partitioning. 

Tuber “sink strength” is described as the competitively ability of the tubers to attract 

assimilates (Marcelis, 1996) which is positively related to the tuber growth rate and tuber 

DM (Section 2.10.2). 

 

4.4.2.1  Radiation interceptance and total amount of radiation intercepted 

For these crops Rcum was not detrimental to cultivar yield differences. Rcum results from the 

spatial and temporal pattern of canopy development. In this study there was a similar 

pattern of radiation interceptance found among the cultivars (Table 4.5). At the time of 

95% final tuber DM all crops had accumulated the same amount of total radiation 

intercepted (~1650 MJ m-2 total radiation). 

Early crop emergence of ‘Russet Burbank’ did not lead to the early establishment of the 

canopy as found by Fandika (2012). In most cases, maximum radiation interceptance was 

reached after ~500 °Cd (~73 DAP) in all crops. This is in agreement with Spitters (1990) 

who found little difference between treatments and cultivars as to when R/Ro max was 

achieved. 

The lower number of main stems produced for ‘Bondi’ compared with ‘Fraser’ and 

‘Russet Burbank’ did not seem to affect the canopy expansion. It seems that the branches 

(Figure 4.12) helped to compensate for the low stem number in ‘Bondi’. It has been shown 

for potato crops with adequate nutrition, that plants with smaller main stem densities can 

increase leaf area through the production of branches (Fleisher et al., 2011). However, the 

large differences in the number of stems and the marginally superior branching in ‘Bondi’, 

suggests that this cultivar produced larger leaves. This will be investigated further in 

Chapter 7. 

 

4.4.2.1.1 Estimation	of	individual	leaf	area	

The calibration of individual leaf area against terminal leaflet length (Figure 4.10) showed 

that, on a cultivar basis, split-line relationships can be used to describe the variation 



95 
 

between these two variables. This result has a physiological and a practical importance. 

There are a number of studies that have used the length and width of the whole compound 

leaf to estimate leaf area (Section 4.2.5.6). Alternatively, the method used in the present 

work represents a simpler (e.g. less labour and time consuming) non-destructive way of 

measuring individual leaf expansion in the field. According to the split-line relationship, 

the initial longitudinal expansion of the leaflet did not reflect immediately in an increase in 

leaf area. However, when terminal leaflet length reach a certain size (e.g. ~48 mm for 

‘Bondi’ and ~43 mm for ‘Fraser’), leaf area expansion becomes two (‘Fraser’) to fourfold 

(‘Bondi’) faster than leaflet length expansion. This was explained by the fact that leaf cell 

proliferation is organized along two main axes, longitudinal (leaf length) and lateral (leaf 

width) (Tsukaya, 2005) with longitudinal expansion happening at earlier stages of leaf 

expansion. Nevertheless, leaf morphogenesis differences were of little importance in this 

work since all cultivars had a similar pattern of canopy development. 

 

4.4.3 RUEtotal 

The higher yield of ‘Bondi’ can be attributed to its high RUEtotal (Table 4.4). This trait was 

likely to be associated with the high tuber “sink strength” in this cultivar. A positive 

association between organ “sink size” (analogous to “sink strength”), photosynthesis and 

RUE has been shown for wheat (Blum et al., 1988) and sunflower (Sadras et al., 1991). 

Similar source-sink interactions have also been shown for potatoes (Section 2.10.2). 

‘Bondi’ RUEtotal (average 1.24 g DM MJ-1 of total solar radiation intercepted) was 20% 

higher than for ‘Fraser’ and ~12% higher than ‘Russet Burbank’. Cultivar differences in 

RUEtotal have been extensively described in other potato work (Section 2.9.1). Van Der 

Zaag and Doornbos (1987) suggested that differences between cultivars in their efficiency 

to utilize light arise mainly from differences in the rate of photosynthesis, particularly 

when grown under stress conditions. High temperature, radiation, moisture and cyst 

nematode have been linked to RUEtotal decrease in potato crops (Section 2.9.1).  

However, none of these agronomic factors were relevant in the present study. This 

indicates RUEtotal difference among these cultivars was due to other causes. For example, 

lower tuber “sink strength” for ‘Fraser’ was shown by a lower LGR (Table 4.4). In 

addition, its progressive increase in leaf DM (Figure 4.13) may have caused 
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photosynthesis down regulation in the leaves, thus contributing to a net photosynthetic rate 

decrease. Dickinson et al. (1991), for example, associated the excess of carbon in source 

leaves of tomato plants with the block in sucrose translocation. Local sucrose 

accumulation slows photosynthesis by creating a feed-back limitation of the chloroplast 

activity when photosynthates are unable to be remobilized from the leaf (Dickinson et al., 

1991; Jeffroy and Ney, 1997; Pessarakli, 2005). It was shown that ‘Fraser’ maintained a 

lower SLA (thicker leaves) for most of the period of tuber bulking (Figure 4.9). Leaves 

with low SLA and long life span have lower assimilation rates (per unit mass) (Reich et 

al., 1997). These thicker leaves (i.e. lower SLA) may reduce the net carbon fixation on a 

leaf mass basis from shaded chloroplasts in the lower parts of the leaf lamella. A second 

possibility is that increases in non-structural carbohydrates in some species both decreases 

SLA and limits carbon fixation (Meziane and Shipley, 2001). On the other hand, the earlier 

tuber initiation (Figure 4.19) and bulking in ‘Russet Burbank’ may have lead to premature 

competition for resources thus compromising radiation capacity in this cultivar. 

 

4.4.4 “Sink strength” and partitioning 

The high partitioning rate (Figure 4.8) led ‘Bondi’ to its highest final tuber yield. At 95% 

final tuber yield (after all crops begun to senesce), ‘Bondi’ had a higher HI (0.82) than 

‘Fraser’ (0.74 ± 0.02). These values lie well within the HI range described for different 

cultivars (Fahem and Haverkort, 1988). 

The higher tuber “sink strength” in ‘Bondi’ compared with ‘Fraser’ explained the higher 

tuber DM demand, hence, higher DM partitioning to tubers in ‘Bondi’. The high demand 

was shown by the time of tuber initiation (Figure 4.19) and bulking (Figure 4.7) being 

delayed in ‘Fraser’ compared with the other crops. The rate of LGR (Figure 4.3 and Figure 

4.4) was ~25% lower in ‘Fraser’ than ‘Bondi’. According to Engels and Marschner (1986) 

the tuber “sink strength” in the initial growth phase is determined by the weight of the 

tubers, as a result of their time of initiation, initial weight and relative growth rate. 

Secondly, despite similar radiation interceptance up to 1340 °Cd, ‘Bondi’ reached 50% HI 

~17 days earlier (at ~490 °Cd from crop emergence) than ‘Fraser’ (~665 °Cd). 

Furthermore, it appears that factors which influence “strength” of the tuber sink affect both 

assimilate allocation and the leaf longevity in potato plants (Kooman and Rabbinge, 1996). 
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In the present study this was illustrated for ‘Fraser’. First, its low tuber sink demand 

appears to have caused photosynthate to accumulate in the canopy leaves. It was shown 

that ‘Fraser’ had a low SLA during the tuber growth phase (Figure 4.9) and maintained a 

high DM concentration in its leaves later in the growth season (~79% of the total above-

ground biomass; Figure 4.13). If carbon is partitioned into starch in the leaf instead of 

sucrose it becomes readily unavailable for export from the leaf tissue (Dwelle, 1990) and 

accumulates in the leaf. This culminates in longer canopy duration from a low canopy 

senescence rate (Table 4.5). This result resembles a “stay green” trait in maize crops with 

low HI (Kosgey, 2011). Further studies could focus on the association between tuber “sink 

strength”, starch concentration in the leaf and photosynthesis rate. 

However, unlike seed crops (Feller and Keist, 1986) the remobilization from senescing 

leaves is not central for the nutrient budget in potato crops. ‘Bondi’ decreased leaf DM 

after reaching a maximum value (~100 DAP) while ‘Fraser’ showed no signs of leaf DM 

depletion (Figure 4.13). Nevertheless, this leaf DM remobilization in ‘Bondi’ represented 

only 0.8 t ha-1 of the ~4.0 t ha-1 yield difference, and, thus was not the main source of yield 

difference among cultivars. 

 

4.4.4.1 Yield distribution 

‘Bondi’ had the widest grade yield distribution at final harvest (Figure 4.1) and generated 

the highest average tuber weight. The link between the average tuber size and the spread of 

distribution has previously been reported (Struik et al., 1991; Searle, 1999). Therefore, it is 

plausible that a concomitant increase in tuber yield, average tuber weight and tuber “sink 

strength” exists in the current work. This suggests these are inter-related traits (Marcelis, 

1996). 

Tuber grade distribution decreased from an increased competition for carbohydrates with 

the higher main stem populations in ‘Fraser’ and ‘Russet Burbank’. Around 20% of this 

average tuber weight difference was attributed to yield differences driven by differences in 

RUEtotal and partitioning. The remaining ~30% of the lower tuber average weight in 

‘Fraser’ and ‘Russet Burbank’ can be associated with the larger number of main stems 

produced per plant compared with ‘Bondi’ (Table 4.8). This is because the higher main 

stem number in ‘Fraser’ and ‘Russet Burbank’ led to a higher tuber set per plant compared 

with ‘Bondi’. Tuber set differences among cultivars (Hide and Welham, 1992) and its 
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positive relationship with number of stems per plant (Svenson, 1962; Struik et al., 1990) 

has been previously noted. The impact of a higher number of main stems on the average 

tuber weight has also been demonstrated. Knowles and Knowles (2006), for example, 

showed that the average tuber size for ‘Russet Burbank’ decreased as the number of main 

stems per plant increased. In addition, Iritani et al. (1983) reported that the number of 

tubers heavier than 113 g in this cultivar decreased with an increase in the number of main 

stems per plant. 

Of the ~4.5 tubers produced per main stem by the crops earlier in the season, 62% were 

grown to a harvestable size in ‘Bondi’ and ‘Russet Burbank’ and 51% in ‘Fraser’. After 

the completion of initiation, some tubers may be reabsorbed (O'Brien et al., 1998a; 

O'Brien et al., 1998b) so that the tuber set at final harvest is lower than the number of 

tubers initiated. Moreover, the low “sink strength”, assessed on the stem basis (Figure 

4.14), found for ‘Fraser’ would have compromised its ability to retain tubers. The 

mechanisms controlling tuber retention may operate at the individual node position on the 

main stems (below the ground level) under a certain hierarchy. Such relations have been 

suggested to be the primary basis of tuber size distribution in potato tubers (Struik et al., 

1991). 

Both tuber growth rate and duration were relatively higher for ‘Bondi’ compared with 

‘Fraser’ and ‘Russet Burbank’. This attribute influences tuber size distribution (Struik et 

al., 1990; Struik et al., 1991). The rate of tuber growth in ‘Bondi’ reflected the higher 

RUEtotal and partitioning throughout the crop growing season. So, it is possible that the 

tuber bulking in ‘Bondi’ compensated in a way for the lower plant tuber number (Lynch 

and Tai, 1989). This implies that the tuber “sink strength” was related to total tuber 

biomass accumulation (Engels and Marschner, 1986) rather than the number of tubers, as 

suggested by Sale (1973). Similar results have been described by Marcelis (1993) for 

cucumbers (Cucumis sativus L.). 

In the present work, there was a continuous and gradual shift from one tuber size class up 

to the next heaviest one at the main stem level over time. ‘Bondi’ had tubers in heavier 

grade yields at the expense of tubers lighter than 170 g. ‘Fraser’ and ‘Russet Burbank’ 

maintained their tuber numbers within the grades heavier than 50 g and lighter than 170 g 

during the whole growth season (Figure 4.16b and c). This suggests a link between heavier 

tuber grades and total tuber number. For a high tuber density, competition is higher and 
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individual tuber growth is compromised, whereas under weak competition (low tuber set) 

few tubers have the capacity to take advantage of this situation and grow to larger sizes 

(MacKerron et al., 1988). The highest yield in ‘Bondi’, for example, was particularly 

driven by a few large tubers per m2 (6.7 tubers m-2 between 250 - 350 g and 5.8 tubers m-2 

heavier than 350 g). These weight grades (tubers heavier than 250 g) were developed in 

‘Bondi’ after 80 DAP (soon after R/R○ max was reached) (Figure 4.17b and c). It is possible 

that after canopy closure tuber sink hierarchy plays an import role in determining the 

assimilate remobilization. This hierarchy appears related to node position and stolon 

development on the below-ground main stem. 

 

4.4.4.1.1 Stolon	length	and	tuber	growth	

The longer stolons in ‘Fraser’ appear associated with lower “sink strength” at the below-

ground main stem node level. The longest stolons were grown in ‘Fraser’ and this may 

have reduced tuber initiation and growth (Figure 4.21). These stolons (~50 mm, Figure 

4.21) were the site of the larger tubers produced in this cultivar compared with ‘Bondi’ 

(~20 mm; Figure 4.20). Therefore, it seems that the production of longer stolons restrained 

the development of the tuber “sink strength” in ‘Fraser’ possibly by increasing sink 

resistance to photosynthates. Similar conclusions have been stated by Engels and 

Marschner (1986). These authors found a significant correlation between the growth rate 

of tubers and the volume and cross sectional area of the phloem. Moreover, the final size 

of the stolon has been reported as a consistent genetic trait (Kratzke and Palta, 1992) and 

crucial for tuber size distribution (Struik et al., 1991). It can be concluded that short 

stolons could be included as a selection criteria for the production of larger tubers in potato 

breeding, or conversely long stolons for smaller tubers. 

The trend shown in Figure 4.20, Figure 4.21 and Figure 4.22 indicates that the sink 

demand operated within a certain pattern associated with the node position on the below-

ground main stems, stolon elongation and tuber initiation. Vreugdenhil and Struik (1989), 

for example, showed that the earlier formed stolons required a longer period to initiate a 

tuber compared with the later formed ones. In the present work, the largest tubers were 

produced in the middle nodes in the below-ground main stem profile. This is in agreement 

with Cother and Cullis (1985). They found that the top and bottom nodes on the below-

ground main stems were the least likely to bear a marketable tuber (heavier than 45 g). It is 
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possible that the lower nodes on the below-ground main stems barely initiate and grow 

tubers because of their distance from the source. Moreover, tuber growth in the upper node 

positions (near the soil surface) might be restrained by lower soil moisture and possibly 

light exposure (Kumar and Wareing, 1972). It was observed in this experiment that on 

many occasions the two uppermost nodes (on the below-ground main stem) initiated a leaf 

on the tip of the stolons rather than tubers.  

 

4.4.5 Marketable tuber yield 

The marketable yield comparison between ‘Bondi’ and ‘Russet Burbank’ suggests that the 

former would be preferred for French fry production. ‘Bondi’ yielded 42% more than 

‘Russet Burbank’ in the French fries process grades (tubers heavier than 113 g). ‘Bondi’ 

process yield was 62 t ha-1. This value is higher compared with other average values 

presented for ‘Russet Burbank’ elsewhere (Knowles et al., 2005; Knowles and Knowles, 

2006). It has been shown that under traditional potato cultural practices, ‘Russet Burbank’ 

usually produces a lower yield of process grade tubers than other major commercial 

cultivars in New Zealand (Admiraal, 1988). 

‘Fraser’ had 38% of its tuber yield and 19% of its tuber number concentrated in process 

grades (>170 g). These values were much lower compared with other crisping varieties 

used in New Zealand. For example, ‘Ilam Hardy’ has been shown to produce 60% and 

36% of its total tuber yield and number, respectively, in the process grades (tubers heavier 

than 170 g) over a series of nitrogen and water treatments (Searle, 1999). The larger 

process yield and number reported in that work is likely to be related to the higher average 

total yield (~63 t ha-1) found. This was nearly 20% greater than the total yields reported for 

‘Fraser’ in the current work. However, DM content of ‘Ilam Hardy’ was lower (average 

20.8%) compared with ‘Fraser’ (average 26%). So, despite the lower yields in the process 

grade, the higher tuber DM content found for ‘Fraser’ could justify the use of this crop 

where economic incentives for a higher average tuber DM content compensate for 

potential lower yields in the process grade yield. However, this would only rarely happen 

in a New Zealand commercial situation.  
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4.5 Conclusions 
Tuber fresh and DM yields were highest for ‘Bondi’ and lowest for ‘Fraser’. Cultivar 

differences were not determined by Rcum differences at the end of the season. The tuber 

“sink strength” appeared causally related to tuber yields. ‘Bondi’ created the highest tuber 

“sink strength” (demand) and maintained the highest RUEtotal (supply). These two traits are 

most likely to be interrelated. ‘Fraser’ had the highest Rcum at the time of haulm 

desiccation, but its yield was constrained by the low tuber “sink strength” and a low 

RUEtotal maintenance. 

The higher “sink strength” in ‘Bondi’ was attributed to fewer larger tubers produced in the 

middle positioned nodes in the below-ground main stems. The production of longer 

stolons restrained the development of the tuber “sink strength” in ‘Fraser’ possibly by 

increasing sink resistance to photosynthates. This down regulation seems to be linked to 

the “stay-green” trait found in this cultivar. Future studies could focus on modelling tuber 

“sink strength”, tuber yield and distribution. 

‘Bondi’ produced larger process yields than ‘Russet Burbank’. This justifies the 

production of the former in New Zealand. The low total and marketable yield of ‘Fraser’ 

limits its production potential for the crisp market. 

In Chapter 5, contrasting seed potato storage regimes currently applied in New Zealand 

will be imposed on ‘Bondi’ and ‘Fraser’ (locally grown cultivars) to generate different 

physiological ages prior to field planting. Seed potato physiological ageing during the 

storage phase will be described by the potatoes sprouting behaviour. The prospect of 

improving ‘Bondi’ and ‘Fraser’ tuber yields and size distributions for higher commercial 

profits from these storage treatments will then be assessed in Chapter 6. 
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5 Sprout	 development	 of	 seed	 potato	 tuber	
after	different	storage	conditions	

5.1  Introduction 
At harvest, potatoes will not sprout even if placed in suitable environmental conditions for 

growth. This dormant state can be affected by both the pre- and post-harvest environment 

and differs among cultivars (Section 2.12.2.1). Therefore, the individual sprouting 

behaviour of a cultivar needs to be characterised under different storage conditions to 

optimise storability and keeping quality (Carli et al., 2010). 

In most cases, sprouting should be restrained in potatoes sold to consumers and, those 

which have to be stored for a long period. However, for seed potato tubers that are planted 

soon after their harvest it is necessary to have them primed to sprout (Van Ittersum and 

Scholte, 1992). According to Struik and Wiersema (1999), in some cultivars sprouting can 

be hastened by storage at high temperatures. In others, sprouting is quicker after cold or 

heat shock during the early storage period.  

The onset of sprout growth is also influenced by the development stage (physiological age) 

of the potato tuber (Allen and Scott, 1980). The progress from physiologically young to 

physiologically old tubers affects yield parameters of the subsequent crop. These include 

date of emergence, stem numbers, canopy growth pattern, maturity date, total tuber yield 

and tuber size distribution (Firman and Allen, 1989). According to Firman et al. (1991) 

over 40 leaf primordia may be formed on the sprout of some cultivars during storage 

(Section 2.12.2.2). In others, the apical differentiation and thus the production of new leaf 

primordia or nodes is arrested after some time of storage. The same authors showed that 

the initiation of flower primordia may commence on sprouts before planting. This means 

that in some cultivars, and under certain storage conditions, the size of the first level of the 

main stem of the following potato plants is determined before planting. The investigation 

of sprout behaviour during storage contributes to understanding the physiological ageing 

process of seed potato tubers and can be used to develop appropriate storage strategies 

prior to planting. 
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‘Bondi’ (Section 3.2.2) and ‘Fraser’ (Section 3.2.3) entered the New Zealand market for 

their favourable processing characteristics. However, their physiological ageing, during the 

storage phase, and its impact on crop growth and development in the field has never been 

characterized or quantified. The objective of this chapter is to generate seed potatoes of 

‘Bondi’ and ‘Fraser’ that had experienced different degrees of physiological ageing. Seed 

potatoes physiological age will be measured as the thermal-time accumulated during the 

whole storage period and as the thermal-time accumulated from sprout onset to the end of 

storage (Section 2.12.3). The treatments are based on possible seed potato tuber storage 

practices in Canterbury, New Zealand. The influence of these different seed potatoes on 

crop growth and development in the field is described latter in Chapter 6 and 7. 
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5.2 Material and Methods (Experiment 2) 
 

5.2.1 Experiment 2: Preparing seed potatoes for planting 

This section describes different storage regimes (treatments) applied to the seed potatoes 

during autumn and winter. The aim of the treatments was to create different sprouting 

patterns (physiological ages) in the seed potatoes prior to planting. The seed potatoes 

produced were then used to evaluate their impact on crop performance under field 

conditions as described in Chapter 6. 

 

5.2.1.1 Seed origin 

Certified potato seed crops of ‘Bondi’ and ‘Fraser’ were grown in Methven, Canterbury 

New Zealand, (43°38'S and 17°38'E). Following usual commercial growing practices, both 

‘Bondi’ and ‘Fraser’ canopies were desiccated with diquat dibromide (6 l ha-1) on 1/03 or 

3/02/2011, respectively. The potatoes were left in ground to mature (also named ‘rest’ 

period) until early autumn (‘Bondi’) or late summer (‘Fraser’). This allowed the potatoes 

skin to set for hand harvest. ‘Bondi’ and ‘Fraser’ potatoes were then removed from the 

ground using a fork as required for the storage treatments. 

 

5.2.1.2 Storage locations and treatments 

‘Bondi’ and ‘Fraser’ potatoes were allocated to one of three ‘Early’ seed storage 

treatments, and these treatments were each split into two ‘Late’ regimes (treatments). A 

general schematic time-line representation of the storage treatments applied is given in 

Figure 5.1. 

For the ‘Early’ regimes, the potato seeds had an initial post-harvest storage method as 

follows: i) ‘Ground’ where they were stored in situ in the field (under the ground), ii) 

‘Shed’ where harvested tubers were held at ambient temperature in an un-insulated light-

proof building or iii) ‘Cooler’ where they were stored at ~4 °C with a relative humidity of 

80 to 90%. The air inside the cooler was constantly circulated by a fan to avoid 

temperature gradients within the room. 
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Figure 5.1 Sequence of storage locations for the three treatments applied to ‘Bondi’ and ‘Fraser’ 
seed potatoes. (─ ─) potatoes stored in the ‘Ground’, (••) potatoes stored inside a 
‘Shed’ and (──) potatoes stored inside a ‘Cooler’ in 2011 at Canterbury, New 
Zealand. The timing of each storage event and planting date are indicated by the 
arrows. DACD = days after crop desiccation; CODE are displayed for the ‘Early’ 
treatment (storage location) followed (+) by the ‘Late’ treatment (warm up; ‘1M’ = 
one month and ‘3M’ = three months). 

 

Treatments ‘Cooler’ and ‘Shed’ were removed from the ground using a fork on 23/03/2011 

and 10/03/2011 for ‘Bondi’ and ‘Fraser’, respectively, and then held at ambient 

temperature for seven days. On 31/03/2011 or 17/03/2011 ‘Bondi’ and ‘Fraser’ tubers, in 

that order, were moved to the ‘Cooler’ or the ‘Shed’ located at Plant & Food Research Ltd, 

Canterbury, New Zealand, (43°39'S and 172°28'E). Finally ‘Bondi’ and ‘Fraser’ ‘Ground’ 

tubers were dug using a fork on 13/04/2011 and 18/05/2011, respectively, and then moved 

to the same ‘Shed’ until 20/04/2011 and 25/05/2011, in that order, which completed all the 
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‘Early’ treatments. Subsequently all potatoes were kept inside the cooler until the ‘Late’ 

storage regime. 

The ‘Late’ regime involved the removal of all tubers from the ‘Cooler’ either on July 12th 

or September 9th and placing them in the ‘Shed’. This allowed a post-chill warm up for 

three months (‘3M’) or one month (‘1M’). These late treatments were completed on 

October 13th 2011, to coincide with the usual sowing time for potato crops in the mid-

Canterbury region. ‘Bondi’ and ‘Fraser’ seed potatoes were planted 226 and 252 days after 

crop desiccation (DACD), respectively. 

The treatments applied during the whole storage phase were coded (Figure 5.1). This code 

describes the storage location (treatment) in the ‘Early’ phase followed by the duration of 

the warm-up in the ‘Late’ phase (e.g. ‘Shed’ + ‘1M’: potatoes stored inside the ‘Shed’ and 

warmed up for one month prior to planting).  

The ‘Cooler’ + ‘1M’ storage regime represented the control treatment since this was 

similar to the commercial storage practice in Canterbury. 

5.2.1.3 Temperature and humidity 

For all storage locations, temperature and humidity were recorded hourly using HOBO 4-

Channel data loggers. The temperature sensors were buried at a 150 mm depth in the soil 

for the ‘Ground’ treatment. On 26/05/ 2011 all tubers were moved to the ‘Cooler’ at 4 °C.  

Thus, the seed tubers were exposed to a range of temperatures from mother crop haulm kill 

until planting date (Figure 5.2). The figures show the mean daily temperature regimes 

experienced by ‘Fraser’ and ‘Bondi’ seed potatoes in each storage treatment. During the 

“rest’” period in February the soil temperature averaged ~15 °C. For ‘Shed’ tubers the 

temperature ranged from a daily maximum of 22 °C in March to a daily minimum of 2 °C 

in May. For the tubers left in the ‘Ground’, soil temperatures ranged from a daily 

maximum of 23 °C in March to a minimum of 8 °C in April. 
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Figure 5.2 Mean daily temperature regime experienced by ‘Bondi’ and ‘Fraser’ seed potatoes 
during the storage season in 2011 at Canterbury, New Zealand. ‘Early’ treatments of 
tubers stored in the ‘Ground’ (- -), ‘Shed’ (•••) and ‘Cooler’ (──) and ‘Late’ 1 month 
(‘1 M’) and 3 months (‘3 M’) warm up treatments. 

 

The total temperature accumulated (°Cd) during each storage phase was calculated 

according to Section 7.2.2.1 using a base temperature threshold (Tb) of 2 °C (Section 

7.3.1). 

The thermal-time accumulated from haulm desiccation to the end of the storage period in 

each treatment is shown in Table 5.1. 
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Table 5.1 Thermal-time accumulated (or °Cd; Tb=2 °C) in each storage location and total for 
‘Bondi’ and ‘Fraser’ potato treatments. The values are shown for the accumulated °Cd 
in each storage location (Figure 5.1).
Treatments Storage location 

1C ‘Early’ ‘Late’ 2Ground ‘Ground’ ‘Shed’ ‘Cooler’ 3‘Shed’ Total 

'B' 
‘Ground’ 

‘3M’ 320 238 44 43 700 1345 
‘1M’ 320 238 44 175 134 1131 

‘Shed’ 
‘3M’ 320 370 43 700 1433 
‘'1M’ 320 370 169 134 1213 

‘Cooler’ 
‘3M’ 320 122 51 700 1192 
‘1M’ 320 122 177 134 972 

'F' 
‘Ground’ 

‘3M’ 543 792 105 43 700 2183 
‘1M’ 543 792 73 175 134 1937 

‘Shed’ 
‘3M’ 543 963 43 700 2249 
‘1M’ 543 899 169 134 1965 

‘Cooler’ 
‘3M’ 543 126 51 700 1420 
‘1M’ 543 126 177 134 1200 

Note: 1C = cultivar (‘B’ = ‘Bondi’ and ‘F’ = ‘Fraser’); 2Ground: phase between haulm desiccation and 
beginning of storage treatments; 3‘Shed’: warm up phase inside the ‘Shed’. 

5.3 Measurements 

5.3.1 Sprout measurements 

From the start of the ‘Late’ storage regime, 12 randomly selected seed potatoes (replicate) 

sized 60 - 75 mm in length from each treatment were assessed every two days, from 

26/08/2011 to 4/10/2011, for degree of visible meristems (eye openness). The degree of 

eye openness was calculated as the ratio of open eyes to total seed potato eyes. The seed 

potato was considered sprouted at the first visual sign of at least one sprouted eye (sprouts 

>3 mm of length). During assessment the potatoes were placed into trays stacked at 

different heights. The trays permitted uniform air circulation around each potato. 

On 5/10/2011 half of the seed potatoes of each treatment had their sprouts removed by 

hand. Removed sprouts were accumulated for each treatment and then dried in a forced air 

draft oven for 48 hours at 60 °C to obtain sprout DM per seed potato. In addition, a second 

set of 12 randomly selected (sized 60 - 75 mm) seed potatoes from each treatment were also 

assessed for other measurements. The reason for choosing a second set of potatoes was 

mainly to avoid the confounding effect of light on the storage treatments since the tubers 

assessed for sprout onset were exposed to some light for the time of sprouting 

measurements. 
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These measurements included, main sprout length (longest sprout developed on a 1single or 
2multiple sprouted seed potato; Plate 1), the number of nodes, developed on the main sprout 

and total number of major sprouts (or number of dominant sprouts, lengthwise). The main 

sprout length was determined using a MAX - Series Electronic Digital Caliper. An 

illustration of the sprout traits measured is shown in Plate 1. 

Plate 1 Representation of the sprout traits (major sprouts, main sprout and main sprout nodes) 
measured in ‘Bondi’ and ‘Fraser’. Main sprout represents the longest sprout on a 
1single or on a 2multiple sprouted potato. 

5.3.2 Calculations 

5.3.2.1 Thermal-time and rate of node appearance on the main sprout 

In this chapter thermal-time was calculated as described in Section 4.2.5.2. 

The cumulative thermal-time (°Cd) was calculated for two phases of the storage for each 

treatment: i) from crop desiccation to sprout initiation (sprouts >3 mm in 80% of the seed 

potato tubers; Section 2.12.2.1); ii) from the time of sprout onset to the end of storage 

(13/10/2011). 
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5.3.2.2 Phyllochron 

The rate of node appearance on the main stem (phyllochron; °Cd node-1) was calculated as 

the slope of the linear regression between number of leaves on the main sprout and 

thermal-time accumulated after sprout onset. To do that, the cumulative thermal-time 

measured from sprout onset was divided by the number of nodes produced on the main stem 

of each tuber (Section 5.3.1). 

5.3.2.3 Sprout DM per seed potato 

The mean sprout DM (Section 4.2.4.1) per seed potato was calculated for each treatment of 

each cultivar. 

5.3.3 Statistical analysis 

The treatments were completely randomized with 12 replicates (seed potatoes) monitored 

over seven months of storage during autumn and winter 2011. 

Data were analysed using GenStat (Version 14, VSN International Ltd, UK), and means 

were separated using the Least Significant Difference (LSD) procedure (P=0.05). For 

figures in the text confidence intervals are given for the average (i.e. ± LSD/2). 
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5.4 Results  
 

5.4.1 Time of potato seed sprouting 

5.4.1.1 ‘Bondi’ 

The time of sprout onset for ‘Bondi’ is displayed in Table 5.2. There was an effect of the 

‘Early’ (P<0.04) and ‘Late’ (P<0.001) treatments on the number of days required for the 

seed potato to sprout measured from haulm desiccation. This effect was more evident for 

the ‘Late’ treatments. The ‘1M’ required ~45 additional days (P<0.001) to sprout than the 

‘3M’ (average 166 days) treatment. However, the ‘3M’ and ‘1M’ seed potatoes sprouted 

after ~33 and 9 days, respectively, counted from the day they entered the ‘Late’ warm up 

phase. 

The amount of accumulated thermal-time required for the ‘Bondi’ seed potato to sprout 

(from haulm desiccation) was also affected by the ‘Early’ and the ‘Late’ treatments 

(P<0.001). This ranged from 638 °Cd (‘Cooler’) to 913 °Cd (‘Shed’) in ‘3M’ warm up and 

from 711 °Cd (‘Cooler’) to 955 °Cd (‘Shed’) in the ‘1M’ warm up. As a consequence, 

there was an ‘Early’ and ‘Late’ seed potato response on the amount of °Cd accumulated 

from onset of sprout to the end of the storage period. As expected, the ‘3M’ warm up seed 

potato accumulated more (P<0.001) thermal-time (average ~540 °Cd) compared with the 

‘1M’ (average ~260 °Cd). 
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Table 5.2 Sprouting patterns of ‘Early’ and ‘Late’ ‘Bondi’ seed potatoes stored under different 
conditions in 2011. 

Storage 
(Early+Late) 

1Sprout 
onset 
(days) 

2Thermal-time 5Fraction 
of open 

eyes 

6Nº of 
major 

sprouts 

7Nº of 
nodes on 
the main 
sprout 

7Main 
sprout 
length 
(mm) 

(°Cd) 
3B 4A 

Ground+3M 163 792 553 0.89 1.42 4.83 57.1 

Ground+1M 200 858 274 0.80 3.50 3.00 25.6 

Shed+3M 170 913 521 0.74 1.17 4.08 53.2 

Shed+1M 202 955 258 0.81 2.92 2.33 18.4 

Cooler+3M 164 638 554 0.85 1.33 4.92 79.5 

Cooler+1M 202 711 262 0.88 3.42 2.58 20.7 

Early 0.04 * 0.05 ns ns 0.002 0.003 

Late * * * ns * * * 

Early x Late ns ns ns ns ns ns * 
8LSD(0.05) 5.5 30 30 0.2 0.72 0.58 11.0 
Note: 1Sprout onset: number of days from haulm desiccation to onset of sprouting. 
2Thermal-time: Cumulative °Cd with base temperature (Tb) of 2 °C. 
3B: thermal time (°Cd) accumulated from haulm desiccation to onset of sprouting. 
4A: thermal time (°Cd) accumulated from onset of sprouting to the end of storage treatment. 
5Fraction of open eyes: number of eyes open eyes in relation to the total number of eyes in a seed potato. 
Total number of eyes equals 12.9 and was not different (P<0.31) among treatments. 
6Major sprouts: most dominant sprouts (lengthwise) on the tuber. 
7Main sprout: longest sprout on a tuber (first dominant sprout to appear). 
8LSD displayed for the interaction Early x Late treatments. 
P-value (ns = not significant at α=0.0.05); * P<0.001 (α=0.05). 
 

5.4.1.2 ‘Fraser’ 

‘Fraser’ responded to the ‘Early’ and the ‘Late’ treatments in a similar way to ‘Bondi’. 

This cultivar required on average 207 days (from haulm desiccation) to begin sprouting in 

the ‘3M’ warm up treatments compared with an average of ~230 days in the ‘1M’ warm 

up (Table 5.3). The ‘3M’ and ‘1M’ seed potatoes sprouted after ~48 and 13 days, 

respectively, counted from the day they entered the ‘Late’ warm up phase. 

There was an interaction between the ‘Early’ and ‘Late’ treatments for the amount of 

thermal time accumulated before visible sprouting (P<0.02) and from sprouting to the end 

of the storage period (P<0.01). The ‘Cooler’ treatment required less thermal-time to onset 

sprouting (average of 958 °Cd) compared ‘Ground’ and ‘Shed’ regardless of the ‘Late’ 

treatment. The ‘Early’ ‘Shed’ treatment with the ‘3M’ warm up required the most thermal-

time to initiate a visible sprout (1811 °Cd) among all the storage treatments. In addition, 

from seed potato sprout onset to the end of storage the thermal-time accumulated was on 

average ~430 °Cd for all the ‘3M’ treatments. In contrast, when the seed potatoes were 
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given a ‘1M’ warm up this value was lower and ranged from 183 °Cd in the ‘Ground’, to 

242 °Cd in the ‘Cooler’. 

 

Table 5.3 Sprouting patterns of ‘Early’ and ‘Late’ ‘Fraser’ potatoes stored under different 
conditions in 2011. 

Storage 
(Early+Late) 

1Sprout 
onset 
(days) 

2Thermal-time 5Fraction 
of open 

eyes 

6Nº of 
major 

sprouts 

7Nº of 
nodes on 
the main 
sprout 

7Main 
sprout 
length 
(mm) 

(°Cd) 
3B 4A 

Ground+3M 207 1764 419 0.81 3.42 5.58 65.1 

Ground+1M 232 1754 183 0.88 4.83 2.33 11.2 

Shed+3M 208 1811 438 0.84 3.00 5.66 64.5 

Shed+1M 233 1756 209 0.85 5.25 2.25 11.7 

Cooler+3M 207 986 434 0.89 4.17 6.75 104.4 

Cooler+1M 228 958 242 0.84 5.92 2.75 18.1 

Early 0.05 * * ns ns * * 

Late * * * ns * * * 

Early x Late ns 0.02 0.01 ns ns ns * 
8LSD(0.05) 3 22 22 0.10 0.71 0.31 11.6 
Note: 1Sprout onset: number of days from haulm desiccation to onset of sprouting. 
2Thermal-time: Cumulative °Cd with base temperature (Tb) of 2 °C. 
3B: thermal time (°Cd) accumulated from haulm desiccation to onset of sprouting. 
4A: thermal time (°Cd) accumulated from onset of sprouting to the end of storage treatment. 
5Fraction of open eyes: number of eyes open eyes in relation to the total number of eyes in a seed potato. 
Total number of eyes equals 12.6 and was not different (P<0.40) among treatments. 
6Major sprouts: most dominant sprouts (lengthwise) on the tuber. 
7Main sprout: longest sprout on a tuber (first dominant sprout to appear). 
8LSD displayed for the interaction Early x Late treatments. 
P-value (ns = not significant at α=0.0.05); * P<0.001 (α=0.05). 
 

5.4.2 Sprouting pattern 

The sprouting pattern of ‘Bondi’ and ‘Fraser’ eight days before the field planting date is 

shown in Appendix 9 and Appendix 10, respectively. 

 

5.4.2.1 ‘Bondi’ 

For all treatments, ~83% of the 12.9 eyes produced on the seed potato had opened (visible 

meristem tissue) at the end of the storage treatment (Table 5.2). This was regardless of any 

of the treatments applied. This suggests that the “potential” number of sprouts (shoots) 
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produced in ‘Bondi’ seed potato tuber was unaffected by ‘Early’ or ‘Late’ storage 

treatments. 

In addition, the number of major sprouts on a seed potato was affected (P<0.001) solely by 

the ‘Late’ treatments (‘3M’ and ‘1M’) (Table 5.2). A longer period of warm up resulted in 

fewer but longer major sprouts. ‘Bondi’ ‘1M’ seed potato produced on average 3.28 ± 0.72 

major sprouts while the ‘3M’ produced from 1.17 to 1.42 ± 0.72.  

There was strong evidence that the number of nodes formed on the main sprout was 

affected (P<0.001) by the ‘Late’ treatment. ‘Bondi’ ‘3M’ produced 4.08 to 4.92 ± 0.58 and 

‘1M’ 2.33 to 3.00 nodes per sprout. The ‘Early’ treatments also affected (P<0.002) this 

variable. However, the difference found for the number of nodes on the main sprout was 

more prominent for the ‘Late’ compared with ‘Early’ treatments (Table 5.2). 

An interaction (P<0.001) was found between the storage treatments and the length of the 

main sprout for this cultivar. ‘Bondi’ sprout length was longest (79.5 mm) for the tubers 

stored in the ‘Cooler’ after a three month warm up compared with other treatments. In 

comparison the ‘1M’ warm up produced average main sprouts of 21.6 mm. 

 

5.4.2.2 ‘Fraser’ 

The ‘Fraser’ sprout pattern had the same responses to the ‘Early’ and ‘Late’ treatments as 

‘Bondi’ (Table 5.2 and Table 5.3). ‘Fraser’ had ~85% of the total number of eyes on the 

seed potato (12.6) opened (visible meristem tissue) in all storage treatments at the end of 

the storage period.  

The number of major sprouts on each seed potato was affected (P<0.001) solely by the 

‘Late’ treatments (‘3M’ and ‘1M’). Again, the longer period of warm up resulted in fewer 

major sprouts (‘1M’, 4.8 - 5.9 ± 0.35) being produced.  

There was an ‘Early’ (P<0.001) and ‘Late’ (P<0.001) effect on the number of nodes 

produced on the main sprout in this cultivar. This was greater in the ‘Cooler’ with a ‘3M’ 

warm up treatment (6.8 nodes per seed potato). The ‘3M’ produced an average of ~6.00 

nodes on the main sprout compared with an average of ~2.44 ± 0.31 nodes in the ‘1M’. 

The length of the main sprout was also affected by the interaction (P<0.001) of ‘Early’ and 

‘Late’ treatments in this cultivar. The main sprout length was longest (104 mm) for the 
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tubers stored in the ‘Cooler’ after a three month warm up and shortest for all the ‘1M’ 

month treatments (average 13.7 ± 11.6 mm). 

 

5.4.3 Rate of node appearance on the main sprout 

5.4.3.1 ‘Bondi’ 

The rate of node appearance on the main stem was affected (P<0.004) by the ‘Late’ 

treatment in ‘Bondi’ (Table 5.4). It was highest for the ‘3M’ (average 101 °Cd leaf-1) 

compared with the ‘1M’ warm-up (72 ± 16 °Cd leaf-1).  

 

5.4.3.2 ‘Fraser’ 

An interaction (P<0.04) was found between the ‘Early’ and ‘Late’ storage treatments for 

the rate of node appearance on the main stem. This ranged from 44 ± 9 °Cd leaf-1 for the 

potatoes stored in the ‘Ground’ and warmed up for one month, to 63 ± 9 leaf °Cd-1 for the 

potatoes stored in the ‘Cooler’ followed by a three month warm up period (Table 5.4). 

 

Table 5.4 Rate of node appearance calculated for the main stem of ‘Early’ and ‘Late’ ‘Bondi’ and 
‘Fraser’ potatoes stored under different conditions in 2011. 

Phyllochron (°Cd node-1) 
       Storage 
('Early' + 'Late') 

‘Bondi’ ‘Fraser’ 

‘Ground’ + ‘3M’ 97.5 61.1 

‘Ground’ + ‘1M’ 68.5 43.6 

‘Shed’ + ‘3M’ 107.2 62.5 

‘Shed’ + ‘1M’ 74.9 55.5 

‘Cooler’ + ‘3M’ 97.4 52.5 

‘Cooler’ + ‘1M’ 71.7 58.3 

Early7 ns ns 

Late7 <0.001 0.02 

Early x Late7 ns 0.002 

LSD(α=0.05) 16.5 8.86 

Note: For storage treatment codes see Figure 5.1.  
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5.4.4 Sprout dry matter (DM) 

5.4.4.1 ‘Bondi’ 

The mean sprout DM was affected (<0.001) by the ‘Early’ (<0.001) and ‘Late’ treatments 

for the ‘Bondi’ seed potatoes (Figure 5.3). However, differences were mostly produced by 

the ‘Late’ treatments. The ‘3M’ treatment produced 0.42 g of sprout DM per seed potato 

eight days before the planting date. This was ~60% higher than the average amount of sprout 

DM produced on the seed potato of the ‘1M’ treatment (average 0.16 g DM). 

 

5.4.4.2 ‘Fraser’ 

‘Fraser’ mean sprout DM was affected (<0.001) by ‘Late’ treatments. There was 0.20 g of 

sprout DM produced on the ‘3M’ seed potato. This was higher than the average sprout DM 

(0.04 g) on the ‘1M’ treatment (Figure 5.3). 

 

Figure 5.3 Mean sprout dry matter (DM) of ‘Early’ and ‘Late’ ‘Bondi’ (a) and ‘Fraser’ (b) seed 
potatoes stored under different conditions in 2011, at Lincoln, New Zealand. The 
potato sprouts were removed from a sample of 10 tubers per treatment eight days prior 
to the planting date. Bars represent one LSD. 
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5.5 Discussion 
 

5.5.1 Seed potato sprouting after different of storage times 

In most cases the ‘Bondi’ and ‘Fraser’ seed potatoes had a similar pattern of responses to 

the different storage treatments (Table 5.2 and Table 5.3). The different storage regimes 

resulted in different amounts of thermal-time required for sprouting on the two cultivars 

(Struik and Wiersema, 1999). An interaction between the treatments for the amount of 

thermal time accumulated before visible sprouting was only found for ‘Fraser’ (Table 5.3). 

This may indicate that for ‘Fraser’ storage temperature, and also the time of warmer phases 

of storage can be used to manipulate dormancy and physiological ageing (Struik and 

Wiersema, 1999; Struik et al., 2006).  

However, the ‘Early’ storage treatment was 48 days longer for ‘Fraser’ than ‘Bondi’ (Figure 

5.2) which contributed to the larger range of temperature accumulated by the end of this 

phase among the treatments in ‘Fraser’ (Table 5.1). This possibly reflected the relatively 

larger range of thermal-time required for sprouting in ‘Fraser’ (958 - 1811± 22 °Cd) 

compared with ‘Bondi’ (638 - 913 ± 30 °Cd) in the ‘Early’ treatments (Table 5.2 and Table 

5.3). This may explain why an interaction between ‘Early’ and ‘Late’ treatments for the 

amount of thermal-time required to onset sprouts was only found in ‘Fraser’. 

The ‘Cooler’ ‘Early’ treatment (control) required less thermal-time to sprout compared with 

‘Ground’ and ‘Shed’ for both cultivars regardless of the ‘Late’ treatment. On average, the 

‘Early’ storage in the ‘Ground’ and in the ‘Shed’ required an additional ~200 and ~800 °Cd 

to onset sprouting in ‘Bondi’ and ‘Fraser’, respectively, than in the ‘Cooler’. This implies 

that the low temperature during the ‘Early’ storage period advanced sprouting measured in 

°Cd. The present result agrees with previous findings. Struik et al. (2006) presented data for 

six cultivars which showed that in most cases the thermal-time until onset of sprouting was 

shorter for potatoes stored at a constant lower temperature (4 °C) in the ‘Early’ storage 

period followed by a warm up at higher temperatures (16 or 20 °C), compared with ‘Early’ 

warmer temperature (20 °C) followed by either low (4 °C) or high (16 or 20 °C) 

temperatures. 

The prolonged cold storage delayed the initiation of sprouts chronologically. However, all 

seed potatoes sprouted before the end of the storage regardless of the storage treatment. The 
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‘3M’ potatoes sprouted 35 (‘Bondi’) and 24 days (‘Fraser’) earlier then the ‘1M’. Decreasing 

the storage duration at low temperatures (2 °C) from 30 days to 20 or 10 days and then 

allowing a warm up at 18 °C has also been reported to shorten dormancy for ‘Diamant’ by 

Van Ittersum and Scholte (1992). They suggested that the optimum duration of the period 

with low temperature is shorter, the shorter the dormancy of a cultivar. In practice, if the 

‘Fraser’ mother crop is defoliated in the first week of February and the ‘Bondi’ mother crop 

defoliated in the first week of March, the ‘Bondi’ and ‘Fraser’ seed potato tubers, will 

initiate sprouts in the first and second week of August, respectively, when allowed a three 

month warm up prior to planting. This is regardless of the ‘Early’ storage location. 

Alternatively, ‘Bondi’ and ‘Fraser’ seed potatoes will sprout in the first and second week of 

September, when allowed a one month warm up. Therefore both alternatives will deliver pre 

sprouted seed potatoes for the commercial main crops planting in New Zealand (i.e. 

October). 

Finally, the amount of thermal-time accumulated after sprouting to the end of dormancy was 

mainly determined by the length of the ‘Late’ warm up treatments (‘3M’ or ‘1M’). This was 

because the onset of sprouting only occurred after the seed potatoes were moved from the 

‘Cooler’ to the warmer temperature in the ‘Late’ treatments. This value ranged from an 

average of 264 (‘1M’) to 543 °Cd (‘3M’) in ‘Bondi’ and 211 (‘1M’) to 430 °Cd (‘3M’) in 

‘Fraser’. Morphological and developmental changes on the seed potato occurred during this 

phase and will be discussed in the next sections. 

 

5.5.2 Effect of storage on sprouting pattern  

The “potential” number of sprouts produced per seed potato, represented by the fraction of 

eye openness on the potato, was not achieved by any of the storage treatments. ‘Bondi’ and 

‘Fraser’ fraction of eye openness was a conservative parameter across treatments for both 

cultivars, which may represent an innate trait of these potatoes. This was around 83% for 

‘Bondi’ and 85% for ‘Fraser’ at the end of the storage period. However the number of 

major sprouts produced by the end of the storage period for ‘Bondi’ and ‘Fraser’ 

represented less than 13% and 40%, respectively, of the maximum number of eyes on the 

seed potato. The casual mechanisms controlling dormancy among the eyes of the seed 

potato is still unknown, but a recent review on the topic suggests that this is primarily 
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under metabolic control, with changes in gene expression secondary (Suttle, 2007; 

Vreugdenhil, 2007). 

The present results show that the number of major sprouts produced per seed potato at the 

end of the storage period can be increased by delaying the time of sprouting. When the 

warm up phase started earlier (‘3M’) the time of sprouting was faster (measured in days 

from haulm desiccation; Table 5.2 and Table 5.3), but ‘Bondi’ produced ~1.3 sprouts per 

seed potato and ‘Fraser’ ~3.5. However this increased to 3.3 and 5.3 in ‘Bondi’ and 

‘Fraser’, respectively, after a later sprouting from the ‘1M’ warm up. This agrees with 

previous findings (Hartmans and Van Loon, 1987) where it was shown that the number of 

sprouts produced on the seed potato can be increased by prolonging the storage phase at 

lower temperatures (e.g. 2 - 4 °C) before applying warmer temperatures for sprouting. The 

reasoning for this is that delaying exposure to conditions that permit sprouting will reduce 

apical dominance and allow more sprouts, once exposed to conditions conducive to sprout 

growth (Struik and Wiersema, 1999; Carli et al., 2010). 

It could be concluded form these results that ‘Bondi’ and ‘Fraser’ growers in New Zealand 

may benefit from the ‘1M’ treatment. It has been stated that potato cultivars that have 

reached the end of “normal” sprouting and are physiologically older (illustrated by the 

multiple sprouts), are recommended for early maturing crops, because tuber initiation 

starts earlier and the crop matures earlier. In contrast, physiologically young potato that are 

at the end of their apical dominance period (the ‘one sprout stage’, (Krijthe, 1962a), 

represented by the one month warm up in the ‘Bondi’ potato) are recommended for 

medium and late maturing crops (e.g. ‘Bondi’ and ‘Fraser’), since they develop extensive 

haulm growth and mature later (Carli et al., 2010). 

The developmental stage of a seed potato main sprout can be manipulated for planting by 

managing mainly two variables: i) the time between sprout onset and planting date and ii) 

the temperature within this phase. The higher amount of °Cd accumulated from sprout 

onset to planting in the ‘3M’ treatments (Section 5.5.1) resulted in a higher number of 

nodes formed on the main sprout in all cultivars (Table 5.2 and Table 5.3). This suggests 

that the duration from sprout initiation to planting was an important determinant of the 

number of nodes on the main sprouts (Hay and Porter, 2006). 

The current findings suggest that the main sprout length is a poor indicator of the seed 

potato developmental status. Although the number of nodes developed on the main sprout 
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was mostly related to the ‘Late’ warm up treatment, particularly in ‘Bondi’, an interaction 

was found for the ‘Early’ and ‘Late’ treatments for the main sprout length. It was shown 

that the sprout length was longer (‘Fraser’, 104 mm and ‘Bondi’, 79.5 mm) for the tubers 

stored in the ‘Cooler’ followed by a three month warm up compared with other treatments. 

These results are in agreement with those of Wurr (1979) who showed that the tubers 

stored in cold conditions during the first storage phase produced longer sprouts at planting 

in comparison with those initially stored in warm conditions. The length of the longest 

sprout has been recognized as a useful estimator of sprout development and is associated 

with physiological age (O'Brien et al., 1983; Allen and O'Brien, 1986). Nevertheless, the 

present finding suggests that sprout elongation and node appearance may not be 

interdependent processes after sprout onset. 

 

5.5.3 Rate of node appearance on the main stem 

It appears that the rate of node appearance was regulated by a negative feedback for some 

time after sprout initiation. The rate of node appearance on the main sprout of ‘Bondi’ and 

‘Fraser’ seed potatoes seemed higher than the average of 30 - 40 °Cd leaf-1 reported for the 

main stem of field grown potato crops (Section 2.6.1). This was particularly evident in 

‘Bondi’. In this cultivar the rate of node appearance ranged from 69 to 107 °Cd leaf-1. It 

has been shown that ethylene exercises a dual effect on the seed potato. It anticipates 

sprout onset but inhibits sprout elongation (Rylski et al., 1974). So, it could be that at the 

early stages of main sprout growth the sprout was still under the effect of this hormone 

compound which could also slow its development. 

 

5.5.4 Effect of storage on sprout dry matter 

The highest sprout dry matter measured eight days from the end of storage was given by 

the ‘3M’ treatment for the two cultivars. This treatment produced 65% and 80% more 

sprout dry matter than the ‘1M’ in ‘Bondi’ and ‘Fraser, respectively. Sprout dry matter 

reflects the amount of carbohydrate invested in vegetative growth which has been shown 

to be associated to evaporative and respiration weight losses (Hartmans and Van Loon, 

1987). This parameter has been suggested to be an important indicator of the physiological 

status of the seed potato tuber (Dyson and Digby, 1975). High tuber weight loss from 
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sprouted seed potatoes has been linked to faster physiologically ageing and disadvantages, 

such as shorter tuber bulking and smaller tubers (Pavlista, 2004). These effects were tested 

under field conditions in Chapter 6. 
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5.6 Conclusions 
 The number of days from defoliation of the mother crop until sprout initiation was 

mostly affected by the length of warm up during the ‘Late’ phase of storage. This period 

is therefore crucial to manipulate the breaking of dormancy for planting. 

 

 The number of major sprouts on the potato was affected exclusively by the duration of 

‘Late’ warm up treatment. A longer period of warmer temperatures and hence higher 

°Cd accumulation resulted in a smaller number of major sprouts, probably due to a loss 

of apical dominance. 

 

 The length and the number of nodes developed on the main sprout (longest sprout) of 

tubers increased when the tubers were exposed to three compared with the one month 

warm up after the ‘Cooler’ treatment. However, the rate of node appearance on the main 

sprout was slower when the warm up phase was earlier. 

 

 The highest investment in sprout DM in the ‘3M’ treatment indicated that this trait had 

some link with potato physiological age. 

 

The physiological age differences produced for ‘Bondi’ and ‘Fraser’ seed potato in the 

current chapter will be tested for their impact on crop growth and development in Chapters 

6 and 7. 
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6 Tuber	 yield	 and	 distribution	 responses	 to	
different	seed	potato	storage	regimes	

 

6.1 Introduction 
Potato farmers aim to maximise yields of grades where market prices are highest (premium 

potatoes). In New Zealand ‘Bondi’ and ‘Fraser’ growers face two limitations to attain this 

objective. ‘Bondi’ is generally associated with over-sized tubers and ‘Fraser’ crop yield is 

limited by low tuber weight yields (Chapter 4). 

Chapter 5 showed how the number of sprouts, growth and development of these seed 

potatoes could be manipulated by storage conditions. These sprouting attributes have been 

associated with seed potato physiological age (Section 2.12.2.2) and may affect subsequent 

crop yield and tuber distribution. Therefore, quantifying tuber yield and distribution 

responses to seed potatoes that had undergone these different storage regimes is the first 

step to determine if storage strategies can be developed to change total and premium grade 

yields. 

Therefore first objective of this chapter is to investigate how the seed potato storage 

treatments created in Chapter 5, affected tuber yield and distribution of the field grown 

‘Bondi’ and ‘Fraser’ crops. As part of this, de-sprouting of some of these seed potatoes 

was used to increase the range of treatments. Therefore, the second objective was to 

contrast the yield and distribution from potatoes with and without sprouts at planting. 
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6.2 Materials and methods 
The complete description of site, crop establishment, management and physical 

environmental measurements are outlined in Chapter 3. 

 

6.2.1 Experimental design 

On 04/10/2011 (nine days before the end of the storage period) half of the ‘Bondi’ and 

‘Fraser’ potatoes of each treatment had any sprouts which had developed removed by hand 

(Section 5.3.1). This added; ‘seed potatoes with sprouts’ (‘Sprouts on’) and ‘de-sprouted 

seed potatoes’ (‘Sprouts off’) prior to field planting. Therefore, at the end of storage, 24 

treatments were obtained from the factorial: two cultivars x three ‘Early’ storage 

treatments x two ‘Late’ storage treatments x two ‘Sprout’ treatments. 

To minimise variation between plants, the seed potatoes from Experiment 2 were graded 

by hand into three visually distinct group sizes (small, medium and large). These group 

sizes corresponded to 62 - 80 g, 106 - 141 g and 124 - 179 g for ‘Bondi’ and 37 - 73 g, 68 - 

92 g and 107 - 123 g for ‘Fraser’. 

A total of 96 plots were used in this experiment. Plots were 10 m long and 1.6 m wide with 

two rows. Four replicates of the 24 treatment combinations were laid out in a completely 

randomized design. The replicates were distributed in four blocks of 6 x 4 plots to 

minimize the effects of seed size variation. Blocks 1 and 3 had medium-sized tubers. 

Blocks 2 and 4 were assigned small and large tubers respectively. The experiment was a 

randomised complete block. The schematic illustration of the Experiment layout is 

illustrated in Appendix 1. 

The seed potatoes planted with sprouts (‘Sprouts on’) were handled with care during the 

planting operation (Section 3.4.2) to avoid any damage to the sprouts. 

 

6.2.2 Measurements 

6.2.2.1 Sequential plant digs 

A sample of eight plants was dug using a fork from the plots corresponding to the 

treatments ‘Cooler’ + ‘1M’ and ‘3M’ + ‘Sprouts on’ and ‘Cooler’ + ‘1M’ and ‘3M’ + 
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‘Sprouts off’ for ‘Bondi’ and ‘Fraser’. There were three sequential digs throughout the 

growth period. The samples were taken when the crop had accumulated 340, 647 and 1140 

°Cd (Tb=2 °C) calculated from the emergence day. The samples were taken sequentially 

from the west end of each plot. To minimize the confounding effect of canopy competition 

between plants, the first plant of the row was skipped on each sampling event. 

Above and below-ground biomass were separated. The tubers collected from each sample 

were washed and left to air dry. Later, the tubers from each plant sub-sampled were 

counted and individually weighed fresh (FM) using a Metter Toledo PB1502 fine balance 

(Global Science and Technology Ltd, Glenfield, Auckland, NZ). 

Finally, above and below-ground components were dried in a forced air oven (65 - 70 °C) 

to constant weight to obtain dry matter (DM). 

 

6.2.2.2 Final harvest  

On the first week of May 2012, after ~85 days from the last sequential tuber dig (Section 

6.2.2.1) all 96 plots were harvested using a single row digger. The tubers from each plot 

were graded on a table grader into four sizes: <45 mm (“rejected potato”), 45 - 55 (“seed 

potato”) and > 55 mm (‘process potato’) regardless of cultivar. Tubers greater than 55 mm 

were hand sorted into “premium” (highest market price) and “large” (over-size or over-

weight). ‘Bondi’ tubers longer than 150 mm and ‘Fraser’ tubers heavier than 300 g were 

classified as “large” according to French fry and chip specifications, respectively, from the 

processing industry in New Zealand. In the premium and large grades, tubers were also 

sorted for defects that made them commercially unsuitable (misshapen, rotten, etc.). Half 

tubers were also counted at the grading table. Total yield fresh matter (FM), unwashed, 

and numbers were recorded for each grade class on every plot. A sub-sample of 16 tubers 

of each grade class was then taken from all plots washed and air dried before being 

weighed individually. This indicated a soil fraction of 3%, between washed and unwashed 

tubers so this correction was applied to calculate actual tuber yield values. 
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6.2.2.3 Number of above-ground main stems 

The total number of above-ground main stems (Section 3.7.1) was counted on each plant 

prior to final harvest. All calculations relative to the number of main stems in this chapter 

were performed without reference to below-ground; lateral branching (BGLB; Figure 3.5). 

 

6.2.3 Calculations 

6.2.3.1 Harvest index 

Harvest index (HI) was calculated as described in Section 4.2.5.5. 

 

6.2.3.2 Final harvest yield distribution 

The accumulated proportion of yield was calculated as described in Section 4.2.5.1, based 

on the tuber yields within the 50 g grades from the 16 potato sub-samples (Section 

6.2.2.2). Sigmoid curves were fitted to individual plots and the curve parameters were 

compared by analysis of variance (ANOVA) to assess any yield distribution differences 

among the treatments (Section 6.3.4). A second analysis investigated the tuber weight 

grades that concentrated between 5 and 95% of the total cumulative yield. Finally, the 

difference between these two grades was calculated to describe the spread of the curve (or 

spread of the distribution). 

 

6.2.3.3 Sequential dig yield distribution 

The accumulated proportion of yield distribution was calculated for each of the three 

sequential tuber digs in the same way as for the final harvest distribution (Section 6.2.3.2). 

However, because all potatoes were weighed individually, it was possible to use a more 

refined tuber grade of 10 g to describe the accumulated proportion of the yield distribution. 

The spread of the distribution was then calculated for each of the sigmoid curves fitted to 

each treatment. Further, the increase of the spread of the distribution was plotted against 

thermal-time from crop emergence to give the rate of the spread (g °Cd-1). 
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6.2.3.4 Tuber DM 

To obtain tuber DM yield the samples collected from each plot (Section 6.2.2.2) were 

dried in a forced air draft oven at 60 °C until constant weight. 

 

6.2.3.5 Grade yield proportion 

Grade yield proportion was calculated for smallest, smalls, premium, large, premium 

defects, large defects and halves (Section 6.2.2.2) using the respective fresh weight yields 

relative to the total FM. 

 

6.2.4 Data presentation 

Potato total yield, grade yield and number did not respond to the ‘Early’ treatments applied 

to the seed potato (Appendix 11 and Appendix 12). However, grade yield and number 

were affected by ‘Cultivar’, ‘Late’ and ‘Sprouts’, so unless stated, only the results of 

significantly different main treatments are included in the analyses of this chapter. 
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6.2.5 List of symbols 

Table 6.1 shows the list of symbols associated to ‘Cultivar’ and ‘Treatment’ used in the 

figures in this chapter. 

Table 6.1 List of treatments and symbols used in figures to represent each ‘Cultivar’ - ‘Early’ - 
‘Late’ - ‘Sprout’ combination.  

Cultivar 
Treatment 

(1‘Early’ + 2‘Late’ + 3‘Sprout’) 
Acronym Figure symbol 

‘Bondi’ ‘Ground’ + ‘3Months’ + ‘Sprouts on’ ‘G + 3M + on’ 
 

‘Ground’+ ‘3Months’ + ‘Sprouts off’ ‘G + 3M + off’ 

‘Ground’+ ‘1Month’+ ‘Sprouts on’ ‘G + 1M + on’ 

‘Ground’ + ‘1Month’ + ‘Sprouts off’ ‘G + 1M + off’ 

‘Shed’ + ‘3Months’ + ‘Sprouts on’ ‘S + 3M + on’ 

‘Shed’ + ‘3Months’ + ‘Sprouts off’ ‘S + 3M + off’ 

‘Shed’ + ‘1Month’ + ‘Sprouts on’ ‘S +1M + on’ 

‘Shed’ + ‘1Month’ + ‘Sprouts off’ ‘S + 1M + off’ 

‘Cooler’ + ‘3Months’ + ‘Sprouts on’ ‘C + 3M + on’ 

‘Cooler’ + ‘3Months’ + ‘Sprouts off’ ‘C + 3M + off’ 

‘Cooler’ + ‘1Month’  + ‘Sprouts on’ ‘C + 1M + on’ 

‘Cooler’ + ‘1Month’ + ‘Sprouts off’ ‘C + 1M + off’   
‘Fraser’ ‘Ground’ + ‘3Months’ + ‘Sprouts on’ ‘G + 3M + on’ 

‘Ground’+ ‘3Months’ + ‘Sprouts off’ ‘G + 3M + off’ 

‘Ground’+ ‘1Month’+ ‘Sprouts on’ ‘G + 1M + on’ 

‘Ground’ + ‘1Month’ + ‘Sprouts off’ ‘G + 1M + off’ 

‘Shed’ + ‘3Months’ + ‘Sprouts on’ ‘S + 3M + on’ 

‘Shed’ + ‘3Months’ + ‘Sprouts off’ ‘S + 3M + off’ 

‘Shed’ + ‘1Month’ + ‘Sprouts on’ ‘S +1M + on’ 

‘Shed’ + ‘1Month’ + ‘Sprouts off’ ‘S + 1M + off’ 

‘Cooler’ + ‘3Months’ + ‘Sprouts on’ ‘C + 3M + on’ 

‘Cooler’ + ‘3Months’ + ‘Sprouts off’ ‘C + 3M + off’ 

‘Cooler’ + ‘1Month’  + ‘Sprouts on’ ‘C + 1M + on’ 

‘Cooler’ + ‘1Month’ + ‘Sprouts off’ ‘C + 1M + off’   

Note: 1‘Early’ = ‘E’ + 2‘Late’ = ‘L’ + 3‘Sprout’ = ‘S’. 
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6.2.6 Statistical analysis 

Data were analysed using GenStat version 14 (VSN International). Significant differences 

among the treatments were determined by analyses of variance (ANOVA) according to the 

complete randomised design (Appendix 1). Standard errors of differences of means (sed) 

were used to evaluate least significant differences (LSD) at the α=0.05 probability level for 

means separation. When values were significant at α=0.1 but not at α=0.05, results are 

reported as a trend. 

Linear and non-linear regressions were fitted between dependent and explanatory variables 

using GenStat version 14 (VSN International). Regression coefficients, standard error of 

coefficient and coefficients of determination (R2) are reported.  
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6.3 Results 
 

6.3.1 Tuber fresh matter (FM) yield and number 

6.3.1.1 Tuber FM yield response to seed potato storage regimes 

The response of potato grade yield, total FM yield and number, to seed potato storage 

treatments is shown in Table 6.2. The values presented were averaged for the ‘Early’ 

treatments applied (‘Ground’, ‘Shed’ and ‘Cooler’) because tuber yields and numbers were 

generally unaffected by these treatments (Appendix 11 and Appendix 12).  

Total FM yield and number of potatoes differed (P<0.001) between cultivars but in most 

cases, did not respond to any of the pre plant seed potato storage treatments. On average 

‘Bondi’ yielded ~70 t ha-1 and produced ~29 tubers m-2 while ‘Fraser’ yielded ~53 t ha-1 

and produced ~43 tubers m-2. 

In most cases, grade yield and number were affected (P<0.001) by cultivar. Premium 

yield, for example, was ~50% higher (P<0.001) for ‘Bondi’ compared with ‘Fraser’. In 

addition, yield and number variation in the process grades (premium and large) were 

mainly produced by the ‘Sprout’ treatments. However an interaction was found for the 

large grade yield and number for the effects of ‘Late’ x ‘Sprout’ (Table 6.2). Large grade 

yield was increased by the ‘Sprouts on’ treatment and premium grade yield by the ‘Sprouts 

off’ (Table 6.2). 

In the premium grade ‘Bondi’ ‘Sprouts off’ averaged 42.5 t ha-1 and 17 tubers m-2 

compared with 37 t ha-1 and ~14 tubers m-2 in the ‘Sprouts on’ treatment. In the large 

grade the ‘3M’ + ‘Sprouts on’ had the highest (P<0.004) yield (26.5 t ha-1) and tuber 

number (5.18 m-2). 

‘Fraser’ premium tuber yield increased by ~17% from the ‘Sprouts off’ with an average of 

21.0 t ha-1. In the large grade ‘Fraser’ ‘3M’ ‘Sprouts on’ produced the highest yield (29.6 t 

ha-1) whereas the ‘3M’ ‘Sprouts off’ had the lowest (18.2 t ha-1). 

Finally, ‘Fraser’ yields were 60% and 53% higher (P<0.001) than ‘Bondi’ in the seed and 

rejected grades respectively. 

Averages and interactions are shown for all treatments in Appendix 11 and Appendix 12. 
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Table 6.2 Grade and total tuber fresh matter (FM) yield differences for ‘Bondi’ and ‘Fraser’ potato crops grown from October to May 2011 - 2012 at 
Lincoln, Canterbury, New Zealand. 
 Rejected Seed Process Total tuber 

1Cult. 
‘Late’ 

 + 
‘Sprout’ 

<45 mm 45 - 55 mm 2Premium 3Large 
Yield 
(t ha-1) 

Number 
(m2) 

Yield 
(t ha-1) 

Number 
(m2) 

Yield 
(t ha-1) 

Number 
(m2) 

Yield 
(t ha-1) 

Number 
(m2) 

Yield 
(t ha-1) 

Number 
(m2) 

‘Bondi’ 

3M + on 2.02 5.10 2.86 2.91 36.6 14.2 26.5 5.18 71.8 29.2 
3M + off 1.65 4.07 2.03 2.35 41.6 16.3 19.9 4.08 70.0 28.8 
1M + on 1.85 4.79 2.30 2.60 37.3 13.8 20.4 3.83 69.0 27.7 
1M + off 1.84 4.46 2.20 2.52 43.4 17.5 19.3 4.04 71.0 30.8 

Mean 1.84 4.61 2.35 2.60 39.7 15.4 21.5 4.28 70.5 29.1

‘Fraser’ 

3M + on 3.98 11.0 5.19 6.60 16.3 11.5 29.6 10.8 55.9 40.5 
3M + off 3.72 10.8 6.39 7.94 21.5 15.4 18.2 7.65 50.5 42.3 
1M + on 4.21 11.7 5.44 7.03 18.8 13.5 22.7 8.97 52.3 42.1 
1M + off 3.78 11.5 6.42 7.89 20.7 14.9 20.3 8.37 51.8 43.0 

Mean 3.92 11.3 5.86 7.37 19.3 13.8 22.7 8.96 52.6 42

Cultivar <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns <0.001 <0.001 <0.001 

Late ns ns ns ns ns ns 0.021 0.063 ns ns 

Sprout ns ns ns ns <0.001 <0.001 <0.001 <0.001 ns ns 

Cultivar x Late ns ns ns ns ns ns ns ns ns ns 

Cultivar x Sprout ns ns 0.002 0.013 ns ns ns 0.034 ns ns 

Late x Sprout ns ns ns ns ns ns 0.004 0.005 ns ns 

Cultivar x Late x Sprout ns ns ns ns ns 0.04 ns ns ns ns 
LSD (α=0.05) 0.40 1.05 0.70 0.79 2.03 1.9 3.43 0.95 2.35 1.81 
Note: 1Cult.: Cultivar; 2Premium: ‘Bondi’ (55 - 150 mm); ‘Fraser’: (55 mm - 300 g). 3Large: ’Bondi’ (>150 mm); ‘Fraser’ (>300g). Total number are given for all potatoes 
harvested including defected and halves tubers. LSD displayed for the highest interaction level or for the main factor, in case of no interactions. The values presented are 
averages from the ‘Early’ treatments (‘Ground’, ‘Shed’ and ‘Cooler’). 

131 
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The FM yield proportion in each grade is illustrated in Figure 6.1. All grade proportions 

were different (P<0.001) between ‘Bondi’ and ‘Fraser’ crops. The proportions of yield in 

the process grades (premium and large) were mainly affected (P<0.001) by the ‘Sprout’ 

treatment (Appendix 13 and Appendix 14). The premium and large grades combined 

represented ~ 87 and ~ 80% of the total yield of ‘Bondi’ and ‘Fraser’, respectively. A 

higher proportion of large tubers resulted in a decrease in the premium proportion. This 

trade off between these two grades was observed for both cultivars and it was mostly 

driven by the variation produced by the ‘Sprout’ treatment. In most cases, ‘Sprouts on’ 

shifted tubers towards the large grade. 

Defects and halves (from premium and large grades) together represented a larger 

(P<0.001) proportion for the ‘Bondi’ (~7%) compared with the ~2% in the‘Fraser’ crop 

(Figure 6.1). Because these values are small they will be ignored through-out this chapter. 

 

 

Figure 6.1 Tuber yield proportion in different grade classes for the ‘Late’ and ‘Sprout’ 
treatment applied to the ‘Bondi’ (a) and ‘Fraser’ (b) potato crops grown from 
October to May 2011 - 2012 at Lincoln, Canterbury, New Zealand. 
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6.3.1.2 Tuber DM yield 

Final tuber DM yield represented a constant fraction (~0.25; for a tuber dry matter content 

(DM%) of 25%) of tuber FM yields (Table 6.2). This value of DM% found for the two 

cultivars was similar to that found across cultivars in Chapter 4. Potato DM yields 

averaged for all treatments are displayed in Appendix 15. 

 

6.3.2 Tuber FM weight increase and HI 

Figure 6.2 shows the cumulative increase of tuber FM yield and harvest index against 

thermal-time (Tb=2 °C) from crop emergence. 

Tuber fresh matter increase was unaffected by any of the treatments applied, but the rate of 

linear increase was 40% higher (P<0.001) for ‘Bondi’ (0.06 t ha-1 °Cd-1) than for ‘Fraser’ 

(0.04 t ha-1 °Cd-1). In most cases, HI was higher (P<0.001) for ‘Bondi’ than ‘Fraser’ but 

was not different among other treatments. On the last measurement (1140 °Cd) HI was 

0.79 for ‘Bondi’ and 0.68 for ‘Fraser’ (P<0.001). 
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Figure 6.2 Cumulative tuber fresh matter (FM) and harvest index (HI) against thermal-time 

for ‘Bondi’ and ‘Fraser’ potato crops grown in October 2011 at Lincoln, 
Canterbury, New Zealand. Bars are LSD of the means (for cultivars and 
treatments). Arrows indicate final harvest. 

 

6.3.3 Agronomic measurements 

6.3.3.1 Number of main stems per plant 

The number of main stems was affected (P<0.011) by the interaction ‘Cultivar’ x ‘Late’ x 

‘Sprout’ (Appendix 16). In general 2.2 to 4.1 main stems emerged from the ‘Bondi’ crops 

and 2.8 to 5.2 from the ‘Fraser’. 

In most cases the number of main stems was higher (P<0.001) for the ‘Sprout off’ tubers 

than ‘Sprouts on’. Thus, the increment in the number of main stems from the de-sprouted 

seed potato compared with the ‘Sprouts on’ (number of main stems ‘Sprouts on’ minus 

number of main stems ‘Sprouts off’) was plotted against the number of major sprouts 

initially produced on the seed potato (Table 5.2 and Table 5.3) for each cultivar (Figure 
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6.3). By doing this the effect of de-sprouting the seed potato, at different sprouting stages, 

on increasing the number of main stems emerged was assessed. 

De-sprouting ‘Bondi’ potatoes increased the number of main stems emerged regardless of 

the number of sprouts removed from the seed potato. In most cases one extra main stem 

was produced by the de-sprouted seed potato compared with when it was planted with the 

‘Sprouts on’. However, de-sprouting progressively more sprouts (from 3 to 6 sprouts) in 

‘Fraser’ caused a linear decrease in the effect of de-sprouting on the number of main stems 

emerged in contrast with ‘Sprouts on’. This occurred at a rate of -0.63 main stems per 

sprout removed. From these analyses it was shown that de-sprouting ‘Fraser’ seed potato 

that had more than ~5 sprouts reduced the number of main stems emerged compared with 

‘Sprouts on’. 

 

Figure 6.3 Number of main stems emerged from ‘Sprouts off’ (‘off’) minus ‘Sprouts on’ 
(‘on’) against the number of major sprouts produced on the seed potato (Chapter 
5) for ‘Bondi’ and ‘Fraser’ crops grown in October 2011 at Lincoln, Canterbury, 
New Zealand. Horizontal dashed line indicates when the number of main stem 
emerged from ‘Sprouts off’ equals ‘Sprouts on’. 
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treatments (Section 6.3.3.1) resulted in changes in the number of tubers produced per main 

stem. 

There was a strong polynomial (R2>0.84) and linear (R2>0.95) inverse relationship 

between the number of tubers per stem and number of main stems per plant across all 

treatments for ‘Bondi’ and ‘Fraser’ crops (Figure 6.4a and b). In the ‘Bondi’ crop the total 

and the tubers >55 mm had a similar decline (measured from the slope of the regressions; 

0.091<P<0.15) as the number of main stems increased per plant (Table 6.3).  

However, ‘Fraser’ total number of tubers per main stem declined faster (P<0.002) than the 

number of tubers >55 mm. The total number of tubers per main stem decreased (P<0.001) 

by 0.68 tubers per stem as the stem number increased from 2.8 to 5 stems. For the same 

range, tubers >55 mm reduced (P<0.001) by 0.38 tubers for each increase in the number of 

main stems emerged (Table 6.3). 

 

 
Figure 6.4 Number of tubers per main stem against number of main stems per plant at 

different potato grades for ‘Bondi’ (a) and ‘Fraser’ (b) potato crops grown from 
2011 to 2012 at Lincoln, Canterbury, New Zealand. The regression parameters 
for the curves are displayed in Table 6.3. 
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Table 6.3 Curves parameters that represent the relationship of tuber number per stem against 
number of stems per plant (Figure 6.4) of ‘Bondi’ and ‘Fraser’ potato crops grown from 
October to May 2011 - 2012 at Lincoln, Canterbury, New Zealand. 

Cultivar Curve a b c R2 P (b) 

‘Bondi' 
Total 9.98 (1.47) -3.80 (0.98) 0.47 (0.16) 0.92 <0.0001 

>55 mm 5.55 (1.23) -1.88 (0.82) 0.2229 (1.13) 0.84 <0.05 

‘Fraser' 
Total 5.86 (0.17) -0.68 (0.04)   0.97 <0.001 

>55 mm 3.23 (0.12) -0.38 (0.03)   0.95 <0.001 
Note: Polynomial curves are y=a+b*x+c*x2 and linear curves are y =a+b*x. Value in brackets are one s.e.m. 
for the respective coefficients. P value is displayed for the linear coefficient b. 
 

6.3.4 Analyses of the final tuber yield distribution 

The analyses of variance performed on the sigmoid curve parameters (R2>0.99) suggested 

the main effects of ‘Cultivar’, ‘Late’ and ‘Sprout’ treatments affected the shape of the 

yield distribution (Appendix 17). The analysis of variance performed for the proportion of 

50 g grade yield allocated under 5, 50, 95% and the tuber weight spread (calculated as the 

tuber weight between 5 - 95% accumulated proportions of yield; Figure 6.5) showed that 

only the main effects of ‘Cultivar’ and ‘Sprouts’ contributed to differences (P<0.001) in 

the accumulated proportions (Appendix 18). 

The final tuber weight spread (5 - 95% of total cumulative proportion of yield) shown in 

Figure 6.5, was higher (P<0.001) for ‘Bondi’ (average 464 g) compared with ‘Fraser’ 

(average 281 g). This was also affected (P<0.01) by the ‘Sprout’ treament (Table 6.4). 

‘Fraser’ ‘Sprouts on’ produced a tuber weight spread of 311 g while the ‘Sprouts off’ had 

251 g. 
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Figure 6.5 Accumulated proportions of yield against the weight classes at final harvest for 
‘Bondi’ and ‘Fraser’ ‘potatoes. The crops were grown during the summer 
(October - May) in the years 2011 - 2012 at Lincoln, Canterbury, New Zealand. 
Horizontal dotted lines indicate the proportion of the final yield at 5, 50 and 95% 
and are displayed for reference. An ANOVA table is displayed for significant 
differences among treatments (Table 6.4). 
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Table 6.4 Analyses of the sigmoid curves displayed in Figure 6.5. 

5 - 95% 
Cultivar Treatment 5% 50% 95% Tuber weight spread (g) 
‘Bondi’ ‘Sprouts on’ 132 355 604 472 

‘Sprouts off’ 126 345 582 456 

Mean 129 350 593 464 
‘Fraser’ ‘Sprouts on’ 61 209 372 311 

‘Sprouts off’ 62 181 313 251 

Mean 61 195 343 281 

Cultivar   <0.001 <0.001 <0.001 <0.001 

Sprout ns 0.018 0.011 0.01 

Cultivar x Sprout ns ns ns ns 

 

6.3.5 Tuber weight distribution change over sequential digs 

The accumulated proportion of yield of three sequential crop digs (~340, ~647 and ~1140 

°Cd from crop emergence) was calculated to investigate the origin of the final tuber weight 

spread variation (Figure 6.6). The spread of the distribution was estimated between 5 - 

50% and 5 - 95% accumulated proportions of yield, from the sigmoid curves (R2>0.99). 

These tuber weight spread ranges (5 - 50% and 5 - 95%) from each harvest were then 

plotted against accumulated thermal-time from crop emergence to describe the spread 

increase throughout the crop growth season (Figure 6.7). 
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Figure 6.6 Accumulated proportions of yield against the weight classes at three different 
dates of crop lifting (black curves) and final harvest (grey curves) for ‘3 months’ 
(‘3M’) and ‘1 month’ (‘1M’) ‘Bondi’ and ‘Fraser’ ‘potatoes. The crops were 
grown during the summer (October - May) in the years 2011 - 2012 at Lincoln, 
Canterbury, New Zealand. Horizontal dotted lines indicate the proportion of the 
final yield at 5, 50 and 95% and are displayed for reference. The approximate 
°Cd (Tb=2 °C) accumulated from crop emergence is displayed above each of the 
curves. 
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over 50% lower than the rate calculated from the 5 - 95% accumulated proportions of yield 

(Table 6.5). 

 

Figure 6.7 Accumulated tuber weight spread against accumulated thermal-time from crop 
emergence for ‘Bondi’ and ‘Fraser’ ‘potato crops grown during the summer 
(October - May) in the years 2011 - 2012 at Lincoln, Canterbury, New Zealand. 
Solid and doted lines are linear and sigmoid regressions respectively. ANOVA 
table is displayed for the slopes and intercept of the linear regressions (Table 
6.5). Arrows indicate average values from the final harvest (Table 6.4). Sigmoid 
curves are: ‘Bondi’ + ‘Sprouts on’: y=473/(1+exp(-(x-805)/216)), R2=0.99; 
‘Bondi’ + ‘Sprouts off’: y=457/(1+exp(-(x-881)/264)), R2=0.99; ‘Fraser’ + 
‘Sprouts on’: y=308/(1+exp(-(x-799)/214)), R2=0.98; ‘Fraser’ + ‘Sprouts off’: 
y=251/(1+exp(-(x-851)/253)), R2=0.99. 
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Table 6.5 Slope (g of tuber per °Cd accumulated from crop emergence; Tb=2 °C) and intercept for 
the linear regressions displayed in Figure 6.7. 

5 - 50%  5 - 95% 

Cultivar Treatment 
Spread rate 
(g °Cd-1) 

Int. 
(°Cd) 

 Spread rate 
(g °Cd-1) 

Int. 
(°Cd) 

‘Bondi’ ‘3M’ + ‘on’ 0.22 229  0.42* 215 
‘3M’ + ‘off’ 0.14 180  0.37* 224 
‘1M’ + ‘on’ 0.22 272  0.45* 249 
‘1M’ + ‘off’ 0.20 5656  0.37* 239 

Mean 0.19 1584  0.40 232 

‘Fraser’ ‘3M’ + ‘on’ 0.13 213  0.33* 248 
‘3M’ + ‘off’ 0.09 230  0.22* 224 
‘1M’ + ‘on’ 0.10 257  0.26* 272 
‘1M’ + ‘off’ 0.10 242  0.20* 243 

Mean 0.11 236  0.25 247 
Cultivar <0.001 ns  <0.001 ns 
Late ns ns  ns ns 
Sprout 0.002 ns  0.012 ns 
Cultivar x Late 0.04 ns  ns ns 
Cultivar x Sprout ns ns  ns ns 
Late x Sprout ns ns  ns ns 
Cultivar x Late x Sprout ns ns  ns ns 
Note: Int.: Regression intercept in the x axis. *Significance (P<0.001) between spread rates of 5 - 50% and 5 
- 95% within the same treatment. 
 

6.3.6 Tuber weight spread rate against stem number 

The influence of the number of main stems per plant on the tuber weight spread rate 

(measured between 5 - 95% accumulated proportions of yield) is shown in Figure 6.8. This 

was explained by a sigmoid curve fitted across treatments and cultivars (R2=0.97).  

There was a negative relationship between the tuber weight spread rate and the number of 

main stems per tuber (between 2 - 4 main stems per plant). The curve suggests that tuber 

weight spread rate was highest (0.42 g °Cd-1) for apical dominant seed potato crops (1 - 2 

main stems emerged). 
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Figure 6.8 Accumulated tuber weight spread against number of main stems per plant for 
‘Bondi’ and ‘Fraser’ ‘potato crops grown during the summer (October - May) in 
the years 2011 - 212 at Lincoln, Canterbury, New Zealand. Sigmoid regression 
is: y=a/(1+exp(-(x-x0 (0.06)/b)). Standard errors of the parameters are: a (0.02), 
x0 (0.06) and b (0.09). 
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6.4 Discussion 
The seed potato physiological age and de-sprouting treatments applied (Sections 5.2.1.2 

and 6.2) did not affect final tuber yield, but changed yield distribution, particularly for 

‘Fraser’. This change was mainly caused by the ‘Sprout’ treatment and the development 

state of the sprouts at planting. 

 

6.4.1 Final total tuber yield  

Total final tuber yield for ‘Bondi’ and ‘Fraser’ was unresponsive to the different storage 

regimes applied to these seed potatoes (Chapter 5). This contrasts anticipated yield 

differences expected from the different physiologically aged seed potatoes (Section 2.12) 

produced in Chapter 5. It has been reported that for a long growing season, physiologically 

younger seed potatoes (e.g. less °Cd accumulated during the storage period; ‘Cooler’ + 

‘1M’; current storage practice in Canterbury) emerge later, but produce larger canopies 

with longer duration, intercept more radiation and yield more than physiologically older 

seed potato (Section 2.12). In the present work neither the rate of partitioning nor the 

fraction of plant biomass partitioned to the tuber (HI) was changed by any of the 

treatments applied to the cultivars (Figure 6.2). According to basic crop physiology 

principles, tuber yield is built upon radiation interceptance, RUEtotal and partitioning (HI). 

Therefore, the interpretation is that the amount of radiation intercepted and RUEtotal were 

unresponsive to the treatments or, either, any variation produced in one was compensated 

by the difference in the other. These different mechanisms driving tuber yields will be 

explored in Chapter 7. 

The results from the present chapter show that ‘Fraser’ was physiologically incapable of 

producing higher yields than ‘Bondi’. Under optimum crop management practices (Section 

0) the physiological age treatments did not provide any substantial final total yield gain in 

this cultivar. The average Bondi’ (~17 t ha-1 of tuber DM) and ‘Fraser’ (~15 t ha-1) yields 

were comparable with the average yields found in the Benchmark experiment (Chapter 4). 

The implication is that crop growth and development from these crops grown from seed 

potatoes of different physiological age would be expected to grow and develop in a similar 

manner to those in the benchmark crops. ‘Fraser’ was bred for quality and high tolerance 

to long storage (Section 3.2.3) but its poor yield capacity indicates a barrier to its 
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commercial use. These results show that total and premium yields in this cultivar were 

~25% and ~50% lower, respectively, than ‘Bondi’. It is unlikely that growers would be 

prepared to grow this cultivar without a substantial financial incentive to do so. 

The present work established that there was no need to cold store these seed potatoes in the 

‘Early’ or ‘Late’ storage phases. This represents an opportunity for growers to use 

alternative, cheaper forms of storage rather than bear the costs of a cool store operation. 

Under the mild temperatures during the autumn-winter period of seed potato storage in 

Canterbury (Figure 5.2), the physiological age differences produced by any of the storage 

strategies (Chapter 5) were insufficient to change final tuber yield of either ‘Bondi’ or 

‘Fraser’. However, in warmer environments, like subtropical areas of New Zealand 

(Auckland and Northland), similar storage regimes could produce larger °Cd differences 

for these same treatments which could lead to greater variation in sprout development 

which may affect yields. 

The current work indicates the effect of the physiological age of seed potatoes on final 

tuber yield was negligible. It appears that in the present experiment, and in other results 

reported about the effect of physiological age of seed tubers on yield, the seed was still in 

the period of maximum “vigour” in spite of the different storage temperatures (Van Der 

Zaag and Van Loon, 1987). This period may allow for some plasticity in the pattern of 

crop radiation interceptance along the season resulting in no total yield variation. Sarries 

(2011), for example, did not find any effect of physiological ageing on total tuber yield for 

the short Uruguayan growing season. Their ageing treatments ranged from 0 to ~1200 °Cd 

(Tb=4 °C), accumulated after seed potato sprouting. Their physiologically older seed 

potato produced a larger canopy earlier, but this beneficial effect was offset by earlier 

canopy senesce compared with the younger seed. The ageing treatment range used in their 

experiment was higher compared with those applied in the current experiment (221 - 554 

°Cd for ‘Bondi’ and 183 - 438 °Cd for ‘Fraser’, Tb=2 °C; Section 5.3.2.3). This suggests 

that to optimise potential yield capacity and plan different storage strategies the 

physiological age thresholds should be defined on a cultivar basis. This will be the aim of 

Chapter 8, where seed potato “vigour” of ‘Bondi’ and ‘Fraser’ will be tested for a wider 

range of cumulative °Cd applied to seed potato during storage. 
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6.4.2 Sprouts and physiological age 

The current work indicates that the total sum of temperature above a base temperature 

during the whole storage period (Knowles and Botar, 1991; Knowles and Knowles, 2006; 

Blauer et al., 2013) was inappropriate as a method to assess the physiological state of the 

seed potato. The effects of physiological age on the number of stems, size distribution and 

yield advocated in many studies (Section 2.12) were unresponsive to the thermal sum 

accumulated prior to sprouting (‘Early’ treatments) applied to ‘Bondi’ and ‘Fraser’ seed 

potatoes. In contrast, the number of stems and yield variations were, in most cases, 

produced by the treatments applied after sprout onset (‘Late’ and ‘Sprout’). This 

underlines the importance of de-sprouting pre-sprouted seed potato on the physiological 

ageing process. These combine the effect of temperature accumulated by the sprouts. 

Similar conclusions have been stated by Struik et al. (2006). These effects depend on the 

cultivar (Struik and Wiersema, 1999) and are discussed in the following section.  

 

6.4.3 Responses to sprouted x de-sprouted seed potato 

6.4.3.1 Yield distribution 

Planting progressively physiologically older (‘3M’) seed potato with ‘Sprouts on’ moved 

tuber weight distribution towards heavier grades (Figure 6.5). This was more pronounced 

in ‘Fraser’ where most of the variation was produced by the ‘Sprout’ treatments (Figure 

6.5). Similarly, Sharma and Singh (2009) found a reduction in yield and the number of 

over-sized tubers from de-sprouted physiologically older seed potatoes compared with 

those planted with sprouts. 

The largest ‘Sprouts on’ final tuber weight distribution was attained by the higher rates of 

spread increase during the crop growth season (Figure 6.7). It has been proposed that tuber 

yield distribution depends on plant density, number of stems per plant, number of tubers 

per stem, rate and duration of crop growth and individual tuber size growth (Section 2.13). 

Of all these parameters, the number of main stems per plant was the most crucial. In the 

current work, the tuber rate of spread increase was negatively related to the number of 

main stems per plant across treatments and cultivars (Figure 6.8). As found previously 

(Singh and Sharma, 2008) de-sprouting seed potato promoted an increase in the number of 

main stems in this work (Figure 6.3). This happened without altering the total number of 

tubers produced per plant (Appendix 16). At a higher stem population, competition for 
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resources increases (water, light, minerals and nitrogenous compounds; Section 2.13.1). It 

is likely that increased competition decreased the number of tubers produced on individual 

main stems (Figure 6.4). This possibly impeded some tubers from growing to higher 

weights, allowing more tubers to grow to premium sizes.  

The analysis of the rate of spread increase showed that it was mostly driven by the heavier 

tubers (Figure 6.5). The ability of a tuber to convert photosynthates into starch may define 

the sink strength in comparison with the other tubers sharing the same main stem (Moorby, 

1968). This seems plausible, since within each treatment, the large tuber grade yield was 

mostly produced at the expense of the next lower class; the premium grades (Table 6.2). 

There was minimal or no change in the lower tuber grades (rejected: <45 mm and seed: 45 

- 55 mm). These findings are consistent with those of Knowles et al. (2005) and Knowles 

and Knowles (2006) who all obtained an increase in tuber yield distribution from lower 

numbers of main stems. 

The analyses of the marketable distribution showed that ‘Bondi’ and ‘Fraser’ premium 

yields (which have the highest marketable values), were improved by 13 and 17%, 

respectively, from the ‘Sprouts off’ seed potato (Table 6.2) in both cultivars. These results 

are particularly important for ‘Bondi’. This is because the production of larger tubers in 

this cultivar represents a problem for processors. Therefore to increase ‘Bondi’ premium 

tuber yields, growers should de-sprout their seed potato prior to planting. This will produce 

a rise in the number of tubers in this grade. However, in ‘Fraser’, the price paid for 

premium tubers would influence this decision since de-sprouting this cultivar reduced 

yield of larger tubers by 27%. 

However de-sprouting the seed potato produces a dual effect on the seed physiological age 

and “vigour”, but this depends on the physiological state of the seed de-sprouted and 

cultivar. De-sprouting apical dominant seed potato (e.g. ‘Bondi’) helps synchronise sprout 

development, break apical dominance (Figure 6.3) and re-juvenate planting material 

(Struik and Wiersema, 1999). In contrast, de-sprouting ‘Fraser’ seed potatoes with 

multiple sprouts at an advanced physiological stage reduced the potential of seed tubers to 

re-sprout (Figure 6.3). These results agree with previous reports (Sharma and Singh, 

2009).  
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6.5 Conclusions 
 Total tuber yield and number were unaffected by any of the physiological age and de-

sprouting treatments applied to these seed potatoes. ‘Bondi’ yielded ~ 70.5 t ha-1 and 

produced 29 tubers m-2 while ‘Fraser’ produced ~ 52.6 t ha-1 and produced 42 tubers 

m-2. It can be concluded that physiological age was unimportant for potato yields and 

it seems unnecessary to cool store the seed potatoes over the whole winter period in 

Canterbury. 

 

 ‘Early’ storage treatments had no effect on the yield and distribution of the ‘Bondi’ 

and ‘Fraser’ crops. There was an indication that yield distribution differences were 

mostly produced by ‘Sprouts on’ versus ‘Sprouts off’. For ‘Fraser’, in particular, the 

seed potatoes planted with ‘Sprouts on’ shifted the yield distribution towards the 

larger grades. Therefore, planting pre-sprouted potatoes (which is not a commercial 

practice) may be included as an agronomic technique to increase tuber yield size 

distribution. 

 

 Premium and large grades contained the highest yield proportion. These two grades 

together represented ~ 87 and ~ 80% of the total yield of ‘Bondi’ and ‘Fraser’, 

respectively. Thus future studies on tuber yield could focus on these two grades. 

 

 The final spread of the distribution was inversely related to the number of main stems 

per plant. This represents an opportunity for manipulating the tuber yield distribution 

in different potato cultivars. 

 

 De-sprouted seed potatoes increased yield in the premium grade compared with 

‘Sprouts on’. ‘Bondi’ ‘Sprouts off’ produced ~42.5 compared with 37 t ha-1 with 

‘Sprouts on’. ‘Fraser’ increased premium yield by ~17% from the de-sprouted seed. 

However de-sprouting in ‘Fraser’ caused a yield decrease of 27% in the large grade. 

Therefore, the decision to de-sprout the seed potato, particularly for ‘Fraser’, where 

total yields are low, will depend on the price paid for premium potatoes. 
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 De-sprouting apical dominant ‘Bondi’ potatoes prior to planting increased the number 

of stems that emerged on each plant. However, de-sprouting physiologically old 

‘Fraser’ seed potato, that had passed the stage of apical dominance, decreased the 

number of stems that emerged. This aspect will be further explored in Chapter 8. 

 

The physiological explanation for the lack of tuber yield responses from the treatments 

applied will be investigated in Chapter 7. This will include the impact of the different 

storage and ‘Sprout’ treatments on radiation interceptance and RUE. 
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7 	‘Bondi’	 and	 ‘Fraser’	 canopy	 development	
and	radiation	interceptance	

 

7.1 Introduction 
‘Bondi’ and ‘Fraser’ potato crop yield and quality (yield distribution) response to potato 

seed physiological age (PA) treatments (Chapter 5), were described in Chapter 6. The 

results showed that tuber yield was unaffected by any of the PA treatments applied. 

However, there was an indication that yield distribution differences were induced by the 

‘Sprout’ treatment. Thus, this chapter will focus on the effect of this variable on the 

mechanisms responsible to drive crop biomass accumulation. 

The cumulative amount of radiation intercepted (Rcum) by the crop is investigated 

assuming that the proportion of Rcum is equal to the proportion of radiation interceptance 

(R/Ro). R/Ro derives from the components of canopy expansion, duration and senescence. 

In this chapter these components are initially examined at the individual leaf level and then 

determined for the actual crop (LAI). 

Individual leaf appearance, leaf expansion rate, leaf final area, its longevity and senescence 

are predicted by a leaf model. The model accommodates temporal leaf area field data as a 

function of thermal-time (Tt). Cultivars and treatments are then compared on a 

phenological base using the leaf area parameters to identify distinct mechanisms of canopy 

architecture formation. Additionally, the description of the main components of canopy 

expansion will be underlined for future potato simulation modelling work. 

At the crop level, the ratio between the radiation intercepted and dry matter (DM) 

produced over a particular period of time is calculated and expressed in terms of radiation 

(light) use efficiency (RUEtotal). 

In this context, the objective of this chapter is to quantify any influence of the different 

storage regimes (Chapter 5) on the patterns of canopy development for radiation 

interceptance (R/Ro) and radiation use efficiency (RUEtotal). 
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7.2 Materials and methods 
The time to 75% emergence of the crop (Section 3.6.1) was measured in thermal-time 

(Section 7.2.2.1) calculated from planting date using soil temperature. The statistical 

analyses in this chapter were the same as described in Section 4.2.6. Cultivars and 

treatments will be reported according to the list of treatments and symbols presented in 

Table 6.1. 

 

7.2.1 Measurements 

Chapter 6 showed that the ‘Early’ storage treatments applied to ‘Bondi’ and ‘Fraser’ seed 

potatoes (Chapter 5) did not affect any of the yield variables (tuber final yield and number, 

yield distribution and number of main stems). However, in most cases these variables were 

affected by ‘Late’ and ‘Sprouts’ treatments. Therefore, in the current chapter ‘Cooler’ was 

chosen as representative of the ‘Early’ treatments and crop measurements were focused on 

treatments ‘Cooler’ + ‘3M’ + ‘Sprouts on’ and ‘Cooler’ + ‘3M’ + ‘Sprouts off’ applied to 

‘Bondi’ and ‘Fraser’. Therefore, unless stated, this chapter will exclusively report the 

results of these treatments. 

 

7.2.1.1 Non-destructive measurements (marked plants) 

Non destructive repeated measurements were taken weekly from 7/11/2011 to 4/3/2012. A 

sample of six plants (from three plants in each row) in the south end of the plots, were 

identified with a flag. Plants sampled in the same row were separated by a spare plant. The 

first stem to emerge on each identified plant was marked using a paper tag and the total 

number of above-ground stems (developed as a true main stem directly from the tuber, or 

the below-ground nodes on the main stem, Figure 3.5) was also counted.  

The measurements taken on the main stem (main stem, secondary main stem level, tertiary 

stem and so forth, Figure 3.5) of the six marked stems on each plot were: 
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i. Leaf appearance and expansion: A minimal leaf length (5 mm) of unfolded leaf 

was used to indicate date of appearance (Vos and Biemond, 1992). The individual 

tip-end leaflet (or terminal leaflet) length of the compound leaf was measured with 

a ruler (from the base of the leaflet blade to the tip-end) on every leaf. The 

measurements were taken from when leaflet size reached 10 mm of length until full 

leaflet expansion, shown by no further increase in two successive measurements. 

Leaf position on the main stem was described as the leaf number in the above-

ground node (counted from ground level to the top of the main stem). Later, for the 

purpose of leaf appearance and area calculations, a leaf at any position on the main 

stem was only considered when it occurred in over 50% of the plants of each plot. 

 

ii. Count of total number of leaves. 

 

iii. Count of total number of inflorescences and time of flowering (at first visual sign 

of flower initiation). 

 

iv. Senescence: individual leaves were scored for senescence using the fraction of 

yellowing as arbitrary references; green (0% yellow), 50% yellow, 75% yellow and 

dead (100% yellow). 

 

7.2.1.2 Destructive measurements (sequential harvests) 

A sample of eight plants was dug using a fork from the same plots where the non 

destructive measurements were taken. A further sample of 16 plots, corresponding to the 

treatments ‘Cooler’ + ‘1M + ‘Sprouts on’ and ‘Cooler’ + ‘1M’ + ‘Sprouts off’ for ‘Bondi’ 

and ‘Fraser’ (Appendix 1), was also taken. There were three sequential digs throughout the 

growth period. The samples were taken when the crop had accumulated around 340, 647 

and 1140 °Cd (Tb=2 °C, Section 7.2.2.2) calculated from the emergence day. Above and 

below-ground biomass were separated for the measurements. All dry matter (DM) samples 

were dried in a forced air over (65 - 70 °C) to constant weight. The samples were taken 

from the west end of each plot. To minimize the confounding effect of canopy competition 

between plants, the first plant of the row was skipped on each sampling event. 
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The total number of above-ground stems was counted on each sample. One stem was 

randomly sub-sampled from each individual plant for measurement. Later, this sub-

sampled main stem was separated into stem and leaves and above-ground ‘branches’ 

(Figure 3.5). The rest of the stems on the sample and the sub-sample were weighed fresh 

(FM). The dry matter (DM) measurements were taken from each of the parts separated in 

the sub-sample. To do that, the samples were dried in a forced air oven (65 - 70 °C) to 

constant weight. 

 

7.2.1.3 Radiation interceptance (R/Ro) 

Radiation interceptance (R/Ro) was measured according to Section 3.6.2. The CropScan 

readings were taken on all 96 plots on the same days as the “Benchmark” crops (Chapter 

4). The last reading was recorded on 02/04/2012. The methodology used to estimate daily 

amount of radiation intercepted (Ro daily) and calculate cumulative radiation intercepted 

(Rcum) was the same as described in Section 4.2.5.3.  

 

7.2.2 General calculations 

7.2.2.1 Thermal-time 

Daily thermal-time (Tt, °Cd) was calculated from planting to crop emergence and post 

crop emergence using daily average soil (Tsoil; Section 3.5.2) and mean air temperatures 

(Tmean), respectively. Tmean was measured using the average of hourly air temperatures 

above a threshold (Tb) of 2 °C. Then the cumulative thermal-time (∑Tt) was calculated by 

the sum of the daily Tt. A rate of 1.0 °Cd per °C above Tb was applied. Since the Tmean was 

never over 25 °C (considered as maximum optimum; Section 2.3.1.1) during the field 

experiment period (Section 3.5.2), no corrections were required for supra optimum 

temperatures. 

 

7.2.2.2 Estimation of base temperature 

A sensitivity analysis was performed using phyllochron (morphological development) data 

from treatments ‘3M’ + ‘Sprouts off’ in ‘Bondi’ and ‘Fraser’. This variable was chosen to 

validate the most appropriate base temperature since it was the most intensively measured 
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variable and is usually the least sensitive to non-development factors (Brown, 2004). 

Initially leaf appearance (up to the first flower in the main stem) data were plotted against 

thermal-time measured from emergence (Figure 7.7). A linear regression was then fitted to 

the data using a range of base temperatures (0 - 10) to examine the most appropriate Tb. 

The coefficient of determination (R2) from the regressions and the mean square error 

(MSE) calculated were used as predictors of Tb (Martins et al., 2007; Martins et al., 2012). 

The MSE was calculated as: 

 
Equation 11 MSE = 1 / n ∑ (Ŷi – Yi) 2 

 

Where Ŷi is the value predicted and Yi is the observed value and n is the number of 

observations. The best prediction was arbitrated by the highest R2 and lowest MSE. The 

most appropriate value of Tb found was used in all thermal-time calculations. 

 

7.2.2.3 Radiation use efficiency (RUE) 

RUE was calculated for the total plant biomass (RUEtotal) using the same methodology 

described in Section 4.2.5.4. 

 

7.2.2.4 Phyllochron 

Phyllochron was calculated as the slopes of the linear (split-line) regression between 

number of leaves on the main stem and thermal-time accumulated after emergence (°Cd 

leaf-1). In each cultivar the regression was performed with the treatments data combined. 

Any departure in the linearity of the relationship between phyllochron and thermal-time 

was quantified by the “break point” in the split-line regression. 

 

7.2.3  Leaf area calculations 

The parameters calculated from the split-line regressions (Benchmark) were used in this 

chapter to estimate individual LA from the leaflet length measurements (Section 7.2.1.1). 

A constant value of 1 mm2 was attributed to any leaflet shorter than 10 mm. Senescence 
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was evaluated on a per leaf basis using a relative scale of 0, 10, 25, 50, 75 and 100% 

(Lizaso et al., 2003). 

 

7.2.3.1 Leaf area development model 

Individual leaf appearance, leaf expansion, leaf LA maximum (LAmax) phase and 

senescence were predicted using a piecewise regression (Figure 7.1). To do that, leaf area 

at each individual node was plotted against Tt from emergence. Then, a two (Figure 7.1, 

leaves 18 and 21 and 28) or three phase (Figure 7.1, leaf 6) piecewise curve was fitted to 

the data depending on the leaf dynamic. 

In the model the x-axis intercept (a) and the slope of the earliest linear phase corresponded 

to the time of leaf appearance (or leaf expansion onset) and the expansion rate (cm2 °Cd-1), 

respectively. The coordinates (x, y) of the earliest “break point” (Figure 7.1, b) 

corresponded to the °Cd accumulated from emergence to LAmax (or complete expansion) 

and the LAmax value (cm2), respectively. The phase at which LAmax was constant (Figure 

7.1, c-b) was measured in °Cd. The second “break point” (c) x coordinate represented the 

time of senescence onset. Finally, the time when the leaf reached complete senescence (d) 

was predicted by the linear slope, of d-c, intercepted in the x-axis. 

In certain leaf positions the phase of senescence happened immediately after maximum 

expansion (e.g. leaves 21, Figure 7.1). In this case a two phase regression was fitted to the 

data. In addition a two phase regression was fitted to the data when leaves had not started 

senescence before the last crop measurement (e.g. leaves 18 and 28, Figure 7.1) on 

4/3/2012, after which the crop canopy would be desiccated commercially. 
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Figure 7.1 Example of the Piecewise curves fitted for individual green leaf area against 

thermal-time (Tb=2 °C) using actual data (Plot 27). Numbers indicate leaf 
position on the main stem and letters indicate leaf expansion duration (b-a), 
maximum leaf area duration (c-b) and leaf senescence duration (d-c). Modified 
from Teixeira et al. (2011). A Piecewise regression (─) was fitted to individual 
leaves on the main stem against thermal-time from crop emergence. The 
regressions were performed using two types of models: Three phase model: 
where a = leaf appearance; b = LAmax; c = end of LAmax phase; d = complete 
senescence; Two phase model: where I leaf 18 = no senescence up to last 
measurement; I leaf 21 = senescence right after LAmax. 

 

7.2.3.2 Maximum LA (LAmax) 

A bell shaped curve (Dwyer and Stewart, 1986) commonly used to model leaf area in 

cereals (Elings, 2000) was tested (Equation 12) for the ability (R2) to describe the 

relationship between LAmax (Figure 7.1, I), also named final area, of individual leaf and 

leaf position on the main stem: 

 
Equation 12 y = Yo * exp [a * (X – Xo)2 + b * (X – Xo)3] 
 

Where y is the individual leaf area (cm2) at leaf position X, Yo is the fully expanded leaf 

area of the largest leaf (cm2), X is the leaf number counted from the base of the main-stem, 

Xo is the position of the largest leaf on the main-stem (point of inflection in the curve), 

and ‘a’ and ‘b’ are empirical constants. Parameter ‘a’ quantifies the kurtosis of the curve 

whereby low values of ‘a’ result in a sharp increase or decrease of the curve. Parameter 
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‘b’ quantifies the degree of “skewness” of the curve with positive values resulting in 

curves skewed to the right (towards leaf positions greater than Xo). 

Later, the values of Y were normalized. This was done by dividing Yo / Y (Elings, 2000). 

The normalized Y values plotted against leaf position allowed the parameters to be tested 

for similarities among cultivars and treatments. 

To predict the time of LAmax a sigmoid regression was fitted to LAmax plotted against 

cumulative thermal-tine from emergence in each cultivar using data combined from the 

different treatments. 

 

7.2.3.3 Leaf expansion duration (°Cd) and rate (cm2 °Cd-1) 

Individual leaf expansion duration and rate were estimated using the prediction from the 

piecewise regressions described in Section 7.2.3.1. Leaf expansion duration was measured 

from leaf appearance to maximum leaf expansion and rate from the slope of the linear 

regression (b-a; Figure 7.1). 

 

7.2.3.4 Time of senescence onset 

At the time of the last leaf measurement (147 DAP or ~1400 °Cd accumulated from 

emergence, averaged from all plots) some leaves on the main stem were still on the LAmax 

phase (c-b). Therefore, the time to senescence onset (end of LAmax phase) was measured in 

°Cd from crop emergence. By doing this, leaves that had not reached senescence onset, 

had their measurement equalled to the 1400 °Cd (which correspond to the total °Cd 

accumulated from emergence to final measure). This enabled the whole main stem leaf 

data set to be presented together. 

 

7.2.3.5 Leaf contribution to canopy (Lc) 

The area under the LA versus Tt regressions (Figure 7.1) of each individual leaf in the 

main stem was used as a measure of individual leaf contribution (Lc) to canopy LA and 

longevity.  
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To describe differences in patterns of treatments and cultivars a bell shape curve (Equation 

12) was fitted to Lc against leaf number. 

In addition, the influence of LAmax on Lc was assessed. To accomplish that, values of Lc 

were normalized (Section 7.2.3.2) and plotted against normalized values of LAmax. The 

relationship between these parameters was established by a split-line regression. 

 

7.2.4 Main stem leaf model (template) 

A general main stem leaf model was used to describe the relative leaf size progression 

from appearance to senescence. The duration of each phase (Figure 7.1) was measured in a 

°Cd scale from the time of crop emergence. Other phenological events on the potato plant 

(e.g. time of tuber bulking, radiation interceptance and time to ~95% total final tuber yield) 

were included in the model. 

 

7.2.5 Branches 

Crop branches were described as a percentage of the total above-ground DM. This was 

done by dividing the total above-ground DM (DMabove-ground) by the above-ground branches 

DM (DMbranches). 

 

7.2.6 Canopy expansion (LAI) 

The LAI (m2 of leaf / m2 of ground) parameter was initially calculated for the potato crop 

main stem LAI (LAImain) using the calibrated field data (7.2.3.1). Then it was extrapolated 

to the plant (LAIextr) from the biomass partitioned to the leaves using the concept of 

specific leaf area (SLA) (Penning de Vries et al., 1989). This was obtained as: 

 
Equation 13 LAIextr = SLAmain * DMabove-ground 

 

Where SLAmain is the specific leaf area of the main stems (m2 g-1) measured (Section 

7.2.1.1) and DMabove-ground (g m-2) is the DM values estimated by the quadratic regression 

fitted to the total (whole above-ground plant; Section 3.7.1) above-ground DM from the 
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destructive measurements. An assumption was made that the total above-ground DM 

estimated reached a maximum value at the time (°Cd) of maximum LAImain and was 

maintained constant from then onwards. 

Because LAIextr was confounded with the errors of branch LA estimates, this parameter 

was later adjusted (LAItotal) for each plot using Equation 14. To do that, two assumptions 

were made. The first was that potato crops hold a conservative extinction coefficient (k) 

value of 0.77 (Chapter 4). From this conservative value of k, derived the second 

assumption that all treatments had a similar LAIcrit of ~ 3.8 (Chapter 4).  

LAItotal then assumed the form described by Equation 14: 

 
Equation 14 LAItotal = LAIextr * (3.8 / LAIextr (R/Ro max) 
 

Where LAIext (R/Ro max) is the LAIextr value corresponding to the R/Ro max measured. 

 

 
Figure 7.2 Exponential relationship between R/Ro and LAI built for a generalized potato crop 

where k=0.76 and LAIcrit=3.8. Plotted values are from R/Ro field measurements 
against LAI extrapolated from crop biomass (LAIextr) for the ‘Bondi’ and ‘Fraser’ 
potato crops grown between 2011 and 2012 at Lincoln, Canterbury, New Zealand. 
Generalised model is; y = 0.92-exp(-0.76x). Plotted values are from ‘Bondi’ and 
‘Fraser’ ‘3M’ + ‘Sprouts on’ or ‘Sprouts off’ treatments and were not used to fit 
the Generalised model. Horizontal and vertical bars display the standard error 
around the mean value for LAI and R/Ro respectively.
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7.2.7 Statistical analysis 

The statistical analyses performed in this chapter were the same as described in Section 

6.2.6.  
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7.3 Results 
 

7.3.1 Estimation of base temperature for thermal time calculation 

Figure 7.3 shows that the highest coefficient of determination (R2) was found with a 

temperature between 2 and 5 for ‘Bondi’ (R2=0.998) and 0 - 4 for ‘Fraser’ (R2=0.995). The 

lowest mean square error (MSE) found for ‘Bondi’ and ‘Fraser’ was 3 and 0, respectively. 

The average of these two values (~2 °C) was taken as the most appropriate estimation of 

the base temperature and therefore used throughout the thesis. 

 

 
Figure 7.3 The effect of a range of base temperatures (Tb) values (0 - 10 °C) on the coefficient 

of determination (R2) and on the mean square error (MSE) for ‘Bondi’ (‘3M’ + 
‘Sprouts off’) and ‘Fraser’ (‘3M’ + ‘Sprouts off’) potato crops measured in 2011 - 
2012 at Lincoln, New Zealand. The arrows indicate the Tb correspondent to the 
lowest value of MSE. 
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7.3.2 Crop emergence 

The effects of ‘Cultivar’, ‘Early’, ‘Late’ and ‘Sprout’ treatments on crop emergence are 

show in Appendix 19. The ‘Sprout’ treatment was the major variable that affected 

(P<0.001) crop emergence (°Cd and DAP). In most cases, crop emergence was earlier 

from the ‘Sprouts on’ treatment. ‘Cooler’ ‘3M’ ‘Sprouts on’ affected (P<0.001) emergence 

by 11 days in ‘Fraser’ and 8 days in the ‘Bondi’ crop compared with the correspondent 

treatments with ‘Sprouts off’. On average ‘Bondi’ and ‘Fraser’ ‘Sprouts on’ crops required 

328 and 301 °Cd to emerge, compared with 398 and 428 °Cd with ‘Sprouts off. 

 

7.3.3 Radiation interceptance 

Radiation interceptance (R/Ro) during the crop growing season, was affected by ‘Cultivar’ 

and ‘Sprouts’ treatments (Table 7.1) as summarized in Figure 7.4. 

The amount of thermal-time accumulated by the crop before R/Ro max was mostly affected 

(P<0.001) by ‘Cultivar’ (Table 7.1). On average, ‘Bondi’ required 447 ○Cd (68 days) while 

‘Fraser’ required ~555○Cd (77 days). Nevertheless, ‘Bondi’ R/Ro max was 1% lower 

(P<0.001) than ‘Fraser’ (R/Ro max=0.92).  

The R/Ro max constant phase was affected by the main effects of ‘Early’ (<0.03) and 

‘Sprouts’ (P<0.001). However, most of the R/Ro max constant phase variation was produced 

by the ‘Sprout’ treatment, particularly for the ‘Fraser’ crop (Figure 7.4). ‘Fraser’ ‘Sprouts 

on’ had a constant phase of ~824 ○Cd (61 days) while this was ~718 ○Cd (53 days) in the 

‘Sprouts off’. Within the ‘Cooler’ treatments this ranged between 697 °Cd (‘1M’ + 

‘Sprouts off’) and 855 °Cd (‘3M’ + ‘Sprouts on’) in ‘Bondi’ and from 713 °Cd (‘3M’ + 

‘Sprouts off’) to 807 °Cd (‘3M’ + ‘Sprouts on’) in ‘Fraser’. 

The rate of canopy senescence was only affected (P<0.03) by cultivar. The ‘Bondi’ canopy 

senesced at a rate of 0.06% ○Cd-1 (0.74% day-1) while ‘Fraser’ decreased its R/Ro at 0.04% 
○Cd-1 (0.50% day-1). 
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Table 7.1 Crop canopy parameters for the Piecewise linear model that represent the radiation 
interceptance dynamic of ‘Bondi’ and ‘Fraser’ potatoes measured from November 2011 
- April 2012 at Lincoln, New Zealand.

Cultivar Treatment R/Ro max 
(°Cd) 

R/Ro max 
(%) 

Duration 
of constant 
phase (°Cd) 

Rate of 
decrease  
(% °Cd-1) 

‘Bondi’ G+3M+on 438 (63.3) 90 781 (57.7) 0.06 (0.72) 
G+3M+off 424 (67.3) 90 785 (59.6) 0.06 (0.75) 
G1M+on 411 (63.7) 91 779 (54.7) 0.06 (0.64) 

G+1M+off 412 (67.8) 91 783 (60.5) 0.07 (0.85) 
S+3M+on 479 (67.5) 90 679 (51.7) 0.05 (0.57) 
S+3M+off 508 (76.0) 92 684 (51.1) 0.05 (0.59) 
S+1M+on 429 (64.8) 91 767 (58.0) 0.06 (0.69) 
S+1M+off 462 (72.5) 91 739 (57.4) 0.05 (0.72) 
C+3M+on 446 (64.0) 90 855 (63.4) 0.09 (1.07) 
C+3M+off 418 (68.3) 92 796 (58.2) 0.06 (0.68) 
C+1M+on 452 (66.0) 91 807 (62.4) 0.07 (0.91) 
C+1M+off 483 (75.0) 91 697 (50.4) 0.06 (0.73) 

Average 447 (68.0)  90.9 763 (57.1)  -0.06 (-0.74)  
Benchmark 523 (73.5) 89.7  815 (61.5) -0.12 (-1.15) 

‘Fraser’ G+3M+on 494 (67.6) 92 943 (70.8) 0.12 (1.24) 
 G+3M+off 533 (79.9) 92 708 (50.6) 0.03 (0.33) 
 G+1M+on 496 (67.5) 91 841 (64.8) 0.04 (0.43) 
 G+1M+off 560 (81.8) 93 687 (50.5) 0.03 (0.32) 
 S+3M+on 576 (77.1) 93 755 (54.6) 0.03 (0.32) 
 S+3M+off 556 (82.0) 91 752 (58.6) 0.03 (0.33) 
 S+1M+on 558 (72.6) 92 800 (61.2) 0.03 (0.35) 
 S+1M+off 584 (85.1) 93 662 (47.4) 0.03 (0.40) 
 C+3M+on 566 (72.7) 92 807 (58.2) 0.04 (0.43) 
 C+3M+off 604 (83.4) 92 713 (54.9) 0.05 (0.62) 
 C+1M+on 576 (74.0) 92 797 (58.7) 0.04 (0.47) 
 C+1M+off 553 (82.5) 92 784 (56.6) 0.06 (0.71) 

Average 555 (77.2)  92.0 771 (57.2)  -0.04 (-0.50)  
Benchmark 476 (74.3) 92.1 874 (64.4) -0.06 (-0.63) 

Cultivar <0.001 <0.001 ns 0.03 
Early 0.01 ns 0.025 ns 

Sprout  ns ns <0.001 ns 
Note: Values outside brackets are expressed in °Cd and bracketed values are in days after planting (DAP). 
Benchmark Experiment (Benchmark) parameter values calculated in Chapter 4 are displayed for comparison. 
Significant values are only presented for treatments and interactions affects. Full table of interaction is shown 
in Appendix 20. 
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Figure 7.4 Radiation interceptance (R/R○) measured against days after planting (DAP) and 
against thermal-time accumulated from emergence for ‘Bondi’ and ‘Fraser’ 
potato crops planted on 13/10/2011 at Lincoln, Canterbury, New Zealand. 
Radiation interceptance ranges from ‘0’ (no interceptance) to ‘1’ (100% 
interceptance). Piecewise parameters and their s.e.m. are displayed in Appendix 
21. All piecewise regressions R2 are >0.97. 

 

7.3.4 Total radiation intercepted 

An interaction (P<0.001) between ‘Cultivar’ and ‘Sprout’ was found from the analyses of 

the total amount of cumulative radiation intercepted at the end of the crop growth season 

(172 DAP). This result is shown in Appendix 22. The F statistic (F-values) calculated for 
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particularly in ‘Fraser’. This was an expected result since the pattern of radiation 

interceptance was mostly changed by the ‘Sprout’ treatments (Section 7.3.3). 

The pattern of cumulative radiation intercepted against DAP for the ‘Sprouts on’ and 

‘Sprouts off’ is shown in Figure 7.5. The effect of ‘Sprout’ was larger in ‘Fraser’. The 

‘Sprouts on’ seed potato captured 2202 MJ m-2 over 1805 ○Cd (172 DAP) while the 

‘Sprouts off’ intercepted 2034 MJ m-2 over 1722 ○Cd at the same number of DAP. At that 

time the amount of radiation required to reach 95% total final tuber yield (~1650 MJ m-2; 

estimated from the Benchmark Experiment; Chapter 4) had been exceeded by both 

cultivars. 

 

Figure 7.5 Total cumulative radiation intercepted (MJ m-2) against days after planting from 
seed treated with ‘Sprouts on’ and ‘Sprouts off’ for ‘Bondi’ and ‘Fraser’ potato 
crops measured from planting (13/10/2011) to 172 DAP. The potato crops were 
grown between 2011 and 2012 at Lincoln, Canterbury, New Zealand. Bars 
represent one standard error above and below the mean values (n=4). Lines are 
sigmoid functions, R2>0.99 (curve parameters are displayed in Appendix 23). 
Horizontal dotted line represents the amount of radiation intercepted (~1650 MJ 
m-2) required to reach 95% of total final tuber yield estimated across cultivars in 
the Benchmark Experiment (Chapter 4). 
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7.3.5 Radiation use efficiency (RUEtotal) 

Linear regressions were fitted to total plant DM (DMtotal) against total cumulative radiation 

intercepted to calculate total radiation use efficiency (RUEtotal). The regression was not 

forced through the origin since only three points were available for the regressions (Figure 

7.6). In this case, any small unexpected error in the estimation of radiation interceptance at 

the early stages (48 DAP) of canopy development (due to instrumental error; Figure 7.2 

and (or) lack of data points for the estimation; Figure 7.4) would make it inappropriate to 

force the regression through the origin. 

The RUEtotal was only affected by ‘Cultivar’ (Table 7.2). Thus, a single regression was 

used to describe RUEtotal for each cultivar (Figure 7.6). ‘Bondi’ averaged 1.34 g DM MJ-1 

and ‘Fraser’ 1.06 g DM MJ-1. Intercepts were not different between cultivars or among 

treatments and averaged 121 MJ m-2 (Table 7.2). 

 

Figure 7.6 Accumulated total dry matter (DM) from crop emergence against accumulated 
total solar radiation intercepted for ‘Bondi’ and ‘Fraser’ potato crops measured 
from crop emergence. The potato crops were grown between 2011 and 2012 at 
Lincoln, Canterbury, New Zealand. Bars represent one standard error above and 
below the mean values (n=4). Regression parameters are displayed for solid line 
in g DM MJ-1 of total solar radiation intercepted. Bracketed values are s.e of the 
parameters. Arrows indicate the regression intercept in the x-axis.  
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7.3.6 Leaf appearance 

7.3.6.1 Phyllochron and carbohydrate partitioning 

Phyllochron was not constant (P<0.001) in the two potato cultivars (Figure 7.7). A split-

line model fitted to the ‘Sprouts on’ and ‘Sprouts off’ data combined explained over 99% 

of the difference of leaf appearance on the main stem against thermal-time calculated from 

crop emergence. Phyllochron increased from 27 °Cd to 53 °Cd for ‘Bondi’ at 386 °Cd. 

‘Fraser’ accumulated 495 °Cd before the phyllochron increased from 34 °Cd to 59 °Cd. 

The final number of leaves was the same (P<0.58) for all cultivars and treatments. On 

average they produced 28 leaves 98 DAP (P<0.22). 

The potato dry matter accumulated was also quantified in thermal-time from emergence. A 

split-line regression (R2>0.99) was performed using the same treatments used in the 

phyllochron calculation (Figure 7.7). This allowed an estimation of the time when DM 

Table 7.2 Total radiation use efficiency (RUEtotal) for ‘Bondi’ and ‘Fraser’ potato crops measured 
between 13/10/2011 and 29/2/2012 at Lincoln, Canterbury, New Zealand. 

Treatment  

Cultivar Late Sprout 1RUEtotal X-axis 
‘Bondi’ 

‘3M’ 
‘on’ 1.20 111 

‘off’ 1.33 126 

‘1M’ 
‘on’ 1.29 139 

‘off’ 1.42 50.0 

Mean 1.34 (1.24) 106 
‘Fraser’ 

‘3M’ 
‘on’ 1.01 180 

‘off’ 1.03 99.1 

‘1M’ 
‘on’ 1.03 177 

‘off’ 1.01 87.0 

Mean 1.06 (1.02) 136 

Cultivar <0.001 ns 

Late ns ns 

Sprout ns ns 

Cultivar x Late ns ns 

Cultivar x Sprout ns ns 

Late x Sprout ns ns 

Cultivar x Late x Sprout ns ns 

*LSD (α=0.05) 0.08  
Note: 1RUEtotal: Radiation use efficiency calculated as g DM MJ-1 of total solar radiation intercepted. 
Bracketed values are RUEtotal calculated in the Benchmark Experiment (Chapter 4). 
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started being partitioned into below-ground tubers (around the time of tuber initiation; 

represented by the “break point in the regression”).  

‘Bondi’ commenced partitioning DM into the tubers earlier (P<0.017) than ‘Fraser’ at 

~384 °Cd versus 464 °Cd, respectively. These values were equal (P=0.87) to the thermal-

time values when phyllochron changed in each crop.  

 

 
Figure 7.7 Split-line regressions fitted to the number of primary leaves on the main stem and 

tuber DM accumulated against thermal-time from emergence for potato crops 
grown between 2011 and 2012 at Lincoln, Canterbury, New Zealand. The arrows 
indicate the time of first inflorescence on the main stem (F), phyllochron change 
(P) and tuber bulking onset (Tbulking). Parameters for the curves are displayed in 
Appendix 24. 
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7.3.7 Leaf expansion 

7.3.7.1 LAmax measured in °Cd 

There was a positive linear relationship (R2>0.99) between maximum leaf expansion 

(LAmax) measured in Tt from crop emergence and leaf position on the main stem in 

‘Bondi’ (Figure 7.8). Conversely, this relationship was explained by a tri-linear (R2=0.98) 

pattern in ‘Fraser’. Leaf expansion lasted for ~938 °Cd and 1000 °Cd on the main stem of 

‘Bondi’ and ‘Fraser’, respectively. Around the time of tuber bulking ‘Bondi’ and ‘Fraser’ 

had their first ~10 leaves on the main stem fully expanded. At canopy closure (R/Ro max) 

‘Bondi’ and ‘Fraser’ had ~11 and ~12 leaves fully expanded on the main stem, 

respectively. 

 

Figure 7.8 Thermal-time (Tt) accumulated from emergence to reach final leaf area against its 
position on the main stem for ‘Bondi’ and ‘Fraser’ potato crops grown between 
2011 and 2012 at Lincoln, Canterbury, New Zealand. Bars represent one standard 
error above and below the mean values (n=4) above and below the mean. 
Coefficients of determination are >0.99 The time of tuber bulking and R/Ro~0.9 
are indicated by the arrows. Regressions are: ‘Bondi’: y = 29.6 x + 108; ‘Fraser’: 
I, y = 3.40 x + 161; II, y = 50.7 x + 161; III, y = 12.8 x + 655. 

 

7.3.8 Leaf expansion duration (°Cd) and rate (cm2 °Cd-1) 

The duration of leaf expansion increased similarly up to leaf position 11 for the cultivars 

and treatments (Figure 7.9). From then on, expansion duration was higher for ‘Fraser’ 

compared with ‘Bondi’. This was unaffected by the ‘Sprout’ treatment applied to the 

‘Bondi’ crop. No treatment difference was found for the ‘Fraser’ crop, except for higher 
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positioned leaves (16 - 28), where there was an indication that ‘Sprouts on’ prolonged the 

expansion duration of individual leaves. 

 

Figure 7.9 Individual leaf expansion duration (°Cd) and leaves position on the main stem for 
‘Bondi’ and ‘Fraser’ potato crops grown between 2011 and 2012 at Lincoln, 
Canterbury, New Zealand. Bars represent one standard error above and below the 
mean values (n=4). 

 

Leaf area expansion rate (cm2 °Cd-1) of individual leaves on the main stem was higher in 

the ‘Bondi’ crop compared with ‘Fraser’ (Figure 7.10). In the two cultivars, from leaf 

position ~1 to ~7, where basal lateral branching usually occurred on the main stem (refer 

to Figure 3.5), leaf expansion rate was reduced by the ‘Sprouts on’ treatment compared 

with the ‘Sprouts off’. The fourth leaf had the highest expansion rate on the main stem (1.4 

cm2 °Cd-1 ‘Bondi’ and 0.7 cm2 °Cd-1 for ‘Fraser’). In this leaf position the ‘Bondi’ and 

‘Fraser’ expansion rates were increased by 43% and 55%, respectively by the ‘Sprouts off’ 

treatment. 
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Figure 7.10 Individual leaf expansion rate and leaf position on the main stem for ‘Bondi’ and 
‘Fraser’ potato crops grown between 2011 and 2012 at Lincoln, Canterbury, 
New Zealand. Bars represent one standard error above and below the mean 
values (n=4). 

 

7.3.8.1 Final area of individual leaf (LAmax) 

The LAmax of each individual leaf position on the main stem is represented in Figure 7.11. 

At most positions, ‘Bondi’ produced larger leaves than ‘Fraser’. The leaves concentrated 

in the lower parts of the main stem (e.g. leaf position 3 - 6 for the ‘Bondi’ crop) were 

larger for the ‘Sprouts off’ compared with the ‘Sprouts on’ treatment.  

The largest leaf ranged from 95 cm2 (leaf position 10) in the ‘Fraser’ ‘Sprouts on’ to 228 

cm2 (leaf position 6) in the ‘Bondi’ ‘Sprouts off’ crop. ‘Fraser’ largest leaf was also found 

on the sixth leaf position in the ‘Sprouts off’ (122 cm2) treatment. The smallest leaves 

were concentrated at the extreme leaf positions on the main stem. 

Bell shaped curves (Section 7.2.3.2) were fitted to the data to compare the cultivars and 

treatments for different leaf area patterns on the main stem. These curves explained over 

83% (0.83<R2<0.93) of the change in LAmax with individual leaf position on the main 

stem for the different treatments and cultivars (Figure 7.11). Yo and Xo were affected 

(0.5<P<0.001) by ‘Cultivar’ and ‘Sprout’ treatment. Yo was higher (P<0.001) for ‘Bondi’ 

(~175 cm2) compared with ‘Fraser’ (~94 cm2). The ‘Sprouts off’ treatment produced the 

largest leaf (Yo) in lower main stem position (Xo) in both cultivars. ‘Bondi’ ‘Sprouts on’ 

produced its largest leaf (168 cm2) at leaf position 11, while in the ‘Sprouts off’ it was 
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largest (181 cm2) at the ninth leaf. The “skewness” of the curves was unaffected (P=0.19) 

by treatments.  

 

Figure 7.11 Final area of individual leaf and its position on the main stem for ‘Bondi’ and 
‘Fraser’ potato crops grown between 2011 and 2012 at Lincoln, Canterbury, 
New Zealand. ‘Bondi’ curves are: ‘Cooler’ + ‘Sprouts on’; y=193*exp(-
9.00*10.0-3 *(x-11.5)2 + 1*10.0-4*(x-11.5)3), R2=0.93 ‘Cooler’ + ‘Sprouts off’: 
y=210*exp(-8.00*10-3*(x-9.1)2 +2.00*10-4*(x-9.10)3, R2=0.83 ‘Fraser’ curves 
are: ‘Cooler’ + ‘Sprouts on’; y=95.0*exp(-8.00*10-3*(x-10.1)2+2*10.0-4*(x-
10.1)3, R2=0.89 ‘Cooler’ + ‘Sprouts on’; y=116*exp(-11.0*10-4*(x-
10.5)2+1*10.0-4*(x-116)3, R2=0.89. Arrow bars represent LSD for each leaf 
position. 

 

A single bell shape model was later fitted to the data to test for parameter similarities. 

Because Yo was affected by cultivar and treatments the LAmax values were normalized (i.e. 

Yo / Y). 

The single bell shaped curve explained most of the variation (R2=0.82) of normalized 

LAmax plotted against leaf position (X) (Figure 7.12). The largest leaf occurred at position 

~11 (P<0.001). Conservative, low values of “kurtosis” (-0.0085) and “skewness” (0.002) 

were found for the generalized curve. 
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Figure 7.12 Maximum leaf area normalized (LAnormalized) of individual leaf and its position on the 
main stem for ‘Bondi’ and ‘Fraser’ potato crops grown between 2011 and 2012 at 
Lincoln, Canterbury, New Zealand. Vertical dashed line represents the leaf position 
(X) at maximum LA normalized. Parameter errors are: a = 0.0008, b = 6.65x10-5, Xo 
= 0.32, Yo = 0.02. 

 

7.3.9 Senescence onset 

Figure 7.13 shows the pattern of thermal-time accumulated (measured from crop 

emergence) up to the onset of senescence for individual leaves on the main stem. Since the 

last leaf measurement was taken around 147 DAP (average ~1400 °Cd), for any leaf 

position shown to have accumulated approximately 1400 °Cd (e.g. leaf position 11 - 28 in 

’Fraser’), senescence onset had not happened at the time of the last leaf measurement (see 

Figure 7.1). 

‘Bondi’ LAmax was explained by a three-linear (piecewise) regression pattern using the 

piecewise model. From the analyses of the regression parameters, the amount of °Cd 

required to the onset of leaf senescence increased from ~300 °Cd (leaf position one) to 

1180 °Cd (leaf position seven). From then on senescence onset decreased at a rate of 42 

°Cd leaf-1 until leaf position 16. The amount of thermal-time required to the onset of leaf 

senescence increased again for the remaining leaves at a rate of 49 °Cd leaf-1. 

In contrast, ‘Fraser’ was explained by a split-line regression. Leaf senescence onset 

progressed from the first leaf appeared (~325 °Cd) to leaf position ~11 (~1400°Cd, after 

which no further leaf senescence was recorded). 
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Figure 7.13 Thermal-time (Tb=2 °C) accumulated from crop emergence to end of LAmax (see 
Figure 7.1) against leaf position on the main stem for ‘Bondi’ and ‘Fraser’ potato 
crops grown between 2011 and 2012 at Lincoln, Canterbury, New Zealand. The 
regression was fitted to the data measured up to 143 DAP (04/03/2012), when all 
crops had reached ~95% total final tuber DM yield. The coefficient of 
determination (R2) is displayed for each piecewise regression. Bars represent one 
standard error above and below the mean values (n=4). Horizontal dashed line 
represent the average amount of °Cd accumulated from crop emergence until the 
time of last measurement for both treatments. Regressions coefficients are: 
‘Bondi’: I, y = 140 x + 155; II, y = - 42.1 x + 1502; III, y = 49.3 x + 11.3; 
‘Fraser’: I, y = 101 x + 225; II, y = 1350. 

 

7.3.10  Time of complete leaf senescence 

Time of complete leaf senescence estimated up to leaf position eight, is illustrated in 

Figure 7.14. This occurred at a rate of 226 °Cd leaf-1 in ‘Bondi’ and at a rate of 297 °Cd 

leaf-1 in ‘Fraser’. Nevertheless, only leaf positions 1 - 4 were completely senesced when 

the leaves were last measured (~1400 °Cd). 
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Figure 7.14 Thermal-time (Tb=2 °C) accumulated from crop emergence to complete leaf 
senescence against leaf position on the main stem for ‘Bondi’ and ‘Fraser’ 
potato crops grown between 2011 and 2012 at Lincoln, Canterbury, New 
Zealand. The coefficient of determination (R2) is displayed for each Piecewise 
regression. Bars represent one standard error above and below the mean values 
(n=4). Arrows indicate latest leaf position to senesce at the time of last 
measurement (~1400 °Cd). 

 

7.3.11 Leaf contribution to canopy (Lc) 

Individual bell shape curves were fitted (Equation 12) between Lc and individual leaf 

position on the main stem (Figure 7.15). There was a similar pattern of response with the 

Bell shape curves fitted to LAmax against leaf position (Section 7.3.8.1). Due to these 

similarities, the relationship between these parameters (Lc and LAmax) was tested. To do 

that, the parameters were normalized and a split-line regression was fitted to the data 

(Figure 7.16). 
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Figure 7.15 Leaf contribution to canopy and its position on the main stem for ‘Bondi’ and 
‘Fraser’ potato crops grown between 2011 and 2012 at Lincoln, Canterbury, 
New Zealand. Arrow bars represent LSD for each node position. ‘Bondi’ curves 
are: ‘Cooler’ ‘Sprouts on’; y=1810554*exp(-0.02*(x-10.6)2 + 0.0005*(x-10.6)3), 
R2=0.92; ‘Cooler’ ‘Sprouts off’: y=201554*exp(-0.01*(x-8.72)2 +0.0005*(x-
8.72)3, R2=0.85; ‘Fraser’ curves are: ‘Cooler’ ‘Sprouts on’; y=95244*exp(-
0.02*(x-11.3)2+0.0005*(x-11.3)3, R2=0.97;‘Cooler’ ‘Sprouts on’; 
y=111061*exp(-0.02*(x-9.00)2+0.0007*(x-9.00)3, R2=0.93. Arrow bars 
represent LSD for each leaf position. 

 

There was a positive bi-linear relationship (R2=0.92) between Lc and LAmax. The LAmax 

(normalized) parameter had a symmetric distribution between smaller (50% of the canopy) 

and larger (50% of the canopy) leaves. The largest leaves contributed to almost 80% of the 

crops main stem. This suggested that the larger the leaf the more it contributed to the 

canopy area and duration during the season. 
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Figure 7.16 Relationship between leaf contribution (Lc) to canopy and LAmax for ‘Bondi’ and 
‘Fraser’ potato crops grown between 2011 and 2012 at Lincoln, Canterbury, 
New Zealand. Regressions are I (earlier):y=0.43 x - 0.012 and II (later): y=1.44 x 
- 0.25. Arrows indicates Lc normalized =0.78 and LAmax normalized =0.5. 

 

7.3.12 Flowering 

‘Bondi’ crop on average produced three inflorescences on the main stem (refer to Figure 

3.5) and the ‘Fraser’ crop two. There was an interaction (P<0.001) between ‘Cultivar’ and 

‘Sprout’ treatment for the number of leaves produced before each inflorescence on the 

main stem. The ‘Fraser’ ‘Sprouts off’ treatment delayed (P<0.001) the time to first flower 

(289 °Cd or 60 DAP) and produced more (<0.001) leaves (~16) on the main stem before 

the first inflorescence. The time to second inflorescence ranged from 602 °Cd (with ~24 

leaves produced) in the ‘Fraser ‘Sprouts off’ treatment to 367 °Cd (with 19 leaves 

produced) in the ‘Bondi’ ‘Sprouts on’ treatment. 
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Table 7.3 Number of leaves produced on the main stem prior to flowering and time to flowering 
(measured in thermal-time from emergence) for the different main stem levels (refer to 
Figure 3.5) of ‘Bondi’ and ‘Fraser’ potato crops grown between 2011 and 2012 at 
Lincoln, Canterbury, New Zealand. The results are displayed for when individual flower 
appeared on the main stem (1 - 3) of ‘Bondi’ and (1 - 2) ‘Fraser’ plants. 

Time to flowering 
Stem level Treatment 1Nº of leaves  Thermal-time (Tb=2 °C) 

1st 

‘Bondi’ (C+3M+on) 9.71 156 
‘Bondi’ (C+3M+off) 12.1 201 
‘Fraser’ (C+3M+on) 12.3 173 
‘Fraser’ (C+3M+off) 15.5 290 

Cultivar <0.001 <0.01 
Sprout <0.001 <0.001 
Cultivar x Sprout ns ns 

LSD 0.77 37.8 

2nd 

‘Bondi’ (C+3M+on) 19.0 367 
‘Bondi’ (C+3M+off) 19.4 416 
‘Fraser’ (C+3M+on) 21.5 444 
‘Fraser’ (C+3M+off) 23.6 602 

Cultivar <0.01 <0.001 

Sprout <0.001 <0.001 

Cultivar x Sprout <0.02 <0.005 

LSD 0.89 46.6 

3rd 
‘Bondi’ (C+3M+on) 25 664 
‘Bondi’ (C+3M+off) 26 704 

P ns ns 
Note: LSD (α=0.05). 1Nº of leaves: includes the number of leaves produced on the main stem of the previous 
main stem level (e.g. 2nd level of the main stem = nº of leaves on the 1st level of the main stem + nº of leaves 
in the 2nd level; see Figure 3.5). 

 

7.3.13 Main stem leaf development template 

Figure 7.17 compiles the main stem leaf developmental stages (appearance, expansion, 

onset of senescence and complete senescence; measured in thermal-time accumulated from 

crop emergence) described in the previous sections, into a developmental leaf template for 

each cultivar. Additionally, the pattern of radiation interceptance (R/Ro), time of tuber 

bulking and 95% of total final tuber yield were included on the template to link different 

plant phenological events. A major assumption was that ~1400 °Cd was required to reach 

95% of total final tuber yield. This was based on estimation from the Benchmark 

Experiment (Chapter 4). The time of leaf appearance for the first 6 - 7 leaves initiated was 
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fixed at zero, since those leaves were present at the time of crop emergence on both 

cultivars. 

Around the time of tuber bulking (Tbulking, phase of maximum tuber growth rate) which 

coincided with the time of phyllochron increase (386 °Cd in ‘Bondi’ and 495 °Cd in 

‘Fraser’), the leaves up to position 9 (‘Bondi’) and 11 (‘Fraser’) had reached full 

expansion. This time also corresponded to ~80% of radiation interceptance being attained 

on both cultivars. At this point, the duration of the LAmax phase (c-b) was around 

maximum for ‘Bondi’ (752 °Cd) and ‘Fraser (1340 °Cd). However, after this event LAmax 

duration abruptly decreased for ‘Bondi’ and reached its lowest value (246 °Cd) at leaf 

position ~16. However, a similar pattern of decrease was not experienced in ‘Fraser’. All 

leaves above leaf 11 were still at the LAmax phase when the last measurement was taken 

(~1400 °Cd). 

The template highlights the importance of leaf positions ~9 and ~10 for ‘Bondi’ and 

‘Fraser’. When senescence onset began on those leaves (after ~1210 °Cd and ~1320 °Cd, 

respectively) the rate of radiation interceptance (R/Ro) decreased at a rate of 0.06% °Cd-1 

in ‘Bondi’ and 0.04% °Cd-1 in ‘Fraser’. 
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Figure 7.17 Dynamic of leaf expansion onset (leaf appearance) leaf expansion onset (──), 

expansion complete (─ ─), senescence onset (─ • • ─) and senescence complete 
(•••) for ‘Bondi’ and ‘Fraser’ potato crops grown during 2011 and 2012 at 
Lincoln, Canterbury, New Zealand. The letters indicates leaf expansion duration 
(b-a), maximum leaf are duration (c - b) and leaf senescence duration (d-c). 
Grey dashed line represents averaged radiation interceptance (R/Ro). The arrows 
indicate the time of tuber bulking (Tbulking) and time of ~95% of total final tuber 
yield (estimated from the Benchmark Experiment; Chapter 4). 

 

7.3.14 Canopy architecture 

7.3.14.1 Above-ground DM 

The cumulative increase of total DMabove-ground was similar among treatments and cultivars 

(Appendix 25). All crops produced ~ 110 g plant-1 of total above-ground DM at the end of 

the crop growing season (~120 DAP or 1140 °Cd from crop emergence). 
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7.3.14.2 Branches 

Branches accounted for less than 20% of DMabove-ground up to ~340 °Cd accumulated from 

crop emergence in both crops. Around 1140 °Cd the ‘Sprouts on’ branches represented 

~40 and ~50% of ‘Bondi’ and ‘Fraser’ DMabove-ground. In contrast, around that time ~30% of 

DMabove-ground was allocated in the branches of the ‘Sprouts off’ treatment. 

 

Figure 7.18 Branches dry matter (DM) fraction of total above-ground DM per plant versus 
cumulative thermal-time from crop emergence for ‘Bondi’ and ‘Fraser’ potato 
crops grown between 2011 and 2012 at Lincoln, Canterbury, New Zealand. Bars 
represent one standard error above and below the mean values (n=4). 

 

7.3.15 Canopy expansion 

7.3.15.1 Total canopy (LAItotal) 

LAItotal was estimated using the main stem leaf area extrapolated to the plant (Appendix 25 

and Appendix 26) as described in Section 7.2.6. The pattern of LAItotal during the crop 

growth season was then described using a cubic relationship (R2>0.99) fitted against 

thermal-time from crop emergence (Table 7.4).  

LAIcrit was reached in all treatments and cultivars. Time to LAItotal max was affected by the 

‘Cultivar’ (P<0.03) and the ‘Sprout’ (P<0.02) treatment. ‘Bondi’ and ‘Fraser’ ‘Sprouts on’ 

delayed the time to LAItotal max by 86 °Cd and 234 °Cd respectively compared with ‘Sprouts 

off’. 
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Time to LAItotal. max was affected by ‘Cultivar’ (P<0.03) and ‘Sprout’ (P<0.02) treatment. 

The ‘Sprouts on’ prolonged the LAI expansion duration by 86 °Cd in ‘Bondi’ and 234 °Cd 

in ‘Fraser’ compared with ‘Sprouts off’. 

In addition, the linear period of LAItotal of expansion rate was also affected by ‘Cultivar’ 

(P<0.001) and the ‘Sprout’ (P<0.05) treatment (Table 7.5). This was higher (P<0.001) for 

‘Bondi’ (0.008 cm2 °Cd-1) compared with ‘Fraser’ (0.004 cm2 °Cd-1). The ‘Sprouts off’ 

treatment increased the linear LAItotal expansion rate by ~23% in both cultivars. 

 

Figure 7.19 LAI versus cumulative thermal-time from crop emergence for ‘Bondi’ and 
‘Fraser’ ‘3M’ potato crops grown between 2011 and 2012 at Lincoln, 
Canterbury, New Zealand. Bars represent one standard error above and below 
the mean values (n=4). ‘Bondi’ ‘Sprouts on’: y=0.006(4.00*10-4)x+3.25*10-6 
(8.33*10-7)x2-3.23*10-9(4.14*10-10)x3; ‘Bondi’ ‘Sprouts off’: y=0.008(5.00*10-

4)x-3*10-8(1.09*10-6)x2-2.23*10-9(5.7*10-10)x3; ‘Fraser’ ‘Sprouts on’: 
y=0.003(3.00*10-4)x+7.56*10-6(6.57*10-7)x2-4.42*10-9(3.24*10-10)x3; ‘Fraser’ 
‘Sprouts off’: y=0.004(3.00*10-4)x+4.41*10-6(7.36*10-7)x2-3.84*10-9(3.91*10-

10)x3. Values in brackets are standard errors for the parameters. Dotted line 
represents LAIcrit estimated from the Benchmark Experiment (Chapter 4). 
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Table 7.4 Crop LAI parameters for the cubic model displayed in Figure 7.19 that represent the 
canopy dynamic of ‘Bondi’ and ‘Fraser’ potatoes measured from November 2011 - 
April 2012 at Lincoln, New Zealand. 

Cultivar Sprouts LAItotal max *Thermal-time to LAItotal max 
‘Bondi’ on 5.7 1084 

off 5.2 998 
Average 5.4 1041 

‘Fraser’ on 6.8 1307 
off 4.4 1073 

Average 5.6 1190 
Cultivar ns 0.03 
Sprout 0.008 0.02 
Cultivar x Sprout ns ns 
Note: *Thermal-time was calculated from crop emergence with a Tb=2 °C. 

 

Table 7.5 ANOVA performed for the crop LAI parameters for ‘Bondi’ and ‘Fraser’ potato crops 
subjected to three ‘Early’, two ‘Late’ and two ‘sprout’ treatments and measured at 172 
DAP. The crops were grown from October to May 2011 - 2012 at Lincoln, Canterbury, 
New Zealand. 

Cultivar Sprouts Linear Quadratic Cubic 
‘Bondi’ on 0.0072 4.68x10-7 -2.26x10-9 

off 0.0095 -3.93x10-6 -4.94x10-10 
Average 0.008 -1.73x10-6 -1.38x10-9 

‘Fraser’ on 0.0042 5.62x10-6 -3.70x10-9 
off 0.0054 1.40x10-6 -2.40x10-9 

Average 0.004 3.51x10-6 -3.05x10-9 
Cultivar 0.001 0.006 
Sprout 0.05 0.02 
Cultivar x Sprout ns ns 
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7.4 Discussion 
In Chapter 6, total tuber weight distribution was changed by the ‘Sprout’ treatments. 

However, there was no overall significant effect of storage or ‘Sprout’ treatments on tuber 

yield at final harvest. In the following discussion, an analysis is presented as to why yield 

was unaffected by any of the treatments applied. This will be explored by comparing the 

amount of radiation intercepted by the crop and radiation use efficiency since dry matter 

partitioning to tubers (HI) was conservative within cultivars (Chapter 6). The discussion 

will focus on each phase of the individual leaf development (from initiation to 

senescence). This will include the importance of quantifying the dynamic of individual leaf 

positions in potato crops in potato simulation modelling. 

 

7.4.1 Canopy and radiation interceptance 

In the current work, R/Ro max was not advanced by earlier crop emergence. Crop 

emergence was, in most cases, faster for the ‘Sprouts on’ compared with ‘Sprouts off’ 

crops. This difference was up to 11 days in ‘Fraser’ and can be attributed to the advanced 

stage of sprout growth and development (Chapter 5) of the ‘Sprouts on’ treatments at the 

time of planting. Despite crop emergence being affected by the interaction of ‘Cultivar’ 

and ‘Sprout’, the time required to reach R/Ro max was unaffected by the ‘Sprout’ treatments 

and was mostly constant within cultivars. ‘Bondi’ and ‘Fraser’ reached R/Ro max of 91 and 

92%, respectively, around 450 and 550 °Cd. These values were comparable to those found 

in the Benchmark Experiment (Chapter 4). The pattern of radiation interceptance was also 

similar among treatments (Figure 7.4). Nevertheless, a longer phase at R/Ro max, found for 

the ‘Sprouts on’ led to higher accumulated radiation intercepted by the end of the growing 

season (172 DAP) in both cultivars. While ‘Bondi’ and ‘Fraser’ Sprouts on’ accumulated 

~2170 and ~2230 MJ m-2 of total radiation, respectively, the ‘Sprouts off’ accumulated 

2060 and 2005 MJ m-2 of total radiation. 

Even with ‘Sprout’ effects on radiation interceptance, the amount of radiation intercepted 

was not a limiting factor to tuber yield. This is because the time of 95% of the total final 

tuber DM, measured as accumulated MJ m-2 total radiation intercepted, was attained 

before the end of the growth season (between 1460 and 1730 MJ m-2 for ‘Bondi’ and 1790 

- 1950 MJ m-2 for ‘Fraser’). These values were comparable with the 1650 MJ m-2 total 



185 
 

radiation averaged across cultivars in the Benchmark Experiment (Chapter 4). This means 

the differences in radiation interceptance occurred after tuber growth ceased. 

The ‘Sprout’ treatments affected the architecture of the plant by changing branching 

activity, but LAIcrit was reached in all cases (Figure 7.19). The reasoning for this is that, 

under optimum growing conditions, branching activity increases for lower population of 

main stems (Fleisher et al., 2011) to compensate for canopy leaf area. Nevertheless, 

maximum LAI, particularly in ‘Fraser’ was most sensitive to branching activity differences 

arising from the ‘Sprout’ treatment. This seems likely since LAI from branches accounted 

for nearly 50% of the crop LAI differences (Figure 7.18) while other components of LAI 

(number of above ground main stem and main stem leaf area) made up ~10% of the 

difference. This effect may be related to seed vigour loss from de-sprouting physiological 

old (‘3 M’) seed potato. This has been initially discussed in Chapter 6 and will be further 

explored in Chapter 8. 

 

7.4.2 RUEtotal 

RUEtotal was unaffected by any of the treatments applied to the seed potatoes. RUEtotal for 

‘Bondi’ and ‘Fraser’ were similar to those found in the Benchmark Experiment. These 

results reinforce previous reports that RUEtotal is unresponsive to seed potato physiological 

age treatments (Fahem and Haverkort, 1988; Sarries, 2011). For a fixed amount of 

radiation intercepted, RUEtotal can be generally equated as the rate of gross photosynthesis 

minus the rate of total respiration (photorespiration and maintenance respiration). These 

were not measured in the present work. However, from the current findings it can be 

concluded that these two factors were unchanged by any of the treatments. 

The results in this experiment confirm that the lower tuber yield capacity of ‘Fraser’ was 

entirely associated with its low RUEtotal. This was 25% lower in ‘Fraser’ than ‘Bondi’ 

which equalled the total tuber yield difference reported in Chapter 6. In Chapter 4, the low 

tuber “sink strength” in ‘Fraser’ was associated with leaf biomass immobilization leading 

to photosynthesis down regulation in the canopy. The analysis of the individual main stem 

leaf development reported in the present chapter supports this concept. This matter will 

receive a further discussion in the following sections. 
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7.4.3 Individual leaf analyses 

In the present work, potato crop canopy expansion for radiation interceptance was 

estimated as a whole (Figure 7.4). Alternatively, canopy expansion was also described 

based on development of individual leaves (Figure 7.17). This was accomplished by 

creating a template that quantifies, on a thermal-time scale, the individual leaf size 

progression, from appearance to senescence. Currently, there is no published information 

on individual leaf development for whole main stems of potato plants grown in the field. 

This has restricted the development of more mechanistic approaches to canopy 

development simulation models in potatoes (Section 2.14). The response relations and 

functions established in the current template can be used to develop more mechanistic 

potato models to simulate potato LAI. Additionally, it provides a link between 

phenological events and source-sink relations in the potato plant. These will be discussed 

in the following sections. 

 

7.4.3.1 Base temperature (Tb) 

The examination of an accurate temperature threshold for leaf appearance represented the 

first step to determine the relationship between developmental events and temperature for 

potato phenology prediction. From the sensitivity analyses detailed in Section 7.2.2.2, Tb 

was estimated to be 2 °C (Figure 7.3). This temperature threshold has been used in potato 

simulation models previously (MacKerron and Waister, 1985). For many of the potato 

studies where phenology is quantified in terms of °Cd, a Tb is arbitrarily chosen between 0 

- 4 °C (Section 2.6.2). 

 

7.4.3.2 Leaf appearance 

Main stem leaf appearance showed a double linear increase response to accumulated 

thermal-time on both cultivars. This confirms that two values of phyllochron were needed 

to describe the rate of leaf appearance on the main stem of ‘Bondi’ and ‘Fraser’ (Section 

2.6.1). At leaf position ~20 - 21, the phyllochron increased from 27 °Cd to 53 °Cd in 

‘Bondi’ and from 34 °Cd to 59 °Cd in ‘Fraser’ (Figure 7.7). The current results also agree 

with the reports that phyllochron differs amongst cultivars (Firman et al., 1995). 
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After tuber bulking onset, the below-ground tubers become the priority sink for the plant to 

the detriment of foliage growth (Section 2.10.2). The time of phyllochron increase 

coincided with tuber bulking onset (Tbulking). This suggests that carbohydrate priority 

changed from canopy to tubers in ‘Bondi’ and ‘Fraser’. The analyses of the time of Tbulking 

(or the phase of maximum tuber growth) revealed that this development event occurred at 

the same time as the phyllochron lengthened (Figure 7.7). Firman et al. (1995) studied four 

potato cultivars at different planting dates and reported that phyllochron was higher for the 

leaves on the second level of main stem (above the first inflorescence, Figure 3.5) than for 

the first level of main stem. These authors attributed this to nitrogen availability and 

temperature differences at the time of successive apical meristem differentiation. In the 

present work, time of first flower initiation occurred around 200 °Cd while phyllochron 

changed after 386 and 495 °Cd for ‘Bondi’ and ‘Fraser, respectively. Therefore, it seems 

that the phyllochron increase resulted from nitrogen competition between tubers and the 

latter formed leaves, since temperature was not a variable factor throughout the canopy 

growing season (~15 °C from December to February; Figure 3.3). 

The final number of leaves initiated on the main stem was constant, at 28 leaves, among 

treatments and cultivars regardless of any differences in the duration of leaf appearance. 

‘Bondi’ terminated leaf initiation after 820 °Cd while ‘Fraser’ initiated leaves up to ~1040 

°Cd. This is in accordance with other reports that showed that the number of leaves 

initiated on the main stem was stable among different treatments of different physiological 

age (Sarries, 2011) and cultivars (Firman et al., 1991). This may be controlled at a genetic 

level in the indeterminate cultivars like ‘Bondi’ and ‘Fraser’. The multiple main stem 

levels (Figure 3.5) produced by these cultivars guaranteed a similar number of leaves 

despite any change in time and position of the inflorescence (Table 7.3). This implies that 

the link between the number of leaves initiated on the main stem and growth 

characteristics deserves study, although a strict association should not be expected (Firman 

et al., 1995). 

 

7.4.3.3 Leaf expansion and final area 

The present results lead to the conclusion that rate of leaf expansion was the most 

important determinant of maximum leaf size (LAmax) on the main stem. ‘Bondi’ leaves, for 

example, had a faster rate of expansion (Figure 7.10) and produced larger leaves than 
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‘Fraser’, regardless of treatment (Figure 7.11). This happened in spite of leaf expansion 

duration (Figure 7.9) being in most cases longer for ‘Fraser’. In addition, for leaf positions 

2 - 6 the expansion rate decline from the ‘Sprouts on’ treatment (Figure 7.10) was reflected 

in smaller leaf area at final expansion on both cultivars. These findings agree with earlier 

published results (Vos and Biemond, 1992; Vos and van der Putten, 1998). Furthermore, 

these results are consistent with the concept that the duration of expansion of individual 

leaves is an integral part of the coordination of plant development (Hay and Kirby, 1991). 

Nevertheless, the rate of expansion seems to respond to plant assimilate supply during the 

initial stage of leaf expansion following leaf appearance (Fleisher and Timlin, 2006). 

Therefore, the lower expansion rate and final LAmax found from the ‘Sprouts on’ treatment 

may be explained in two ways. First, the lower LAmax achieved by the ‘Sprouts on’ leaves 

could be attributed to the environmental conditions at the time of leaf initiation. While 

‘Sprouts on’ leaves were initiated in the ‘Shed’ (~10 °C; Figure 5.2) during the storage 

phase, the ‘Sprouts off’ were initiated in the field, where the average soil temperature was 

~15 °C (Figure 3.2). It is likely that the lower temperature in the ‘Shed’ reduced the rate of 

cell division on the leaf primordia which compromised its maximum size in the field. 

Fleisher and Timlin (2006) showed that cell division and expansion have a curvilinear 

response to a range of temperatures, being optimum at ~27 °C (Section 2.6.2). 

Consequently, the lower number of cells produced on the ‘Sprouts on’ expanding leaf 

initiated in the shed could have compromised its future sink demand for carbohydrate 

supply, thus limiting expansion rate. 

Alternatively, the rate of expansion on those six earlier formed leaves could have been 

affected by basal lateral branches formed on the above-ground main stem. It was shown 

that the ‘Sprouts on’ produced more branches than ‘Sprouts off’ (Figure 7.18) throughout 

canopy growth. Therefore, it is possible that the ‘Sprouts on’ high branching activity 

competed for assimilates with those newly appeared leaves. This seems plausible since 

soon after crop emergence plant resources are mainly supplied by the mother seed tuber 

and it is not until the leaf reaches 20 - 30% final area that they are able to provide their 

own photoassimilate to support expansion growth (Dale and Milthorpe, 1983). Tardieu et 

al. (1999), for example, found a great dependence between the rate of expansion of newly 

unfolded leaves and plant carbohydrate supply, whereas the rate of more mature leaves 

was unaffected by shading portions of the canopy. This would explain why leaf expansion 

rate was in most cases unchanged from leaf position seven, despite any branching activity 
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differences between treatments. More study would be necessary to evaluate the effects of 

potato leaf initiation under different temperature environments and branching activity on 

leaf expansion rate. 

Future potato canopy expansion simulation work could focus on the measurement of only 

a few larger leaves of the main stem and assume a normal distribution of the normalised 

individual leaf area around Xo. A bell shaped curve fitted against LAmax normalized across 

treatments and cultivars was suitable (R2=0.82) for describing final leaf area variation at 

each node position on the potato plant main stems. In this approach the largest leaf 

produced on the main stem (Xo) occurred at position 11. A similar trend of leaf area 

distribution along the different node positions of the main stems of the potato plant has 

been reported (Vos and Biemond, 1992). These authors showed, for a range of nitrogen 

treatments that leaf area increased up to leaf position 13 and then decreased. 

 

7.4.3.4 LAmax duration and senescence 

Figure 7.15 shows that the larger leaves produced on the main stem (position ~5 - 16; 

Figure 7.12) were the greatest contributors to the amount of radiation intercepted because 

they lasted longest (Vos and Biemond, 1992). This highlights the importance of these 

leaves for the canopy as a provider of photosynthesis. From these findings, it might be 

proposed that the potato plants net photosynthesis is highly dependent on those larger 

leaves. Thus, the carbon balance within the whole potato plant will rely greatly on their 

time of initiation and duration. While the appearance of successive new leaves is the 

important factor influencing the duration of the potato canopy, the contribution of large 

long-lived leaves may be of greater importance for its longevity. This later pattern of 

growth is potentially the most efficient for tuber yield because less photosynthate is used 

in the production of stem and leaves (Firman et al., 1995). 

It seems that as tubers become the largest sink organs in the plant, demand for assimilates 

(e.g. nitrogen) may exceed supply and this may signal leaf senescence onset on those 

leaves where nitrogen is more abundant. However this would depend on the “strength” of 

the sink organ relative to assimilate supply. From the analyses of the leaf development 

template (Figure 7.17) it appears that factors which influence the “strength” of the tuber 

sink affect both assimilate allocation and leaf longevity (Kooman and Rabbinge, 1996). It 

was verified that after Tbulking commenced in ‘Bondi’ the LAmax phase (c-b) duration 
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decreased rapidly in the following expanding leaves (leaf positions 10 - 16). These 

findings are in line with those of Vos and Biemond (1992) who found a constant increase 

in leaf life span up to leaf position 11 followed by a constant decrease. It has been shown 

that leaf duration is an important component of net photosynthate in the plant since at 

maturity a leaf become an active exporter of assimilates (Section 2.6.3). A second, but less 

likely explanation is that the LAmax phase declined on those later formed ‘Bondi’ leaves 

due to shade effects (Firman et al., 1995) since the crop canopy was still at maximum 

radiation interceptance during that time (Figure 7.17). However, in ‘Fraser’ there was no 

sign of LAmax phase being affected from Tbulking onset, which reconciles with the low “sink 

strength” description for this cultivar (Chapter 4). 

The time of complete leaf senescence was not an important factor controlling radiation 

interceptance. For both cultivars, around the time of 95% total final tuber yield (~1400 

°Cd) only the four early formed leaves on the main stem were completely senesced. 

Conversely, the template analysis underlines the importance of leaf positions ~9 and ~10 

for ‘Bondi’ and ‘Fraser’ for radiation interceptance, respectively. When those large long-

lived leaves (Figure 7.15) reached senescence onset (~1210 °Cd and ~1320 °Cd, 

respectively), radiation interceptance declined for both cultivars (Figure 7.17). This 

happened at a rate of 0.06% °Cd-1 in ‘Bondi’ and 0.04% °Cd-1 in ‘Fraser’. 
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7.5 Conclusions 
 The pattern of radiation interceptance was changed by the ‘Sprout’ treatment, but 

the total amount of radiation intercepted was not a limiting factor to tuber yield for 

either cultivar. 

 

 RUEtotal was unaffected by any of the treatments applied to the seed potato and it 

was higher for ‘Bondi’ (1.3 g DM MJ-1 of total solar radiation intercepted) than 

‘Fraser’ (1 g DM MJ-1 of total solar radiation intercepted)., which explained yield 

differences. 

 

 The tuber bulking phase is an important determinant of the photoassimilate 

distribution within the potato plant. The beginning of this phase marked the 

phyllochron increase on the main stem from 27 °Cd to 53 °Cd for ‘Bondi’ (after 

386 °Cd) and from 34 °Cd to 59 °Cd for ‘Fraser’ (after 495 °Cd). So, marked 

leaves could be used as surrogate for time of tuber initiation for other cultivars. 

 

 The current work highlights the importance of the larger leaves initiated on the 

main stem for canopy longevity and photosynthesis production. Future modelling 

measurements could focus on the largest leaf on the potato main stem and test for 

the robustness of the individual leaf area normalized sigmoid curve for the 

prediction of maximum individual leaf area. 

 

 A main stem individual leaf potato framework was developed. Major potato 

phenological events were quantified in °Cd accumulated from crop emergence. The 

parameters calculated may be used to mechanistically predict LAI and dry matter 

partitioning to tubers in potato crops. 

 

 The main stem leaf template revealed that individual leaf life span (LAmax phase) 

was potentially related to tuber “sink strength” in different cultivars and this 

deserves further investigation. 
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The current and previous chapters have shown that ‘Bondi’ and ‘Fraser’ components of 

potato yields (Section 1.2; Equation 1) were unchanged by the seed potato physiological 

ages produced in Chapter 5. Therefore a wider range of physiological ageing treatments 

will be produced in Chapter 8 to find the thresholds of potato “vigour” for these crops. 
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8 Seed	 potato	 physiological	 age	 responses	 to	
accumulated	 thermal‐time	 and	 pre‐
sprouting		

 

8.1 Introduction 
The range of physiological ages produced in Experiment 1 by the storage treatments 

(Chapter 5) did not affect tuber yield for the cultivars evaluated. Furthermore, neither 

dynamics of canopy expansion nor the RUEtotal (Chapter 7) were altered by these 

physiological age treatments. The implication is that physiological age maybe of little 

practical consequence for potato growers in Canterbury. This could have major financial 

implications if they stopped using artificial storage over winter. Thus, to confirm these 

results a wider range of physiological age treatments was tested. 

In this chapter a series of constant low, moderate and high temperatures were applied to 

stored seed potatoes to create an extended range of physiologically aged seed potatoes. 

The potatoes were then planted in two experiments.  

In Experiment 4, the seed potatoes were planted in a controlled temperature room on six 

different dates. There were two aims: 1. decouple chronological and thermal effects on 

physiological ageing using the temperature treatments and the chronological series of 

plantings; 2. create a two-phase model based on a crop development parameter measured 

to indicate seed potato “vigour” decline. The model used two metrics; cumulative thermal-

time from onset of sprouting till end of storage and cumulative sprout DM produced in the 

seed potato at the end of storage.  

A second field experiment (Experiment 5) tested the response of seed “vigour” to a range 

of physiological aged seed potatoes produced. The fraction of plants emerged in this 

experiment was then analysed against the two stage “vigour” models proposed.  
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8.2 Materials and Methods 
 

8.3 Experiments 4 and 5 

8.3.1 Controlled temperature Experiments 

Experiments 4 and 5 were conducted simultaneously to test seed potato responses to 

different constant temperatures during the storage period. In Experiment 4 the seed 

potatoes were planted in pots inside a room at constant temperature on seven different 

dates. In Experiment 5 the seed potatoes were planted in the field (on 11/1/2013) after the 

end of storage. This was an artificially late sowing date that would not be used 

commercially in Canterbury. 

 

8.3.2 Seed potato 

‘Bondi’ and ‘Fraser’ seed potatoes were collected from local growers on 17/5/2012. The 

seed potatoes were produced under field conditions with known and strictly controlled 

agricultural practice and selected for uniformity in size and absence of disorders and 

infections of pests or diseases. ‘Bondi’ seed size ranged from 70 - 110 mm and ‘Fraser’ 

from 50 - 80 mm. Details on the time of desiccation of the crop and harvest dates are given 

in Table 8.1. 

 

Table 8.1 Description of seed potato production for ‘Bondi’ and ‘Fraser’ grown during the summer 
of 2011 - 212 at Lincoln, Canterbury, New Zealand. 

 

Seed production / Cultivar 

Experiment 4 Experiment 5 

‘Bondi’ ‘Fraser’ ‘Bondi’ ‘Fraser’ 

Planting date of the mother crop 3/11/2011 1/11/2011 3/11/2011 1/11/2011 

Haulm desiccation of the mother 

plants 

17/2/2012 19/2/2012 17/2/2012 19/2/2012 

Harvest date of the seed tubers “early May” 7/5/2012 “early May” 7/5/2012 

Days stored in growers shed ~14 12 ~14 12 

Date of de-sprouting  at planting at planting 4/1/2013 4/1/2013 
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8.3.3 Experimental design, management and measurements  

8.3.3.1 Storage facilities (pre-treatments) 

Storage treatments used three temperature controlled rooms located at Plant & Food 

Research Ltd, Canterbury, New Zealand, (43°39'S and 172°28'E). The rooms were kept at 

low (2 °C), moderate (8 °C) or high (20 °C) temperatures and relative humidity was 

between 80 and 90%. The tubers were stored in the dark for the duration of the study. 

All temperature treatments in Experiments 4 and 5 were replicated four times in a 

completely randomized design. Each replicate had seven seed potatoes. In Experiment 4 

the seed potatoes were kept inside a cardboard box and in Experiment 5 potatoes were 

inside a paper bag for the entire period in the controlled storage. Air temperature and 

relative humidity were monitored inside the storage rooms using HOBO 4-Channel data 

loggers. 

To create different combinations of temperatures and a wider range of temperature 

accumulation, a batch of potatoes was moved between storage rooms at an interval of 

approximately one month (30 days). Table 7.2 shows the sequence for the storage 

treatments applied in Experiments 4 and 5. The treatments were coded to identify the seed 

storage temperature and the time of transition from one storage temperature to another. 

The codes consist of two letters; which represent the early and late storage temperature, 

each one followed by a number that represents the amount of time (months) at that 

temperature in the early and late storage, respectively (e.g. L6H1 = the first six months 

stored at 2 °C and the last month stored at 20 °C). In Experiments 4 and 5 other treatments 

included seed stored at a constant temperature for the entire storage period. In this case 

only one letter and one number were used for the treatment code (e.g. L7, M7 and H7). 

When there was a switch from one temperature to another the treatments are coded using a 

combination of letters and numbers (e.g. H1L6 = first phase at 20 °C and the other six 

phases at 2 °C).  

Seed potatoes physiological age in this chapter is defined as the developmental stage of a 

seed potato. This has previously been extensively identified as a key variable of potato 

crop growth, development and yield. Physiological age was measured as the thermal-time 

accumulated from the time the seed potatoes entered storage to planting (Table 8.2). Later, 

physiological age was measured as the thermal-time accumulated from sprout onset to 

planting (Section 2.12.3) and as the amount of DM produced at the time of planting. 
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Table 8.2 Duration of storage in ~months at each temperature and total thermal-time (Tt; Tb=2 °C) 
accumulated from the time the tubers enter storage (19/05/2012) to planting in 
Canterbury, New Zealand. 

Experiment 4 Experiment 5 

Code 

Months at each  
temperature  

Tt Code 

Months at each 
temperature  

2 °C 8 °C 20 °C 2 °C 8 °C 20 °C Tt 

H1L1 1 0 1 774 H1L6 6 0 1 828 
H2L1 1 0 2 1440 H2L5 5 0 2 1422 
H3L1 1 0 3 1998 H3L4 4 0 3 1980 
H4L1 1 0 4 2502 H4L3 3 0 4 2484 
H5L1 1 0 5 3060 H5L2 2 0 5 3042 
H6L1 1 0 6 3600 H6L1 1 0 6 3582 
L1H1 1 0 1 846 L1H6 1 0 6 3492 
L2H1 2 0 1 738 L2H5 2 0 5 2898 
L3H1 3 0 1 684 L3H4 3 0 4 2340 
L4H1 4 0 1 738 L4H3 4 0 3 1836 
L5H1 5 0 1 720 L5H2 5 0 2 1278 
L6H1 6 0 1 774 L6H1 6 0 1 738 
M1L1 1 1 0 378 M1L6 6 1 0 396 
M2l1 1 2 0 600 M2L5 5 2 0 594 
M3L1 1 3 0 786 M3L4 4 3 0 780 
M4L1 1 4 0 954 M4L3 3 4 0 948 
M5L1 1 5 0 1140 M5L2 2 5 0 1134 
M6L1 1 6 0 1320 M6L1 1 6 0 1314 

L2 2 0 0 180 M1H6 0 1 6 3708 
L3 3 0 0 180 M2H5 0 2 5 3312 
L4 4 0 0 180 M3H4 0 3 4 2940 
L5 5 0 0 180 M4H3 0 4 3 2604 
L6 6 0 0 180 M5H2 0 5 2 2232 
L7 7 0 0 180 M6H1 0 6 1 1872 

  H7 0 0 7 4140 
  M7 0 7 0 1500 

          L7 7 0 0 180 

Note: Coding based on Struik et al. (2006). 
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All potatoes entered storage on 19/5/2012. During the controlled temperature storage 

period all treatments in Experiments 4 and 5 were kept for the first 10 days stored at 20 °C.  

The storage regime was concluded on 04/01/2012 in Experiment 4 and on 7/2/2012 in 

Experiment 5. A detailed description of these two experiments is given in the next 

sections. 

 

8.3.3.2 Experiment 4 (planting) 

The pre-treated seed potatoes of ‘Bondi’ and ‘Fraser’ were planted in pots inside a room 

with controlled temperature of 20 °C with four plots randomly replicated. There were six 

planting dates (7/08/2012, 7/09/2012, 05/10/2012, 05/11/2012, 5/12/2012 and 5/01/2013). 

The time interval between planting and digs ranged from 28 to 36 days and is described in 

Figure 8.2. There were four replicates. Each replicate consisted of seven seed potatoes. 

The tubers were planted 150 mm deep in a nine litre pot filled with potting mix. Each litre 

of the potting mix was prepared using 495 g of aged bark, 413 g of washed crusher dust, 

5.10 g of dolomite lime, 0.32 g of Osmocote, 1.15 g of superphosphate, 0.35 g of sulphate 

of potash and 0.90 g of calcium nitrate.  

The pots were kept inside a dark room and the temperature was 20 °C for the entire 

duration of growth. Pots were watered with 50 ml pot-1 at a two day interval after at least 

one stem had emerged.  
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Figure 8.1 Illustration of the temperature treatments and their codes applied to the seed 

potatoes during storage in Experiment 4. The treatments were coded to represent 
the temperature during seed potato storage: ‘Low’, L=2 °C (──), ‘Moderate’; 
M=8 °C (•─•), and ‘High’; H=20 °C (•••), and the number of phases stored in a 
particular temperature on each phase. See Table 8.2 for code reference. 
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8.3.3.2.1 Measurements	

Plant measurements were only taken on the phase of plant establishment. This is because 

the mechanisms of potato growth and development until crop maturity were described in 

Chapters 4, 6 and 7. It follows that, the interpretation of the early crop growth and 

development can be made from linking the current measurements with those previously 

reported. 

These measurements included emergence rate and number of above-ground stems. The 

time to full emergence was considered when seven stems had emerged from each pot 

(plot). Above (stemA) and below-ground stems (stemB) were counted. The whole stem 

profile (above and below-ground stems) was described as stemAB. Then, 10 stemAB were 

randomly selected to measure DM (g), length (cm) and number of nodes present in stemA 

and stem B stems. StemAB length was measured using a ruler from the bottom of the below-

ground stem to the terminal end of the apical above-ground stem emerged. In addition, the 

fraction of seed potatoes emerged was measured after the potatoes were dug. 

 

8.3.3.3 Experiment 5 

A summary of the pre-storage treatments applied to the seed potatoes in Experiment 5 is 

shown in Figure 8.2. The potatoes were kept at 20 °C for the last eight days of storage. On 

11/1/2013 the pre-storage treatments ended and the seed potatoes were planted in the field. 
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Figure 8.2 Illustration of the temperature treatments and their codes applied to the seed 

potatoes during storage in Experiment 5. The treatments were coded to represent 
the temperature during seed potato storage: ‘Low’, L=2 °C (──), ‘Moderate’; 
M=8 °C (•─•), and ‘High’; H=20 °C (•••), and the number of phases stored in a 
particular temperature on each phase. See Table 8.2 for code reference. 
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8.3.3.3.1 Field	planting	(site)	

Experiment 5 planting site was located at Plant & Food Research Lincoln campus, 

Canterbury, New Zealand (43°39'S and 172°28'E). The paddock was planted in grass 

pasture in the spring of 2012.  

 

8.3.3.3.2 Field	temperature	conditions	

Data for the average daily soil temperature (~150 mm of depth) were obtained from 

planting to crop emergence using HOBO 4-Channel data loggers connected to four thermal 

sensors set for hourly readings, permanently placed at the level of the seed potato (~0.15 

mm of depth). A summary of the daily soil temperature is shown in Figure 8.3. 

 

Figure 8.3 Mean daily soil and air temperature (°C) measured at ~150 mm of depth below 
ground (in the row), from planting to emergence at Canterbury, New Zealand. 
Arrows indicate the time of planting (down) and last crop emergence (up). 

 

8.3.3.3.3 Planting	preparation	

The ground was ploughed and tilled one week before planting. The site was irrigated four 

times (4/2/2013, 4/3/2013, 12/3/2013 and 18/3/2013) with 30 mm using a boom irrigator. 

On 18/3/2013, 37 mm of rain fell. 

One day prior to planting the rows were treated with fungicide Azoxystrobin 250 g l-1 

(“Amistar”) at a rate of 1.5 l ha-1 and insecticide Imicacloprid 600 g l-1 (“Gaucho”) applied 

at a rate of 430 ml ha-1. 
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8.3.3.3.4 Measurements	

The plots were assessed at two day intervals for emergence. The time to full emergence 

was considered when 75% of plants emerged in each treatment. The fraction of plants 

emerged and the total number of stems emerged were measured in each plot. The plots 

were last assessed for stem plant emergence and above-ground stem counts on 24/02/2012 

(44 DAP). 

 

8.3.3.3.5 Field	experimental	design	

The experiment was planted on 11/01/2013 according to a split-plot design. The plots were 

replicated four times. Each replicate (plot) consisted of seven seed potatoes laid out in two 

rows.  

 

8.3.4 Sprout dry matter (Experiments 4 and 5) 

The sprouts of all potatoes were removed from the seed potatoes immediately before each 

planting date in Experiment 4 (Figure 8.1) and seven days before field planting in 

Experiment 5 (Figure 8.2). The sprouts were then dried in a forced air draft oven for 48 

hours at 60 °C to obtain sprout dry matter (DM). 

 

8.3.5 Calculations 

8.3.5.1 Time of sprout onset 

The time of onset of sprouting was predicted by initially plotting the sprout DM (Section 

8.3.4) against thermal-time accumulated during the entire controlled storage season (Table 

8.2) for the different treatments in Experiment 5. Then, a linear regression was performed 

using the data grouped for the treatments with common early temperatures (e.g. HL or H, 

LH, and ML or M). The intercept of the regressions on the x-axis was considered to be the 

time of onset of sprouting. To do that an assumption was made that the rate of sprout 

growth was constant within each of the constant temperatures used (e.g. 8 or 20 °C) and is 

zero below 2 °C (Chapter 7). 
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The values calculated for the estimated time of sprouting are presented in Table 8.3 and 

were used in all thermal-time calculations throughout this chapter, including the 

calculation done for Experiment 4. 

 

8.3.5.2 Phyllochron 

Phyllochron was determined for each treatment and planting date in Experiment 4. This 

was calculated from the number of nodes produced on the above-ground stem 30 DAP 

(averaged from the sub-sample) divided by the thermal-time (Tb=2 °C) accumulated from 

the time of crop emergence (Section 8.3.3.2.1). 

 

8.3.5.3 Measure of “vigour” 

The concept of “vigour” in this chapter is defined as the potential to produce a well-

developed, vigorous plant within a reasonably short period of time (Struik and Wiersema, 

1999). 

The number of nodes produced on the stemAB was chosen to be an indicator of seed potato 

physiological age and a measure of seed potato “vigour”. This is because node appearance 

is the least sensitive to non development factors compared with the other variables 

measured (stemAB DM and length) in Experiment 5.  

Finally, two independent variables (regressors) were plotted separately against the number 

of nodes produced in the stemAB: i. cumulative thermal-time (Tb=2 °C) from onset of 

sprouting to end of storage; ii. cumulative sprout DM produced at the end of the storage. A 

split-line regression was then used to fit the node data against each regressor. The ‘break 

point’ in the split-line model was used to predict time of seed potato “vigour” decline. 

 

8.4 Statistical analysis 
Data were analysed as a split-split-plot design with temperature treatments (as the main-

plot, cultivars (‘Bondi’ and ‘Fraser’) as sub-plot and planting dates as the sub-sub-plots. 

Statistical analysis was performed using GenStat version 14 (VSN International). Standard 

error of differences of means (sem) were used to evaluate least significant differences 
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(LSD) at the α=0.05 probability level to compare temperature treatments for each cultivar 

both within and among planting dates. In addition, emergence was analysed for individual 

cultivars and planting dates as a completely randomised design to allow more sensitive 

comparison of temperature treatments. 

Linear and non-linear regressions were fitted between dependent and explanatory variables 

using GenStat version 14 (VSN International). A split-line regression was fitted to identify 

the point of breakage using the same statistical package. 

  



205 
 

8.5 Results 
 

8.5.1 Sprouting patterns 

8.5.1.1 Sprouting onset (Experiment 5) 

The time of onset of sprouting measured in thermal-time for the ‘Bondi’ and ‘Fraser’ seed 

potatoes stored at different storage regimes is shown in Figure 8.4 and summarized in 

Table 8.3. An interaction (P<0.001) was found for cultivar and treatment. ‘Bondi’ 

accumulated less (P<0.003) thermal-time before sprout onset than ‘Fraser’. In the two 

cultivars when the high temperature was applied before the low temperature (HL) 

sprouting was delayed compared with when the treatment started with a low followed by a 

high temperature (LH). The ML regime required ~30 and 40% less °Cd to sprout than the 

HL treatment in ‘Bondi’ and ‘Fraser’, respectively. 

The time of sprout onset found was used to calculate the accumulated thermal-time from 

sprout onset to planting for the remainder of this chapter. The time of sprout onset for the 

MH treatments was considered to be the same as that calculated for the ML (Table 8.3). 
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Figure 8.4 Sprout dry matter (DM; g) accumulated against thermal-time (Tb=2 °C) from when 
‘Bondi’ and ‘Fraser’ seed potatoes (Experiment 5) entered controlled storage 
(19/5/2012). Treatment codes (see Figure 8.2) are placed above averaged values of 
sprout DM. The sprout DM was measured at de-sprouting on 4/1/2013 prior to 
planting in the field at Lincoln, Canterbury, New Zealand. Coefficients for the 
regressions are presented in Table 8.3.
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 Table 8.3 Parameters for the regressions in Figure 8.4. See Figure 8.2 for treatment codes. 

Cultivar Treatment 
Intercept 

(°Cd) 
Parameters (y = a + b x) 

a a (se) b b (se) R2 
‘Bondi’ HL 524 -0.43 0.10 8.19*10-4 4.28*10-5 0.99 

LH 211 -0.20 0.20 9.58*10-4 8.78*10-5 0.96 
ML 388 -0.54 0.18 1.40*10-3 1.93*10-4 0.91 

Mean 374 1.06*10-3 
‘Fraser’ HL 1149 -2.36 0.56 2.05*10-3 2.33*10-4 0.94 

LH 703 -1.20 0.23 1.71*10-3 9.92*10-5 0.98 
ML 658 -1.23 0.26 1.86*10-3 2.61*10-4 0.93 

Mean 837 1.88*10-3 
Cultivar (C) <0.001 <0.001 
Treatment (T) <0.001 ns 
C. x T 0.003 0.009 
LSD (α=0.05) 141 3.28*10-4 
Note: The intercept measured in °Cd for the MH was considered to be the same for the ML treatment. 

 

8.5.1.2 Number of sprouts per seed potato 

Figure 8.5 shows that a similar amount of thermal-time could be accumulated from the 

different temperature combination (i.e., HL versus LH) but this resulted in a different 

number of sprouts produced on the seed tuber in Experiment 5. The L6H1 treatment for 

example produced ~5 sprouts per seed potato after ~350 °Cd were accumulated from 

sprout onset to planting in ‘Bondi’ and ~80 °Cd in ‘Fraser’. However, for the same amount 

of thermal-time accumulated from the H1L6 treatment, the number of sprouts produced at 

the end of storage was lower at ~2 for both cultivars. 

There was a linear decrease between the number of sprouts produced by the seed potato 

and the thermal-time accumulated from the onset of sprouting for the LH treatment in both 

cultivars. The rate of decrease was 0.5 and 0.6 sprouts for every 1000 °Cd accumulated for 

‘Bondi’ and ‘Fraser’, respectively. However, when the H and M treatments were applied 

‘Bondi’ had a linear increase of ~1 sprout per 1000°Cd. At this rate the ‘Bondi’ seed 

potato reached the multiple sprout stage, or loss of apical dominance (>2 sprouts per seed 

potato) after 1400 °Cd and had produced ~4 sprouts after ~3600 °Cd. The number of 

sprouts was conservative with the H or M treatments applied to ‘Fraser’. This cultivar was 

also characterised by multiple sprouts from sprout onset. 
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Figure 8.5 Number of sprouts per seed potato versus accumulated thermal-time (Tb=2 °C), 

from the onset of sprouting, during different temperature storage regimes for 
‘Bondi’ and ‘Fraser’ (Experiment 5) between 4/7/2012 and 4/1/2013. Code 
displayed above ▲, ■ and ▼ symbols represents their respective early 
temperature treatment applied. Refer to Table 8.2 for full coding. Bars represent 
one standard error above and below the mean values (n=4). Regressions are: 
‘Bondi’ HL, H and M: y = 8.83 (5.05*10-5) x + 0.78 (0.09), R2=0.96; ‘Bondi’ LH: 
y= - 4.73*10-4 (1.24*10-4) x + 5.26 (0.24), R2=0.73; ‘Fraser’ HL, H and M: y = 
3.01 (0.14) - 1.36 (0.25) * [1.00 (7.75*10-4) x], R2=0.79; ‘Fraser’ L: y = - 
5.92*10-4 (9.92*10-5) x + 5.00 (0.17), R2=0.87; where bracketed values are s.e.m. 
(n=4) of the parameters. Horizontal dashed line indicates the threshold between 
apical dominance and multiple sprouts (>2 sprouts per seed potato). 
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an exponential function in ‘Fraser’ (R2=0.90). After 3000 °Cd accumulated ‘Bondi’ had 

produce ~2.7 g of sprout DM, compared with ~6.6 g of sprout DM produced in ‘Fraser’. 

 

 
Figure 8.6 Relationship between sprout DM produced per seed potato (g) and the 

accumulated thermal-time (Tb=2 °C), from the onset of sprouting, during storage 
for ‘Bondi’ and ‘Fraser’ between 4/7/2012 and 4/1/2013. Data from Experiment 
4 and 5 were used in the regression. Bars represent one standard error above and 
below the mean values (n=4). Regressions are: ‘Bondi’: y = 7.93*10-4 (2.64*10-

5) x. R2=0.94; ‘Fraser’: y = 0.89 (0.37) + 0.99 (0.30) * [1.00 (6.95*10-5) x), 
R2=0.93. 
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Figure 8.7 Average number of stems emerged against planting dates (from August 1st to 
January 7th) for Bondi’ (Figure a, white symbols) and ‘Fraser’ (Figure b, grey 
symbols) seed potatoes stored at different temperature regimes and then grown in 
the dark at a constant temperature of 20 °C for approximately 30 days at Lincoln, 
Canterbury, New Zealand. The seed potatoes were de-sprouted on the day of 
planting. The data shown are from Experiment 4. Treatment and symbols are: 
HL (▲), LH (●), ML (■) and L (▼); refer to Table 8.2 for coding. Vertical 
doted lines indicate the sequence of planting dates and the horizontal dashed line 
indicates when seven stems (one per tuber) had emerged in each plot. The six 
planting dates are displayed in the top of the figure (1st - 6th) and indicated by the 
vertical dotted line on the date x axis. Bars represent one LSD above the last 
measurement of stems emerged for each planting date at P<0.05. 

 

The number of days from planting to emergence and the average fraction of plants 
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27 DAP. In this cultivar treatments M3H4, M2H5, M1H6, H6L1, H5L2, L1H6, L2H5 and 

H7 failed to emerge. 

 

8.5.3 Number of above-ground stems emerged 

The number of above-ground stems increased from earlier to later planting dates in all 

treatments. The HL treatment caused the number of stems to decrease after being held at 

20 °C for five months (H5L1) or longer (Figure 8.8). The seed potatoes that accumulated 

~3600 °Cd (H6L1) during the entire controlled storage period failed to emerge on the last 

planting for both cultivars. 

The variation among thermal treatments was more evident in ‘Fraser’ than in ‘Bondi’. The 

‘Fraser’ tuber stored in high temperatures (HL or LH) produced the highest number of 

above-ground stems in the first three planting dates (September - October). However, in 

most cases these differences disappeared for the November planting. The H3L1 and the 

L6H1 produced the highest number of above-ground stems per seed potato (~9) for this 

cultivar. 

‘Bondi’ above-ground stem number was mostly increased by chronological time. With the 

low temperature treatment (L) this increased from ~2 in the September planting to nearly 6 

in the January planting. 
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Figure 8.8 Average number of stems emerged against planting dates (from 1/08/2012 to 

7/01/2013) for Bondi’ (white symbols) and ‘Fraser’ (grey symbols) of potato 
seed stored at different temperature regimes and then grown in the dark at a 
constant temperature of 20 °C for approximately 30 days at Lincoln, Canterbury, 
New Zealand. The seed potato was de-sprouted on the day of planting. The data 
shown are from Experiment 4. Treatment and symbols are: HL (▲), LH (●), ML 
(■) and L (▼); refer to Table 8.2 for coding. Bars represent one standard error 
above and below the mean values (n=4). 
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8.5.3.1 Stem measurements 

Figure 8.9 shows three parameters that are associated with the seed potato vigour of the 

‘Bondi’ and ‘Fraser’ seed potatoes. 

The low temperature treatment (L) responded similarly to the warmer treatments in all 

parameters. They all increased up to a maximum value on the third planting date in all 

treatments applied. From then these values decreased for the HL treatment.  

Both the patterns of stemAB DM (Figure 8.9a and d) and number of nodes produced on the 

above-ground stem (Figure 8.9c and f) changed throughout the different planting dates but 

were similar in both cultivars. Nevertheless, the early planting treatment differences are 

clearer for stemAB DM and stemAB length than for number of nodes in the above-ground 

stem, especially for ‘Fraser’. However, in the mid planting dates (October and November) 

the number of nodes produced on the above-ground stem was unaffected by any of the 

treatments. For the October planting, for example, ‘Bondi’ and ‘Fraser’ developed 11 and 

8.5 nodes per above-ground stem regardless of treatment. However, some average 

differences were found between treatments in the stemAB measurements. 

Finally, in the later planting dates (December and January) all three parameters suffered a 

severe decline from the HL treatment, 
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Figure 8.9 Average stemAB (above and below-ground) dry matter (a and d), stemAB length (b 

and e) and number of nodes on the above-ground stem (c and f) against six 
planting dates (from August to January) for Bondi’ (white symbols) and ‘Fraser’ 
(grey symbols). Seed potatoes were stored at different temperature regimes (see 
Figure 8.1) and then grown in the dark at a constant temperature (20 °C) for 
approximately 30 days at Lincoln, Canterbury, New Zealand. The seed potato was 
de-sprouted on the day of planting. The data shown are from Experiment 4. Bars 
represent one standard error above and below the mean values (n=4). 
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8.5.3.2 Phyllochron 

In most cases the temperature treatments were not different from the phyllochrons 

calculated in Chapter 7. However, there was a pattern of phyllochron increase with 

chronological ageing of the seed potato. This was mostly evident in ‘Fraser’. The L 

treatment had a phyllochron of 13 °Cd node-1 in the first planting date (L2; planted in 

September). On the last planting this value was highest (P<0.001) at 40 °Cd node-1 (L7; 

planted in January). 

 

 
Figure 8.10 Phyllochron of potato plants stored at different temperature regimes for Bondi’ 

and ‘Fraser’ planted on different dates and grown in the dark at a constant 
temperature of 18 °C for approximately 30 days at Lincoln, Canterbury, New 
Zealand. The seed potatoes were de-sprouted on the day of planting. The data 
used in the regressions were from Experiment 4. Bars represent one standard 
error above and below the mean values (n=4). Horizontal dashed lines represent 
the phyllochron calculated in the early stage of growth for the two cultivars 
(Chapter 7). 
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8.5.4 Measuring seed potato “vigour” 

The number of nodes produced on the stemAB was used as an indicator of seed potato 

vigour, since it combined information on the potential number of leaves produced on the 

canopy (above-ground nodes) and the number of potential sites for stolon growth and tuber 

initiation (below-ground nodes).  

A split-line regression (Figure 8.11) was used to explain the relationship between the 

number of nodes produced on the stemAB and the thermal-time accumulated from onset of 

sprouting until end of storage in ‘Bondi’ (R2=0.91) and in ‘Fraser’ (R2=0.96).  

An average of 16 nodes was produced up to ~2470 in ‘Bondi’ and ~1960 °Cd in ‘Fraser’. 

From these points the rate of decline measured as the number of nodes per 100 °Cd-1 was 

2.7 and 1.4 for ‘Bondi’ and ‘Fraser’, respectively. Total “vigour” decay, or zero “vigour”, 

was estimated to be at ~3060 °Cd for both cultivars.  

Analogous to the thermal-time measure, the number of nodes produced on the stemAB was 

explained by the sprout DM accumulated by the seed potato at the end of storage using a 

split-line regression (Figure 8.11). The coefficients of regression found for ‘Bondi’ 

(R2=0.91) and ‘Fraser’ (R2=0.96) were the same as those found using thermal-time. 

The threshold point dividing the constant phase, where number of nodes is at its 

maximum, and the decline phase was at 2.2 and 1.9 g of sprout DM per tuber for ‘Bondi’ 

and ‘Fraser’, respectively. The rate of decline was ~32 nodes per g of sprout DM for 

‘Bondi’ and ~6 nodes per g of sprout DM for ‘Fraser’. 
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Figure 8.11 Number of nodes produced in the above and below-ground stem (stemAB) against 
thermal-time accumulated from sprout onset to planting (a) or sprout dry matter 
(DM) prior to planting (b) for ‘Bondi’ and ‘Fraser’ between 7/9/2012 and 
7/2/2013 at Lincoln, Canterbury, New Zealand. The seed potato was de-sprouted 
on the day of planting. The plants were grown in the dark at a constant 
temperature of 18 °C for approximately 30 days. The data used in the regressions 
were from Experiment 4. Bars represent one standard error above and below the 
mean values (n=4). Only sprouts >0.01 g per seed potato was used in the 
regressions. Regression I (before the ‘break point’) and II (after the ‘break 
point”) are: ‘Bondi’ (a); I: y = 16.6, II: y = - 0.03x + 85.2, R2=0.91; ‘Fraser’ (a): 
I: y = 15.2, II: y = - 0.014x + 42.0, R2=0.96; ‘Bondi’ (b); I: y = 16.6, II: y = - 
32.6x + 87.6, R2=0.91; ‘Fraser’ (b): I: y = 15.2, II: y = - 6.01x + 26.5, R2=0.96. 

 

8.5.4.1 Field test of seed potato vigour measures (Field Experiment 5) 

A split-line regression was fitted to the fraction of plants emerged (Experiment 5) plotted 

against thermal-time and sprout DM accumulated from sprouting to the end of storage 

(Figure 8.12). Then, the “break points” in the regressions were compared with the 

predicted values of “vigour decline” calculated in Section 8.5.4. 

The regression fits were improved with the cumulative sprout DM (0.78<R2<0.90) 

compared with the cumulative thermal-time scale (0.65<R2<0.68). 

The fraction of plants emerged declined after ~2200 °Cd for ‘Bondi’ and at ~1100 °Cd for 

‘Fraser’. These values were ~10 and 45% underestimated compared with the values 

predicted by the thermal-time model. 

However, when the sprout DM was used as the independent variable, the decline started at 

1.8 and 1.6 g DM for ‘Bondi’ and ‘Fraser’, respectively. These values also underestimated 

the values predicted using the “vigour” model, but only by 18 and 10% for ‘Bondi’ and 

‘Fraser’, respectively. 
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Figure 8.12 Fraction of plants emerged (Experiment 5) and the thermal-time (a and c) or 
sprout DM (b and d) accumulated from when the seed potato started sprouting 
for ‘Bondi’ and ‘Fraser’ potato crops planted on 11/01/2013 at Lincoln, 
Canterbury, New Zealand. The seed potatoes all had any sprouts present on the 
tuber removed one week before planting. Bars represent one standard error above 
and below the mean values (n=4). Horizontal dashed lines represent the time of 
seed potato “vigour” decline calculated in Section 8.5.4. The circles indicate the 
“break point” in the regressions and are displayed only for reference. The 
triangle crossed value (HL or H treatment) in figure “d” was not included in the 
regression. Regression I (before the ‘break point’) and II (after the ‘break point”) 
are: ‘Bondi’ (a); I: y = 0.99, II: y = - 1.0*10-4x + 1.25, R2=0.65; ‘Bondi’ (b); I: y 
= 0.99, II: y = - 0.11x + 1.19, R2=0.78; ‘Fraser’ (c): I: y = 0.99, II: y = - 4*10-4x 
+ 1.45, R2=0.68; ‘Fraser’ (d): I: y = 0.99, II: y = - 0.20x + 1.31, R2=0.90. 

 

8.5.5 Number of stems emerged per plant (Field Experiment 5) 

The number of stems produced per plant from Experiment 5 was plotted against thermal-

time and sprout DM (Figure 8.13). There was a stronger relationship when the sprout DM 

(0.51<R2<0.87) was the independent variable compared with thermal-time (0.49<R2<80). 

Around five stems emerged per plant in the ‘Bondi’ seed potato that had produced from 0 

to 1.83 g of sprout DM. Then, the number decreased at a rate of 1.7 stem per g of sprout 

DM. ‘Fraser’ had ~7 stems emerged per plant between 0 and 0.9 g of sprout DM produced 
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in the seed potato. From this point onwards the number of stems per plant declined at a 

rate of 1.4 stems per g of sprout DM. 

 

Figure 8.13 Relationship between the number of stems emerged per plant in Experiment 5 
and the thermal-time accumulated from when the seed potato started sprouting 
(sprouts >0.01 g) for ‘Bondi’ and ‘Fraser’ potato crops planted in 11/01/2013 at 
Lincoln, Canterbury, New Zealand. Bars represent one standard error above and 
below the mean values (n=4). The triangle crossed value (HL or H treatment) in 
figure “d” was not included in the regression. Regression I (before the ‘break 
point’) and II (after the ‘break point”) are: ‘Bondi’ (a); I: y = 5.14, II: y = - 3*10-

4x + 12.7, R2=0.49; ‘Bondi’ (b); I: y = 5.27, II: y = - 1.70x + 8.37, R2=0.78; 
‘Fraser’ (c): I: y = 6.83, II: y = 3.10*10-3x + 9.70, R2=0.51; ‘Fraser’ (d): I: y = 
6.77, II: y = - 1.37x + 8.01, R2=0.87.
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8.6 Discussion 
In this chapter ‘Bondi’ and ‘Fraser’ seed potato “vigour” thresholds were estimated from a 

range of accumulated temperatures during storage. This represented an important 

milestone for future potato storage planning and potato simulation modelling work in New 

Zealand. 

 

8.6.1 Sprouting  

In line with the results presented in Chapter 5, progressively warmer temperatures applied 

in the first phase of storage required increasingly larger amounts of thermal-time to sprout 

(Table 8.3), but this was not a determinant factor for crop emergence (Figure 8.7) or early 

establishment (Figure 8.9). Even when the seed potato was planted before sprouting (H1L1 

and M1L1) in the September planting, stems emerged and grew. This suggests that for all 

storage temperatures tested the seed potatoes from these two cultivars would be ready for 

planting after a short period in storage (from mid February to mid September) if grown in 

soils at mean temperatures around 20 °C. The implication is that final tuber yield would 

then result from the environmental conditions during crop growth and the duration of the 

growing season, not their pre plant storage conditions. 

For the longest period of potato storage (~mid February to mid January; Experiment 5) the 

number of sprouts produced per seed potato was a poor guide to the number of above-

ground stems that emerged in the field. For an accumulated temperature up to ~2500 °Cd 

for ‘Bondi’ and ~1000 °Cd for ‘Fraser’, the number of main stems emerged was at a 

maximum in the field (Figure 8.13). Nevertheless, for these accumulated temperatures, the 

number of sprouts produced at the end of the storage period per seed potato differed 

depending on the temperature treatment (Figure 8.5). The tubers stored at low 

temperatures during the first storage phase (e.g. L6H1) produced the highest number of 

sprouts per seed potato (~5 in ‘Bondi’ and ‘Fraser’). In contrast, this was lowest on both 

cultivars (<2 for ‘Bondi’ and ‘Fraser’) when the same amount of temperature was 

accumulated (~350 °Cd in ‘Bondi’ and ~80 °Cd in ‘Fraser’) but with a short period of 

warmer temperatures followed by longer periods of cold storage (e.g. H1L6). In addition, 

the HL or H treatments had higher numbers and weights of sprouts, after accumulating 

>3000 °Cd, and the number of above-ground stems in the field was lowest in ‘Bondi’ or 
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even failed to emerge in ‘Fraser’ (Figure 8.12). Therefore, it may be concluded that the 

number of sprouts was inappropriate as a predictor of the number of above-ground stems. 

This finding also supports the previous suggestion (Chapter 7) that de-sprouting seed 

potatoes that had accumulated a great amount of reserves (biomass) in their sprouts 

(physiologically old potato) compromised re-sprouting and thus the number of above-

ground stems that emerged in the field. 

Crop establishment in the field (Experiment 5) was determined by the cultivar pattern of 

seed potato DM allocation in the sprouts (or DM accumulation rate). ‘Fraser’ had a higher 

rate (measured in thermal-time) of sprout DM accumulation than ‘Bondi’ (Figure 8.6) 

which culminated in a narrower thermal plasticity to establish a crop in ‘Fraser’. Around 

the time of ~3000 °Cd accumulated after sprouting, ‘Fraser’ had accumulated ~6.6 g of 

sprout DM compared with ~2.6 g in ‘Bondi’. At that time ‘Fraser’ was unable to emerge 

when planted in the field but ‘Bondi’ did (Figure 8.12). This indicates that when large 

amounts of DM were invested in the production of sprouts, de-sprouting; which is a 

commercial practice in New Zealand, represented a large loss of resources for the seed 

potato. This affected the fraction of plants emerged in the field. The rate of DM allocation 

to sprouts may be used to select for cultivars for higher plasticity to storage conditions. 

This parameter may be used to estimate seed potato “vigour” (Section 8.6.2.3). 

 

8.6.2 Physiological age and seed potato “vigour” 

These results revealed that ‘Bondi’ and ‘Fraser’ early phase of crop establishment can be 

compromised by potato seed “vigour” depletion only when extreme potatoes were 

produced at the end of the storage phase prior to planting. The chronological and thermal 

components were analysed for each cultivar to determine their role in the crop 

establishment phase. This was done by contrasting the effects of temperature treatments 

and planting dates on the plant characteristics (number of above-ground stem, stemAB 

mean DM and length and number of nodes on the above-ground stem) during the early 

phase of growth (Experiment 4). The threshold to seed potato “vigour” loss was estimated 

and tested in the late planting field experiment (Experiment 5). 
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8.6.2.1 Thermal effect 

The most important temperature effect on crop establishment was from the HL treatments 

which had faster emergence (Figure 8.7) in the October planting (H3L1), but failed to 

emerge in the early January planting (H6L1) when ‘Bondi’ and ‘Fraser’ had accumulated 

~3600 °Cd for the whole controlled storage period (Table 8.2). This was related to seed 

potato “vigour” loss (Section 8.6.2.3).  

For all other temperature treatments applied, the pattern of stem growth was similar within 

each planting date. This meant that physiological ageing was not a key component in the 

early crop establishment. An exception was shown in the pattern of plant growth from the 

higher temperature treatments (HL or LH) in contrast with the moderate and low (ML and 

L) applied to ‘Fraser’ in the early plantings (August and September). In those plantings the 

later treatments produced a lower stemAB DM, stemAB length, and number of above-ground 

nodes (Figure 8.9). Nevertheless, these lower values reflected the slower plant emergence 

which allowed a shorter amount of time for growth (Appendix 27). The L3 treatment for 

example, emerged six days later than H2L1 in the September planting. This resulted in 

only four fewer nodes developed on the L3 above-ground stem after ~30 days of growth. 

Considering that phyllochron was lowest for this treatment in the October planting (Figure 

8.10), it can then be concluded that these differences are negligible and, as shown in 

Chapter 7, unlikely to affect canopy establishment in the field. In reality, the moderate and 

lower storage temperature regime before planting can be beneficial in the earlier (e.g. 

August - September) plantings in Canterbury by avoiding any temperature shock to the 

seed tubers planted in the soil at lower temperatures. A similar argument has been stated 

by Wurr (1979).  

The number of stems emerged above-ground per seed potato can be manipulated by using 

different storage temperatures, but this may depend on the cultivar. Similar conclusions 

were made by (Struik et al., 2006). For the early October planting (Experiment 4) this 

ranged from four stems with L3H1 to nine with H3L1 (Figure 8.8). This may have some 

practical implication to the manipulation of the tuber weight yield distribution in this 

cultivar. It was shown in Chapter 6 that by increasing the number of above-ground stems 

in ‘Fraser’ the spread of the distribution decreased which resulted in fewer larger tubers 

produced. Yet, when the number of above-ground stems increases over an optimum stem 

population, competition for resources increases between and within plants (Section 

2.13.1), which may lead to tuber yield constraints. This could be particularly detrimental to 
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‘Fraser’ since this is a low yield cultivar (Chapters 4 and 6). However, in these previous 

studies this last aspect was not tested properly since the maximum number of above-

ground stems produced was less than six. 

Conversely, ‘Bondi’ stem number manipulation by means of thermal storage treatments 

should not be encouraged since the costs involved in this process will not return significant 

differences. On each planting date the thermal-treatments applied to ‘Bondi’ did not 

produce differences in the number of above-ground stems emerged (Figure 8.8). ‘Bondi’ 

was shown to have a strong apical dominance trait which is likely to exert a strong 

paradormancy on the other eyes of the tuber (Section 2.12.2.1). It seems that the hormonal 

regulation involved in the process of tuber dormancy break (Suttle, 2004) was unaffected 

by temperature in ‘Bondi’. 

 

8.6.2.2 Chronological effect 

‘Bondi’ physiological age was mostly affected by cumulative chronological time in storage 

rather than cumulative thermal-time. On each sequential plantings (Figure 8.8) the number 

of above-ground stems emerged per seed potato was similar between the potatoes that 

received warmer temperatures (e.g. HL, LH and ML) and the ones stored at 2 °C (L). 

Conversely, in most cases the number of above-ground stems emerged progressively 

increased with time regardless of thermal-time accumulation. This represents an 

opportunity to reduce the size distribution of this cultivar, which is currently a problem for 

its production in New Zealand (Section 3.2.2). One alternative is to encourage a higher 

number of main stems in this cultivar by anticipating the current ‘Bondi’ seed potato 

haulm desiccation in New Zealand in three months (e.g. from mid February to mid 

November). In this case the current storage period of eight months would be extended to 

11 months for the crop planted in October in Canterbury. This could potentially produce 

up to 6 above-ground stems if stored under mild temperatures as shown in Figure 8.8. 

 

8.6.2.3 Measure of seed potato vigour 

The first step in quantifying the thresholds of potato “vigour” was to determine an 

adequate parameter (dependent variable) that describes it. The number of nodes produced 

per stemAB during the phase of plant establishment (up to ~30 DAP), when crop growth 
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and development is most influenced by the seed potato, was chosen as a parameter of seed 

potato “vigour”. This represented an alternative to stem (or haulm) DM used to describe 

“vigour” in other studies (Hartmans and Van Loon, 1987). The rationale is that node 

appearance is a developmental parameter and thus, less vulnerable to other confounding 

effects (e.g. seed potato size and mineral availability). Nevertheless, under the controlled 

constant temperature in which the uniform size tubers were tested, these two parameters 

behaved alike (Figure 8.9). Moreover, in line with previous work (Section 2.12.3.1) the 

thermal-time accumulated from sprouting was used as a measure for this parameter. To 

this point no measure of seed potato “vigour” has been established for ‘Bondi’ and 

‘Fraser’. 

Seed vigour was described using a split-line model. This contrasts with the three-linear 

potato vigour model present in earlier publications (Bodlaender and Marinus, 1987; 

Hartmans and Van Loon, 1987; Van Der Zaag and Van Loon, 1987). Here, an assumption 

was made that ‘Bondi’ and ‘Fraser’ seed potato planted before sprouting (or sprouts <0.01 

g of DM) and therefore, had accumulated zero °Cd, was at maximum “vigour”. The 

justification is that these crops are commercially planted in October (~9 months after seed 

potato haulm desiccation) in Canterbury. At this point, the seed potato may still not have 

any signs of sprouting from enforced eco-dormancy when stored at lower temperatures 

(Section 2.12.2.1). However, these crops will emerge within a reasonable time (~30 DAP, 

Figure 8.7) when planted in the soil at warmer temperature (~14 °C in October; Figure 

3.2). In addition, as shown in Chapter 7, an expected slower crop emergence from the 

unsprouted seed potato is unlikely to compromise canopy development for radiation 

interceptance. 

The current work suggests that for the main crop production of ‘Bondi’ and ‘Fraser’ in the 

Canterbury region, the storage temperature is not an important issue to the “seed potato 

vigour” and potential final yield. Seed potato “vigour” was estimated to decline after 

~2470 °Cd in ‘Bondi’ and ~1960 °Cd in ‘Fraser’. Additionally this threshold may be 

expressed in g of sprout DM produced per seed potato prior to planting. This was 

calculated at ~2.2 and 1.9 g of sprout DM per tuber for ‘Bondi’ and ‘Fraser’, respectively. 

These finding confirm that when the amount of thermal-time accumulated from sprouting 

to end of storage ranged from 258 to 554 in ‘Bondi’ and from 183 to 438 °Cd in ‘Fraser’ 

(Chapter 5) the seed potatoes were still at maximum “vigour” and produced similar final 

tuber yields at the end of the growth season (Chapter 6). This supports the suggestion 
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made in Chapter 6 that for a range of physiological aged thermally produced during 

storage, the final tuber yield potential on these main crops is maintained. 

In practice, if these cultivars are stored at ambient temperature (e.g. Shed) during most of 

the storage season (commercially from mid February to mid October) the seed potatoes 

would not have accumulated sufficient thermal-time to compromise its “vigour”. 

Assuming that the potatoes were held at ambient temperature during the whole storage 

period, and the average air temperature registered in this area during the months of January 

- September was from 6 to 17 °C (being maximum at ~22 °C and minimum at ~1 °C; 

Table 3.2), around ~2240 °Cd (Tb=2 °C) would be accumulated at the end of the storage 

before planting. From the seed potato “vigour” estimations, ‘Bondi’ would still be at 

maximum “vigour” while this would have just begun to decline in ‘Fraser’. This highlights 

the plasticity of these cultivars, particularly ‘Bondi’, for storage during the autumn-winter 

season in Canterbury. Therefore, the thresholds calculated in this work will guide potato 

growers in the methods required to store these seed potatoes. 
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8.7 Conclusions 
 Similar amounts of thermal-time accumulated using different combinations of 

temperature (i.e., HL versus LH) resulted in a different number of sprouts produced 

in the seed tuber at the end of the storage period. The low stem number (<1 stem 

per tuber) is likely to be associated with apical dominance in the younger seed 

potato (e.g. M1L1 and L2) and with vigour loss in the old seed potato (e.g. H6L1). 

 

 ‘Fraser’ has a faster rate of ageing than ‘Bondi’ which can be expressed in g of 

sprout DM °Cd-1 accumulated from sprouting onset. At 3000 °Cd ‘Bondi’ had 

produced ~2.7 and ‘Fraser’ ~6.6 g of sprout DM. This suggests that sprout DM 

could be made into a more universal method to assess seed potato “vigour” prior to 

planting. 

 

 The number of above-ground stems produced per seed potato can be manipulated 

in ‘Fraser’ with thermal treatments. However, this variable was changed in ‘Bondi’ 

by chronological age. These different ways of manipulating the number of stems in 

‘Bondi’ and ‘Fraser’ could be used to change their tuber yield distribution (refer to 

Figure 6.8). 

 

 Seed potato “vigour” declined after ~2470 in ‘Bondi’ and ~1960 °Cd after onset of 

sprouting in the ‘Fraser’ crop. The time of “vigour” decay was estimated to be at 

~3600 °C for both cultivars. Alternatively, the sprout DM produced per seed tuber 

at the end of the storage phase can be used as a metric of “vigour”. ‘Bondi’ and 

‘Fraser’ produced 2.2 and 1.9 g of sprout DM per potato, respectively, before 

“vigour” declined. 

 

 High storability plasticity was found for the two main crops in study. Crop 

establishment was unaffected by most temperature regimes applied to ‘Bondi’ and 

‘Fraser’ during the storage phase. This represents an opportunity to plan more 

economical ways of storing seed potatoes in Canterbury. 
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9 General	Discussion	
 

9.1 Overview 
The principal aim of this thesis was to understand the impact of seed potato physiological 

age on potato crop growth and development and on tuber yield and quality (yield 

distribution). 

A first step to accomplish this aim was to understand the mechanisms involved in potato 

growth and development using a benchmark experiment (Chapter 4) under non limiting 

conditions for potato crop growth. This identified the main physiological factors driving 

tuber yield and the yield distribution. A second part of the thesis investigated the impact of 

seed potato physiological age on the parameters of tuber yield (R/Ro, RUE and HI). For 

this purpose, contrasting seed potato physiological ages were produced from different 

storage regimes (Chapter 5). In addition, the effect of de-sprouting versus planting the seed 

potatoes with sprouts was included as an agronomic treatment. After planting, these seed 

potatoes were tested for different growth and development patterns in a long field growing 

season (Chapter 6 and 7). Finally, the early phase of potato growth from a wider range of 

seed potato physiological ages was examined to define the thresholds of seed “vigour” 

(Chapter 8).  

The general discussion of this thesis will first focus on the agronomic implications found 

from the experiments reported in the results chapters. Physiological interpretation of the 

findings and its importance for potato modellers and breeders will follow. Finally, further 

topics are suggested for future potato research. 

 

 

 

 

 



228 
 

9.2 Agronomic implications 
 

9.2.1 Potato cultivars 

In New Zealand, the decision of a farmer of which potato cultivar to grow depends on the 

market. However, growers are more inclined to grow cultivars that will deliver high yields 

and thus, profits. An exception happens when economic incentives are given for potatoes 

grown for a particular market (fresh market) or quality attributes (e.g. size, dry matter, 

storability). Therefore this thesis started by identifying yield and quality (yield 

distribution) potential among three main cultivars grown in Canterbury (Chapter 4). 

Chapter 4 showed that ‘Bondi’ delivered the highest yields among these cultivars (Table 

4.2). This was on average ~20% more than ‘Fraser’. ‘Bondi’ has been described as using 

lower crop inputs (fertilizer and fungicides and insecticides) and to produce high yields in 

Canterbury (Section 3.2.2). These are important traits for both growers and consumers. 

However, the production of ‘Bondi’ in this region is currently under threat. This is because 

some potato processors have recently stopped accepting ‘Bondi’ for ‘French fry’ 

production because of its large tubers, which are unsuitable for processing. This 

undesirable trait was confirmed by the analyses of the yield distribution (Figure 4.1). On 

the other hand, there is an increasing demand for ‘Fraser’ by the chip processors in 

Canterbury because of its high quality (Section 3.2.3) and resistance to cold-sweetening 

during long storage periods. Nevertheless, its low yields (Table 4.2) have discouraged 

potato growers to plant this cultivar. Therefore, the prospect of decreasing ‘Bondi’ yield 

distribution from different seed potato physiological ages and increasing ‘Fraser’ yields 

was investigated in Chapter 6. 

According to many potato reports (Section 2.13.1) yield distributions can be shifted to 

smaller potato grades (weight or size) by an increase in stem population. Indeed, the 

inverse relationship between number of stems emerged per plant and tuber yield 

distribution was suggested in Chapter 6. It was shown that a higher number of stems per 

plant resulted in a lower tuber weight spread rate (measured between 5 -95% accumulated 

proportion of yield) compared with the plants with a lower number of stems (Figure 6.8). 

However, ‘Bondi’ was shown to have strong apical dominance (Table 5.2) that was in 

most cases insensitive to different thermal treatments during the storage phase (Figure 
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8.7). Moreover, de-sprouting ‘Bondi’ seed potato before planting (current commercial 

planting procedure in New Zealand) increased the number of stems emerged per plant 

compared with seed planted with sprouts. In most cases, this increase was of one extra 

above-ground stem (Figure 6.3). It follows that to reduce individual tuber size, practices 

should be implemented to achieve an increase in the number of main stems per plant in 

‘Bondi’ 

A first viable option would be to increase stem density by reducing plant spacing (Section 

2.13.1). However this would also mean an increase in the production cost, since more seed 

potatoes would be needed for planting. Alternatively, higher numbers of stems emerged 

per plant can be achieved by planting chronologically older ‘Bondi’ seed potato, as shown 

in Figure 8.8. This represents a practical possibility in New Zealand and would involve an 

earlier production of the seed. In warmer places like Pukekohe (North of New Zealand`s 

North island), for example, ‘Bondi’ could be harvested as early as November for seed 

production. This would prolong the seed potato storage phase by ~4 months and 

potentially encourage up to six stems to emerge per plant in the commercial October 

plantings. 

Conversely, ‘Fraser’ was shown to be physiologically unlikely to produce higher yields in 

Canterbury. There was no opportunity to increase ‘Fraser’ yields by means of changing the 

seed potato physiological age shown by this research. The low yields measured for this 

cultivar in Chapter 6 (Table 6.2) were consistent with the result found in the Benchmark 

experiment (Chapter 4). It seems that the economic viability of growing ‘Fraser’ in 

Canterbury will depend on the price paid by the processors. This basically means that 

growers would have to be paid an extra price to account for its lower yields. The 

physiological yield constraints in ‘Fraser’ will be discussed in Section 9.3. 

 

9.2.2 Seed potato storage 

The importance of the storage phase to the development of seed potatoes physiological age 

has been stressed in a number of studies (Section 2.12.1). However, this is largely 

dependent on the cultivar (Struik and Wiersema, 1999). To date, no information was 

available on the impacts of different seed potato storage practices on ‘Bondi’ and ‘Fraser’ 

in New Zealand. These two cultivars are currently stored based on a general commercial 
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procedure adopted in Canterbury. This establishes that, after the seed potatoes harvest (mid 

March), they are stored for 1 - 2 weeks at ambient conditions for the potatoes to 

acclimatise. After this period, the potatoes are cool stored (at 2 - 4 °C) until four weeks 

before planting (mid October). This refrigerated storage is associated with additional 

monetary cost to the seed potato grower.  

Chapter 6 shows it was unnecessary to cool store the seed potatoes over the whole winter 

period in Canterbury, and bear extra monetary costs. There were no final tuber yield 

differences or substantial changes in yield distribution from the different storage regimes 

(Table 6.2). This means that the duration of the refrigerated storage period could be 

lowered from 162 days (e.g. currently applied; ‘Cooler’ + ‘1M’) to 80 days (e.g. ‘Shed’ + 

‘3M’) with no impact on yield or distribution.  

Moreover, Experiments 4 and 5 revealed the plasticity of seed potato “vigour” stored in a 

wide range of storage temperature regimes with different planting dates. For the October 

planting (the commercial planting date in Canterbury), for example, the thermal treatments 

ranged from ~200 °Cd to ~2000 °Cd accumulated during the whole controlled storage 

period (Table 8.2). However, the initial phase of plant growth was unchanged by any of 

the treatments in ‘Bondi’ and ‘Fraser’ (Figure 8.9). For this planting date, the number of 

nodes initiated on the above-ground stem, after ~30 DAP, was 11.3 in ‘Bondi’ 

(phyllochron of 24 °Cd leaf-1) and 8.7 in ‘Fraser’ (phyllochron of 29 °Cd leaf-1), regardless 

of the treatment applied. These rates of node appearance were in line with those found in 

field Experiment 3 (Figure 7.7). From these results, it may be concluded that ‘Bondi’ and 

‘Fraser’ crop establishment and yield are unlikely to be affected by physiological age in 

Canterbury. Assuming the seed potatoes are stored in a shed, at ambient temperature, for 

the whole storage period, they will accumulate less than 2600 °Cd before planting. These 

results allow growers to choose more economical ways of storing seed potatoes. 

Finally, seed potato “vigour” was quantified in thermal-time accumulated from sprouting 

to the end of storage and in sprout DM produced before planting. This identified when 

seed potato “vigour” would become a problem for the main potato crops in Canterbury. 

‘Bondi’ required 2470 °Cd (or 2.2 g of sprouts DM) and ‘Fraser’ 1960 °Cd (of 1.9 g of 

sprout DM) before its “vigour” was compromised (Figure 8.11). The strong relationship 

between thermal-time and sprout DM suggests that sprout DM could be made into a more 
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universal method to assess seed potato “vigour” prior to planting considering that this is 

relatively easy to measure by farmers. 

 

9.3 Physiology of potato yield 
 

9.3.1 The mechanisms of crop growth and development (partitioning 
relations) 

The first step in understanding the mechanisms driving tuber yield was to quantify the 

parameters that describe it (Equation 1). Chapter 4 explained tuber yield in terms of 

cumulative radiation intercepted (Rcum), radiation use efficiency (RUE) and harvest index 

(HI). This is a common approach used for yield analysis among different cultivars (Van 

Der Zaag and Doornbos, 1987; Spitters et al., 1989; Ellissèche and Hoogerndoorn, 1995) 

and is important for simulation models of potato yield (Jamieson et al., 2004).  

Chapter 4 indicated that RUE was the main source of yield variation among cultivars. 

‘Bondi’ had a RUEtotal (including above and below-ground organs, but excluding roots) of 

1.24 g DM MJ-1 of total solar radiation intercepted. This was around 20% higher than 

‘Fraser’ (Table 4.6), which reconciled with the ~20% yield difference found between these 

two cultivars (Table 4.2). However, these findings contrast with others (Van Der Zaag and 

Doornbos, 1987; Spitters et al., 1989; Ellissèche and Hoogerndoorn, 1995), that attributed 

yield differences among cultivars mostly to the amount of radiation intercepted. 

Chapter 4 showed the amount of radiation intercepted by the crops was not a central 

component to explain cultivar yield differences in this study. The radiation interceptance 

pattern (Table 4.5) was similar among the cultivars up to ~1400 °Cd, accumulated from 

crop emergence, when their final tuber yields were already defined (95% of their total final 

tuber yields; Table 4.4). Therefore, maintaining a higher radiation interceptance after this 

point (Figure 4.5) and thus, intercepting more radiation at the end of the growing season 

(Figure 4.6), did not return any yield advantages for ‘Fraser’.  

The explanation for lower ‘Fraser’ yields was attributed to the causal relationship between 

a low “sink strength” and a low RUEtotal. Schapendonk et al. (1995), for example, stated 

that supply and demand are interrelated processes, thus photosynthesis in most cases 
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responds to a sink limitation by a decrease in quantum efficiency. This was suggested in 

Experiment 1 from a series of above and below-ground potato measurements. First, the 

low “sink strength” in ‘Fraser’ was identified in some of its canopy (source) 

characteristics. Briefly, this was expressed by the DM concentration in the leaves (Figure 

4.13) and a lower SLA (Figure 4.9); suggesting thicker leaves, which possibly down 

regulated photosynthesis and allowed for longer canopy longevity (Section 2.9.1). 

The longer stolons on the below-ground node positions of ‘Fraser’, where the larger tubers 

were produced (Figure 4.18 and Figure 4.19), was the first vegetative signal of the low 

tubers “sink strength” in ‘Fraser’. These longer stolons led this cultivar to later tuber 

initiation (Figure 4.19) and bulking (Table 4.7), and finally a lower rate of tuber growth 

(Table 4.4) compared with ‘Bondi’. These longer stolons may be associated with higher 

resistance to photosynthates partitioned to tubers in ‘Fraser’. These results agree Engels 

and Marschner (1986), who studied the sink size of individual tubers and its relation to 

stolon at tuber initiation. Hence, it may be concluded that the growth rate of individual 

tubers in the potato plant is initially dependent on factors such as position on the plant, 

date of initiation and initial volume. When the tuber has established its own sink 

“strength”, tuber growth results mainly from tuber size (weight) and its capacity to 

compete with other tubers for photosynthate. These factors combined determine the rate of 

tuber growth and sets demand for photosynthates. 

The last parameter of Equation 1 is HI. The pattern of HI change (Figure 4.8) reinforces 

the assumption that ‘Fraser’ yield was determined by source-sink relations. The low tuber 

growth rate and DM accumulation in the leaves contributed to its low HI for the period of 

crop growth. Conversely, ‘Bondi’ maintained a higher rate of HI increase from its large 

tuber sink demand. 

From the results found in this thesis, it can be suggested that breeding programmes for 

higher yields in main potato crops could select for adequate canopies for radiation 

interceptance combined with high RUEtotal (Van Der Zaag and Doornbos, 1987). In 

addition, it seems that stolon length could be included as breeding criterion in the selection 

of new cultivar lines. It follows that, shorter stolons should be a selective trait, particular 

for higher latitudes where longer days may prolong stolon growth (Abd El-Hak, 1969) and 

delay tuber bulking (Kooman et al., 1996b). 
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Differences in RUE among genotypes are usually unclear (Jefferies, 1993) and therefore it 

is often assumed as a constant value in potato simulation models (Griffin et al., 1993; Van 

Keulen and Stol, 1995). However, the results found in this thesis suggest that further 

improvements could be gained from calibrating RUEtotal on a cultivar basis. Such 

calibrations would need to be done for specific regions and based on the growing season. 

 

9.3.1.1 Seed potato physiological age 

The focus of this thesis then moved to examining the effects of seed potato physiological 

age from the different storage regimes on the parameters of yield (Chapters 6 and 7). The 

hypothesis was that seed potato physiological age is an important source of potato yield 

variation and must impact at least one of the parameters of yield presented in Equation 1. 

The lack of any yield differences from the physiological aged seed potatoes reflected a 

stable R/Ro (Table 7.1), RUEtotal (Table 7.2) and HI (Figure 6.2) found for ‘Bondi’ and 

‘Fraser’. Thus the major hypothesis of this thesis was rejected. Seed potato physiological 

age not an important source of potato yield variation and did not impact any of the 

parameters of yield presented in Equation 1. The results from Chapter 6 and 7 were in 

most cases consistent with the values reported in the Benchmark experiment (Chapter 4), 

and confirmed the importance of RUE to explain yield variation between ‘Bondi’ and 

‘Fraser’. In addition, tuber yields were also unchanged by the ‘Sprout’ treatments. These 

results were in line with previous findings (Allen, 1978; Sharma and Singh, 2009), where 

no yield differences were found at the final harvest between de-sprouted versus seed 

potatoes planted with physiologically old sprouts. 

Thus, the need to include seed potato physiological age in potato models is questionable 

for the main crops studied in this thesis. Others may argue that physiological age can 

impact yield of other cultivars and particularly, in areas of short growing seasons and thus 

justify its parameterization in potato models (Knowles and Botar, 1991). However, this 

seems irrelevant for the main potato crop production in temperate regions like Canterbury. 

The associated hypothesis that physiologically young potatoes are recommended for long 

growing seasons because seed potatoes emerge later, but produce larger canopies with 

longer duration, intercept more radiation was also rejected. Given the similarity between 

canopy growth patterns among cultivars (Chapter 4) and treatments (Chapter 7) it could be 
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concluded that, for crops grown under non limiting conditions, canopy simulation models 

may satisfactorily function at the canopy crop level with no need to describe individual 

leaf growth dynamics. Radiation interceptance may be estimated directly from the 

measurement of canopy ground cover using a thermal-time scale from crop emergence. In 

this thesis, maximum radiation interceptance was reached after ~500 °Cd and radiation 

interceptance decline (or ground cover senescence) started ~1300 °Cd (Figure 4.5 and 

Figure 7.4) for all cultivars and treatments. This was regardless of differences in their 

emergence date. 

However, a detailed description of the process of growth and development of individual 

leaves may be of great value for crop physiologists and crop modellers interested in the 

phenological description of potato crops. The process of leaf appearance, expansion, 

duration and senescence described in thermal-time from crop emergence (Figure 4.15), for 

example, contributed to understanding of the process of canopy development and dry 

matter partitioning in the potato plant. An important result was that the rate of leaf 

appearance and duration at maximum area on the above-ground main stems was regulated 

by the sink competition with the growing tubers. Phyllochron increased for both cultivars 

around the time of tuber bulking. This happened after 386 °Cd was accumulated in ‘Bondi’ 

and at 495 °d in ‘Fraser’. From this moment LAmax duration abruptly decreased when there 

was a strong sink demand (i.e. ‘Bondi’) but was unchanged when the sink “strength” was 

weak (i.e. ‘Fraser’). These findings agree with the suggestion of Kooman and Rabbinge 

(1996) that leaf production and longevity are regulated by tuber sink “strength”. 

These findings show the importance of accounting for the impacts of sink “strength” on 

mechanistic potato modelling approaches. In fact, potato models often assume a phase 

when leaf growth and tuber bulking overlaps (Griffin et al., 1993; Kooman and Haverkort, 

1995). During this period there is competition between foliage and tubers for assimilates. 

Therefore, it seems that an accurate description of source capacity and sink demand during 

this phase should be considered as crucial in the process of building potato models. 
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9.4 Potato modelling 
The results presented in this thesis may be included in current potato models to improve 

prediction of the time of crop growth and development processes (Section 2.1). 

To do that, a model proposed by Kooman and Haverkort (1995) could be adapted to 

account for the current findings. In this adapted model, a thermal-time (Tt) scale 

(measured from plant emergence; Tb=2 °C) is used to describe the crop development or 

crop ontogeny (age). The length of the growth cycle was divided in four phases each 

starting and ending by a characteristic stage of crop development (Figure 9.1).  

Phase 0 represents the interval between planting (PL) and crop emergence (EM). Phase 1 

covers the time between EM and the beginning of tuber bulking (Tbuking). Phase 2 

corresponds to the period from the start of Tbulking to the moment when leaf expansion 

ceases (EC). Phase 3 is from the end of Phase 2 until the time when 95% of the final tuber 

yield is attained (Etuber). Phase 4 lasts from Etuber to the end of crop growth (EC). 

At planting (Phase 0) the time until crop emergence is initially determined by presence 

versus absence of sprouts on the seed potato (Appendix 19) and then by the rate of sprout 

growth driven by soil temperature accumulation (Table 5.2 and Table 5.3, and Figure 8.4). 

During Phase 1, foliar expansion and radiation interceptance (R/Ro) has a linear increase in 

response to Tt (Figure 4.5) and this continues into the subsequent phase. On the below-

ground stems, stolons elongate (Figure 4.18) until the time of tuber initiation (Figure 4.19) 

which is followed by Tbulking (Figure 4.4). The start of the Tbulking phase triggers 

phyllochron change on the above-ground stems (Figure 7.7). 

In Phase 2, R/Ro reaches maximum (Figure 4.5) and leaves compete with tubers for 

assimilate (refer to Figure 7.17). The rate at which the fraction of assimilate is partitioned 

to the tubers (ftub) (Figure 4.8 and Table 4.4), is associated to the tuber sink “strength” 

(determined on a cultivar basis) and then linked to RUEtotal (Figure 4.7). Phase 2 ends 

when leaf growth is terminated. This coincides with the completion of expansion (final 

leaf area) of the latest leaf appeared (Figure 7.8). 

Most of the duration of Phase 3 occurs at maximum R/Ro. During this stage all assimilates 

are partitioned to the below-ground tubers. This finishes when 95% of the final tuber yield 

has been attained (Figure 4.4) and the harvest index (HI) is around maximum (Figure 4.8). 
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The end of this phase is marked by the R/Ro linear decline from maximum (100%) to 

~80% (Figure 4.5). 

In Phase 4, R/Ro continues to decline until total canopy senescence (R/Ro=0%). Tuber DM 

increase is unsubstantial during this period and results from the remobilization of 

assimilate from the canopy (Figure 4.13). 

 

Figure 9.1 Schematic representation of radiation interceptance (R/Ro) and the fraction of the daily 
assimilate that is partitioned to the tubers (ftub) from planting (PL) to emergence (EM), 
the start of tuber growth (Tbulking), the moment that leaf expansion ceases (EC), the 
point when 95% of the final tuber yield is attained (Etuber) until the end of crop growth 
(EC). Adapted from: Kooman and Haverkort (1995). 

 

Final tuber yield is the result of radiation interceptance (R/Ro) (Figure 4.6), radiation use 

efficiency (RUEtotal) (Figure 4.7) and the partitioning of biomass to tubers (Figure 4.8). 
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Finally, tuber yield distribution is influenced by the stolon length on the below-ground 

stems and determined by the tuber spread rate (Figure 6.7) which is inversely related to the 

number of stems produced per plant (Figure 6.8). 

 

9.5 Scope for future research 
 

9.5.1 ‘Bondi’ early seed potato production 

As discussed in Section 9.2.1 there is an opportunity to improve ‘Bondi’ size distribution 

by encouraging higher numbers of stem per seed potato planted. It was proposed that this 

could be achieved from an early seed potato production. This aspect deserves further 

investigation. However, ‘Bondi’ growers in Canterbury use cut seed in commercial 

plantings, while all experiments in this thesis used whole seed. Future work could involve 

the early production of ‘Bondi’ seed potato (e.g. November in the Pukakohe region), 

followed by seed potato storage at ambient temperature (e.g. dark shed) and planting of cut 

seed. Main field measurements could focus on yield and size distribution at the end of the 

growing season. 

 

9.5.2 Photosynthesis down regulation in ‘Fraser’ 

From the analyses of Experiments 1 and 3, it was concluded that ‘Fraser’ yield capacity 

was constrained by its low RUEtotal. This was attributed to photosynthesis down regulation 

in the leaves caused by the low tuber sink “strength”. However, photosynthesis was not 

measured in the present work. For a fixed amount of radiation intercepted, RUE can be 

generally equated as the rate of gross photosynthesis minus growth respiration (expressed 

as an efficiency whose value varies depending on the composition of the biomass being 

synthesised), and maintenance respiration which consumes photosynthate at a rate that 

depends on temperature and the amount of existing biomass that is being maintained 

(Section 2.9). A further field experiment with ‘Fraser’ could explore possible changes in 

SLA, starch concentration in the leaves, photosynthesis, canopy gas exchange, stolon 

elongation and tuber growth rate during the period of crop growth. 
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9.6 Conclusions 
This thesis explored the impacts of seed potato physiological age on crop growth and 

development and its influence on tuber yield and distribution. From the analyses of the 

physiological mechanisms involved in these processes, the following conclusions can be 

made. 

 The hypothesis that seed potato physiological age is an important source of potato 

yield variation and must impact at least one of the parameters of yield presented in 

Figure 1 was rejected. 

 

 Seed potato physiological age thermally produced during the storage period, was 

not an important factor for the production of ‘Bondi’ and ‘Fraser’ in the long 

growing season in Canterbury. The current findings create an opportunity for seed 

potato growers to rethink storage strategies in this region to reduce seed potato 

production cost. 

 

 Potatoes grown in non limiting environments showed RUEtotal was the main 

component of tuber yield. Conversely, canopy development for radiation 

interceptance was not the source of yield differences among cultivars. Therefore, 

potato models for yield simulation account for differences in RUEtotal when 

different cultivars are used. 

 

 Yield distribution in ‘Bondi’ may be customized to attend processing demands by 

increasing the number of stems emerged per seed potato. This may be possible by 

planting chronologically aged potatoes. However, additional research is required to 

confirm this assumption. 

 

 ‘Fraser’ tuber yields are limited by its low tuber sink “strength”. This caused the 

immobilization of photosynthates in the foliage and possibly the down regulation 

of photosynthesis. 

 

 High RUEtotal and short stolons could be included as breeding criteria where higher 

yields are the ultimate aim. 
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Appendix 1 Schematic layout of the plots for field Experiment 1 (grey plots) and 3 (whit plots) conducted at Lincoln, Canterbury, New Zealand in the 
years 2011 - 2012. The treatment number indicated on each plot of the Physiological age Experiment is described in the table shown next.

Rep 1 Rep 2 Rep 3

Plot 3 Plot 4 Plot 9 Plot 6 Plot 7 Plot 18 Plot 19 Plot 30 Plot 31 Plot 42 Plot 43 Plot 54 Plot 55 Plot 66 Plot 67 Plot 78 Plot 79 Plot 90 Plot 91

Trt 24 Trt 11 Trt 20 Trt 5 Trt 23 Trt 10 Trt 22 Trt 1 Trt 17 Trt 2 Trt 16 Trt 13 Trt 9 Trt 15 Trt 4 Trt 6

Bondi
Russet 

Burbank Fraser Plot 5 Plot 8 Plot 17 Plot 20 Plot 29 Plot 32 Plot 41 Plot 44 Plot 53 Plot 56 Plot 65 Plot 68 Plot 77 Plot 80 Plot 89 Plot 92

Trt 13 Trt 18 Trt 3 Trt 15 Trt 16 Trt 5 Trt 2 Trt 11 Trt 6 Trt 20 Trt 23 Trt 1 Trt 22 Trt 8 Trt 17 Trt 12

Plot 2 Plot 5 Plot 8 Plot 4 Plot 9 Plot 16 Plot 21 Plot 28 Plot 33 Plot 40 Plot 45 Plot 52 Plot 57 Plot 64 Plot 69 Plot 76 Plot 81 Plot 88 Plot 93

Trt 12   
-

Trt 23 Trt 6 Trt 10 Trt 9 Trt 4 Trt 7 Trt 14 Trt 3 Trt 21 Trt 18   Trt 8 Trt 19 Trt 1 Trt 24 Trt 13

Fraser Bondi
Russet 

Burbank Plot 3 Plot 10 Plot 15 Plot 22 Plot 27 Plot 34 Plot 39 Plot 46 Plot 51 Plot 58 Plot 63 Plot 70 Plot 75 Plot 82 Plot 87 Plot 94

Trt 2 Trt 8 Trt 9 Trt 19 Trt 3 Trt 24 Trt 12 Trt 21 Trt 15 Trt 11 Trt 4 Trt 22 Trt 7 Trt 20 Trt 14 Trt 18

Plot 1 Plot 6 Plot 7 Plot 2 Plot 11 Plot 14 Plot 23 Plot 26 Plot 35 Plot 38 Plot 47 Plot 50 Plot 59 Plot 62 Plot 71 Plot 74 Plot 83 Plot 86 Plot 95

Trt 7 Trt 1 Trt 16 Trt 22 Trt 6    Trt 17 Trt 13 Trt 20 Trt 10   Trt 14 Trt 5 Trt 19 Trt 2 Trt 21 Trt 11 Trt 23

Russet 
Burbank

Fraser Bondi Plot 1 Plot 12 Plot 13 Plot 24 Plot 25 Plot 36 Plot 37 Plot 48 Plot 49 Plot 60 Plot 61 Plot 72 Plot 73 Plot 84 Plot 85 Plot 96

Trt 17 Trt 14 Trt 21 Trt 4 Trt 18 Trt 15 Trt 19 Trt 8 Trt 24 Trt 7 Trt 9 Trt 12 Trt 16 Trt 10 Trt 5 Trt 3
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Treatment number and their respective treatments displayed in Appendix 1. 

Cultivar 
Treatment number 

(Appendix 1) 
‘Early’ 

treatment 
‘Late’ 

treatment 
Seed sprouts at 

planting 

‘Bondi’ 1 ‘Cooler’ ‘3M’ ‘Sprouts on’ 

2 ‘Cooler’ ‘3M’ ‘Sprouts off’ 

3 ‘Cooler’ ‘1M’ ‘Sprouts on’ 

4 ‘Cooler’ ‘1M’ ‘Sprouts off’ 

5 ‘Shed’ ‘3M’ ‘Sprouts on’ 

6 ‘Shed’ ‘3M’ ‘Sprouts off’ 

7 ‘Shed’ ‘1M’ ‘Sprouts on’ 

8 ‘Shed’ ‘1M’ ‘Sprouts off’ 

9 ‘Ground’ ‘3M’ ‘Sprouts on’ 

10 ‘Ground’ ‘3M’ ‘Sprouts off’ 

11 ‘Ground’ ‘1M’ ‘Sprouts off’ 

12 ‘Ground’ ‘1M’ ‘Sprouts on’ 

‘Fraser’ 13 ‘Cooler’ ‘3M’ ‘Sprouts on’ 

14 ‘Cooler’ ‘3M’ ‘Sprouts off’ 

15 ‘Cooler’ ‘1M’ ‘Sprouts on’ 

16 ‘Cooler’ ‘1M’ ‘Sprouts off’ 

17 ‘Shed’ ‘3M’ ‘Sprouts on’ 

18 ‘Shed’ ‘3M’ ‘Sprouts off’ 

19 ‘Shed’ ‘1M’ ‘Sprouts on’ 

20 ‘Shed’ ‘1M’ ‘Sprouts off’ 

21 ‘Ground’ ‘3M’ ‘Sprouts on’ 

22 ‘Ground’ ‘3M’ ‘Sprouts off’ 

23 ‘Ground’ ‘1M’ ‘Sprouts off’ 

24 ‘Ground’ ‘1M’ ‘Sprouts on’ 
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Appendix 2 Accumulated fresh and dry matter coefficients for ‘Bondi’, ‘Fraser’ and ‘Russet 
Burbank’ potatoes from October 2011 to May 2012 grown at Lincoln, Canterbury, 
New Zealand. 

Cultivar a b xo R2 
1Fresh 
weight  
 

‘Bondi’ 67.6 (2.16) 23.5 (2.06) 83.0 (1.51) 0.99 

‘Fraser’ 51.4 (1.45) 25.1 (1.79) 88.3 (1.36) 0.99 

‘Russet Burbank’ 55.9 (3.19) 23.3 (3.82) 78.3 (2.68) 0.98 
1Dry 
weight 
 

‘Bondi’ 17.6 (0.56) 23.7 (1.98) 87.0 (1.49) 0.99 
‘Fraser’ 13.8 (0.51) 24.5 (2.29) 92.5 (1.78) 0.99 

‘Russet Burbank’ 15.1(0.99) 22.0 (4.1) 82.9 (3.02) 0.97 
2Dry 
weight 
 

‘Bondi’ 17.8 (0.65) 325 (29.9) 726 s(22.9) 0.99 
‘Fraser’ 14.0 (0.64) 337 (36.8) 750 (28.7) 0.99 

‘Russet Burbank’ 15.3 (0.97) 289 (52.6) 667 (38.7) 0.97 
Note: Gompertz curves are y = a * exp (- exp ( - (x - xo) / b)). Values in brackets are s.e.m. for the respect 
coefficient. 1Fitted against days after planting (DAP; Figure 4.3); 2fitted against thermal-time (Tb=2 °C) 
Figure 4.4. 
 

Appendix 3 Parameters of the Piecewise model that represent the pattern of R/Ro against days after 
planting from crop emergence (Figure 4.5) and R/Ro against thermal-time (Tb=2 °C) 
accumulated from crop emergence (values between brackets) for ‘Bondi’, ‘Fraser’ and 
‘Russet Burbank’ from October 2011 to May 2012 at Lincoln, Canterbury, New 
Zealand. 

‘Bondi’ ‘Fraser’ ‘Russet Burbank’ 
1Par. 2Coef. 3Error Coef. Error Coef. Error 

y1 0.001 (0.01) 0.05 (0.05) 0.06 (-0.06) 0.05 (0.04) 0.06 (0.01) 0.07 (0.07) 

y2 0.9 (0.90) 0.06 (0.1) 0.92 (0.91) 0.05 (0.04) 0.9 (0.86) 0.08 (0.05) 

y3 0.90 (0.09) 0.06 (0.06) 0.92 (0.91) 0.05 (0.04) 0.88 (0.86) 0.08 (0.06) 

y4 0.37 (0.38) 0.04 (0.05) 0.67 (0.67) 0.047 (0.04) 0.07 (0.08) 0.06 (0.05) 

T1 74.6 (541) 3.40 (43.6) 74.6 (439) 2.90 (25.7) 74.0 (441) 5.26 (50.2) 

T2 131 (1322) 7.23 (85.1) 139 (1370) 12.4 (110) 130 (1331) 6.87 (57.9) 

R2 0.97 (0.97) 0.97 (0.98) 0.95 (0.97) 
Note: 1Par: Parameter; 2Coef.: coefficient; 3Error: standard error. Piecewise regressions were fitted based on 
a three phase model represented by the relationships: 
 

y1 = (y1 * (D1 - x) + y2 * (x - d1)) / (D1 - d1) 

y2 = (y2 * (D2 - x) + y3 * (x - D1)) / (D2 - D1) 

y3 = (y3 * (d3 - x) + y4 * (x - D2)) / (d3 - D2) 

Where, y1 = linear increase curve, y2 = constant phase, when R/Ro is maximum; y3 = 
linear decrease curve; d1 = minimum DAP (or °Cd) measured; d3 = maximum DAP (or 
°Cd) measured; D1 = days (or °Cd) until Dmax, D2 = days until end of LAG. 
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Appendix 4 Total above-ground plant DM (g) and percentage of DM allocated in all branches (BGLB and AGLB; see Figure 3.5 in 
relation to total above-ground green biomass for ‘Bondi’, ‘Fraser’ and ‘Russet Burbank’ potato crops from 23/11/2011 - 
29/02/2012 grown at Lincoln, Canterbury, New Zealand. 

Above-ground DM (g) 

Cultivar / DAP 40 47 53 61 67 75 82 97 111 125 138 
‘Bondi’ 6.0a 12.3a 26.0a 31.6a 64.2a 75.4a 85.6a 93.7b 120.2a 97.8b 89.2b 
‘Fraser’ 3.3a 8.5a 19.1a 32.4a 44.1b 72.4a 80.0ab 113a 92.3b 120a 116a 
‘Russet Burbank’ 5.9a 13.9a 23.6a 31.2a 50.4ab 63.0a 63.8b 78.7b 84.0b 60.1c 69.6c 
*Cultivar <.001 
*DAP <.001 
*CultivarxDAP <.001 
LSD(CultivarxDAP) 17.42 

Percentage of branches (%) 
Cultivar / DAP 40 47 53 61 67 75 82 97 111 125 138 
‘Bondi’ ─ ─ ─ ─ 6.09a 18.2a 11.0a 24.3a 19.4a 22.5a 19.9a 
‘Fraser’ ─ ─ ─ ─ 2.05a 2.78b 3.01a 6.60b 8.56b 9.03b 16.9a 
‘Russet Burbank’ ─ ─ ─ ─ 2.89a 6.01b 4.52a 8.95b 10.6b 8.28b 19.3a 
Cultivar <.001 
DAP <.001 
CultivarxDAP 0.026 
LSD(CultivarxDAP) 8.3 
Note: Means in a column followed by similar letters are not different at a significance level of α=0.05. 
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Appendix 5 Number of above-ground main stem against sum of below-ground main stems and 
below-ground lateral branches (BGLB) for ‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet 
Burbank’ (▲) in 20011 - 2012 at Lincoln, Canterbury, New Zealand. 
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Appendix 6 Proportion (%) of tubers initiated in the primary and in the lateral + branched stolons 
measured from November 2011 (40 DAP) to January 2012 (87 DAP for ‘Bondi’ and 
97 DAP for ‘Fraser’ and ‘Russet Burbank’) at Lincoln, Canterbury, New Zealand. 
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Appendix 7 Chance of tuber initiation (ranging from zero; 0% of initiation and one; 100% 
initiation) at different node position for ‘Bondi’ (●), ‘Fraser’ (□) and ‘Russet 
Burbank’ (▲) crops measured from November 2011 (40 days after planting; DAP) to 
January 2012 (97 days after planting; DAP) at Lincoln, Canterbury, New Zealand. 
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Appendix 8 Number of nodes in the below-ground main stem of ‘Bondi’, ‘Fraser’ and ‘Russet 
Burbank’ measured on seven samplings (40 - 82 days after planting) from November 
2011 to January 2012 at Lincoln, Canterbury, New Zealand. 

Cultivar Number of nodes 
‘Bondi’ 11.48a 
‘Fraser’ 9.19b 
‘Russet Burbank’ 8.86b 
Cultivar <0.001 
Date  ns 
Cultivar x Date  ns 
LSD  0.931 
Note: Means in a column followed by similar letters are not different at a significance level of α=0.05. 
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Appendix 9 Sprouting patterns of ‘Early’ and ‘Late’ ‘Bondi’ potatoes stored under different 
conditions in 2011. 

 

Plate 2 ‘Bondi’ ‘Ground’ + ‘1M’ (a), ‘Shed’ + ‘1M’ (b), ‘Cooler’ + ‘1M’ (c), ‘Ground’ + ‘3M’ (d), 
‘Shed’ + ‘3M’ (e) and ‘Cooler’ + ‘3M’ (f) seed potato at 5/10/2011 (eight days before 
planting). See Figure 5.1 for treatment codes. 
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Appendix 10 Sprouting patterns of ‘Early’ and ‘Late’ ‘Fraser’ potatoes stored under different 
conditions in 2011. 

 

Plate 3 ‘Fraser’ ‘Ground’ + ‘1M’ (a), ‘Shed’ + ‘1M’ (b), ‘Cooler’ + ‘1M’ (c), ‘Ground’ + ‘3M’ 
(d), ‘Shed’ + ‘3M’ (e) and ‘Cooler’ + ‘3M’ (f) seed potato at 5/10/2011 (eight days 
before planting). See Figure 5.1 for treatment codes. 
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Appendix 11 Grade and total tuber yield differences for ‘Bondi’ and ‘Fraser’ crops grown during 
the summer (October - May) in the years 2011 - 212 at Canterbury, New Zealand. 

*Ct Treat. 
Smallest Smalls (seed) Premium 

(process) Large (process) Total potato 

Yield 
(t/ha) 

N 
(m2) 

Yield 
(t/ha) 

N 
(m2) 

Yield 
(t/ha) 

N  
(m2) 

Yield 
(t/ha) 

N  
(m2) 

Yield 
(t/ha) 

N 
(m2) 

‘B
on

di
’ 

G+3M+on 2.4 5.5 2.8 3.2 40.4 15.7 21.3 4.4 70.3 30.3 

G+3M+off 2.2 5.2 2.2 2.6 43.7 17.7 18.8 4.2 70.5 31.6 

G+1M+on 2.1 4.9 3.1 3.3 38.7 15.0 15.2 3.1 66.5 28.9 

G+1M+off 1.9 4.7 2.7 3.1 45.0 18.3 20.2 4.2 73.7 32.3 

S+3M+on 1.8 5.0 2.9 2.4 34.1 13.7 32.8 6.2 74.6 28.8 

S+3M+off 1.5 3.8 2.0 2.3 37.8 14.8 19.5 3.8 68.0 27.2 

S+1M+on 1.4 3.7 2.3 2.5 35.2 12.5 23.4 4.2 69.2 25.6 

S+1M+off 1.9 4.3 2.1 2.4 43.0 17.0 17.8 3.9 69.8 29.9 

C+3M+on 1.92 4.81 2.92 3.14 35.3 13.06 25.38 5.03 70.47 28.57 

C+3M+off 1.3 3.2 1.9 2.1 43.4 16.4 21.3 4.3 71.4 27.7 

C+1M+on 2.1 5.8 1.6 2.0 38.1 13.9 22.8 4.1 71.1 28.7 

C+1M+off 1.8 4.3 1.8 2.1 42.1 17.2 19.9 4.1 70.0 30.2 

 

*Ct Treat. 
Smallest Smalls (seed) Premium 

(process) Large (process) Total potato 

Yield 
(t/ha) 

N 
(m2) 

Yield 
(t/ha) 

N 
(m2) 

Yield 
(t/ha) 

N 
(m2) 

Yield 
(t/ha) 

N 
(m2) 

Yield 
(t/ha) 

N 
(m2) 

‘F
ra

se
r’

 

G+3M+on 3.5 10.6 5.2 6.5 16.8 11.9 34.0 12.3 60.4 42.0 

G+3M+off 3.68 11.2 6.2 7.8 24.1 16.6 19.0 7.9 53.4 43.8 

G+1M+on 3.6 10.6 5.0 6.4 17.9 13.0 24.5 9.5 51.9 40.2 

G+1M+off 3.78 11.42 6.82 8.51 19.8 14.39 21.28 8.27 52.48 42.92 

S+3M+on 3.9 10.8 4.6 6.0 15.0 10.4 26.8 9.7 51.0 37.1 

S+3M+off 4.0 11.1 6.5 8.1 18.2 14.0 17.6 7.6 47.3 41.5 

S+1M+on 4.5 12.1 5.2 7.0 19.0 13.2 21.9 8.9 51.7 42.1 

S+1M+off 3.7 11.4 5.6 7.0 23.2 16.6 19.0 7.9 52.0 43.2 

C+3M+on 4.5 11.7 5.8 7.3 17.0 12.1 28.0 10.6 56.4 42.3 

C+3M+off 3.5 10.2 6.5 7.9 22.3 15.8 17.9 7.4 50.8 41.6 

C+1M+on 4.5 12.5 6.1 7.6 19.5 14.1 21.6 8.4 53.3 43.8 

C+1M+off 3.8 11.7 6.9 8.2 19.0 13.7 20.8 9.0 50.9 428 

Note:*Ct = cultivar; Treat. = treatment. 
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Appendix 12 Yield and numbers means and interactions probability for all treatments and cultivars 
in Appendix 11. 

Interactions 
Smallest 
(rejected) 

Smalls 
(seed) 

Premium 
(process) 

Large 
(process) Total potato 

Yield 
(t/ha) 

Nº 
(m2) 

Yield 
(t/ha) 

Nº 
(m2) 

Yield 
(t/ha) 

Nº 
(m2) 

Yield 
(t/ha) 

Nº 
(m2) 

Yield 
(t/ha) 

Nº (m2) 

C <0.01 <0.01 ns <.001 <0.01 0.002 ns <0.01 <0.01 <0.01 

E ns ns ns ns ns ns ns ns ns ns 

L ns ns ns ns ns ns 0.02 0.07 ns ns

S ns ns ns ns <0.01 <0.01 <0.01 0.001 ns ns 

C x E ns ns ns ns ns ns 0.03 ns ns ns 

C x L ns ns ns ns ns ns ns ns ns ns 

Early' x L ns ns 0.003 ns ns ns ns ns ns ns 

C x S ns ns ns 0.02 ns ns ns 0.04 ns ns 

E x S ns ns ns ns ns ns ns ns ns ns 

L x S ns ns ns ns ns ns 0.003 0.007 0.07 ns 

C x E x L ns ns ns ns ns ns ns ns ns ns 

C x E x S ns ns ns ns ns ns 0.07 ns ns ns

C x L x S ns ns ns ns ns 0.04 ns ns ns ns 

E x L x S ns ns ns ns ns ns ns ns ns ns 

C x E x L x S ns ns ns ns ns ns ns ns ns ns 

LSD (0.05) 0.42 1.13 0.73 0.82 2.06 1.96 3.40 0.99 2.42 1.89 

Note: For treatments see Table 6.1. 
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Appendix 13 Grade yield proportion of ‘Bondi’ and ‘Fraser’ crops grown during the summer 
(October - May) in the years 2011 - 212 at Canterbury, New Zealand. 

Ct. Treatment Smallest Small Premium Large Premium 
defects 

Large 
defects Halves 

‘B
on

di
’ 

G+3M+on 0.04 0.04 0.57 0.3 0.01 0.01 0.03 

G+3M+off 0.03 0.03 0.62 0.27 0.01 0 0.04 

G+1M+on 0.03 0.05 0.6 0.22 0.04 0.03 0.04 

G+1M+off 0.03 0.04 0.61 0.27 0.01 0 0.04 

S+3M+on 0.02 0.04 0.46 0.44 0.01 0.01 0.03 

S+3M+off 0.02 0.03 0.56 0.29 0.02 0.04 0.05 

S+1M+on 0.02 0.03 0.51 0.34 0.03 0.03 0.05 

S+1M+off 0.03 0.03 0.62 0.25 0.02 0.02 0.04 

C+3M+on 0.03 0.04 0.5 0.36 0.02 0.01 0.05 

C+3M+off 0.02 0.03 0.6 0.3 0.02 0.01 0.03 

Cr+1M+on 0.03 0.02 0.53 0.33 0.02 0.01 0.06 

C+1M+off 0.03 0.03 0.6 0.3 0.003 0.01 0.05 

‘F
ra

se
r’

 

G+3M+on 0.06 0.09 0.28 0.57 0 0 0.01 

G+3M+off 0.07 0.12 0.45 0.36 0 0.01 0 

G+1M+on 0.07 0.10 0.34 0.48 0 0 0.01 

G+1M+off 0.07 0.13 0.38 0.40 0.01 0.01 0 

S+3M+on 0.08 0.09 0.29 0.53 0 0 0.01 

S+3M+off 0.09 0.14 0.39 0.36 0 0.01 0.01 

S+1M+on 0.09 0.10 0.36 0.43 0 0 0.02 

S+1M+off 0.07 0.11 0.46 0.36 0 0 0.01 

C+3M+on 0.08 0.10 0.30 0.50 0 0 0.01 

C+3M+off 0.07 0.13 0.44 0.35 0.01 0 0 

C+1M+on 0.08 0.12 0.36 0.41 0.02 0 0.02 

C+1M+off 0.08 0.14 0.37 0.41 0.00 0 0.01 

C <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

E ns ns ns ns ns 0.05 ns 

L ns ns ns 0.04 0.02 ns ns 

S ns 0.02 <0.001 <0.001 0.02 ns ns 

C x E 0.05 ns ns ns ns ns ns 

C x L ns ns ns ns ns ns ns 

Early' x L ns ns ns ns ns ns ns 

C x S ns <0.001 ns ns 0 0.08 ns ns 

E x S ns ns ns ns ns ns ns 

L x S ns ns ns 0.01 0.002 0.05 ns 

C x E x L ns ns ns ns 0.04 ns ns 

C x E x S ns ns ns ns ns ns ns 

C x L x S ns ns ns ns 0.03 ns ns 

E x L x S ns ns ns ns ns ns ns 

C x E x L x S ns ns ns ns ns ns ns 

LSD(0.05) 0.012 0.013 0.031 0.050 0.009 0.008 0.005 

Note: For Treatment code see Table 6.1. 
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Appendix 14 Tuber yield proportion in different grade classes for the different storage 
regimes applied to the ‘Bondi’ (a) and ‘Fraser’ (b) seed potato planted in 
October 2011 and grown till early May 2012 at Lincoln, Canterbury, New 
Zealand. Treatments means and significant differences are shown in Appendix 
13. 
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Appendix 15 Grade and total tuber DM yield differences for ‘Bondi’ and ‘Fraser’ crops grown 
during the summer (October - May) in the years 2011 - 212 at Canterbury, New 
Zealand. 

Cultivar Treatment Premium DM Large DM Total DM yield 
‘Bondi’ G + 3M + on 9.99 5.28 16.95 

G + 3M + off 10.67 3.42 15.67 

G + 1M + on 10.25 5.27 17.29 

G + 1M + off 11.38 5.22 18.23 

S + 3M + on 8.64 8.12 18.15 

S + 3M + off 9.51 5.48 16.41 

S + 1M + on 9.22 6.11 16.8 

S + 1M + off 10.82 4.69 16.88 

C + 3M + on 8.66 6.29 16.45 

C + 3M + off 11.19 5.49 17.73 

C + 1M + on 9.39 5.9 16.87 

C + 1M +o ff 10.5 5.47 17.4 
‘Fraser’ G + 3M + on 4.88 9.77 17.13 

G + 3M + off 6.89 5.54 15.2 

G + 1M + on 5.05 6.84 14.55 

G + 1M + off 5.81 6.3 15.1 

S + 3M + on 4.35 7.74 14.54 

S + 3M + off 5.33 5.26 13.55 

S + 1M + on 5.39 6.41 14.62 

S + 1M + off 6.59 5.55 14.82 

C + 3M + on 4.99 7.99 15.97 

C + 3M + off 6.79 5.22 14.96 

C + 1M + on 5.83 6.33 15.28 

C + 1M +o ff 5.53 6.12 14.87 

 

  



274 
 

 

Appendix 16 Stem number, tuber number per stem and tuber number per plant responses to seed 
potato storage treatments for ‘Bondi’ (a) and ‘Fraser’ (b) potato crops grown in 2011 
- 2012 at Lincoln, Canterbury, New Zealand. 

Cultivar Treatment Nº of stem plant-1 Nº of tuber stem-1 Nº of tuber plant-1 
‘Bondi' G + 3M + on 2.6 3.5 8.7 

G + 3M + off 3.8 2.4 9.1 
G + 1 M + on 3.3 2.6 8.3 
G + 1M + off 4.1 2.3 9.3 
S + 3M + on 2.4 3.7 8.3 
S + 3M + off 3.2 2.5 7.8 
S + 1M + on 2.2 3.6 7.4 
S + 1M + off 2.9 3.0 8.6 
C + 3M + on 2.3 4.0 8.2 
C + 3M + off 3.2 2.5 8.0 
C + 1 M + on 2.6 3.2 8.3 
C + 1 M + off 3.3 2.7 8.7 

Mean 3.0 3.0 8.4 
‘Fraser' G + 3M + on 3.8 3.3 12.1 

G + 3M + off 4.8 2.6 12.6 
G + 1 M + on 5.2 2.3 11.6 
G + 1M + off 4.8 2.6 12.4 
S + 3M + on 2.8 3.8 10.7 
S + 3M + off 4.1 3.1 12.0 
S + 1M + on 3.4 3.8 12.1 
S + 1M + off 3.7 3.4 12.5 
C + 3M + on 3.6 3.4 12.2 
C + 3M + off 4.0 3.1 12.0 
C + 1 M + on 4.3 2.7 12.6 
C + 1 M + off 4.1 3.1 12.3 

Mean 4.1 3.1 12.1 
C <0.001 ns <0.001 
E <0.001 <0.001 ns 
L 0.002 0.052 ns 
S <0.001 <0.001 ns 
C x E 0.09 ns ns 
C x L 0.079 ns ns 
E' x L 0.013 0.066 ns 
C x S 0.009 0.009† ns 
E x S ns ns ns 
L x S <.001 0.003† ns 
C x E x L ns ns ns 
C x E x S ns ns ns 
C x L x S 0.011† ns ns 
E x L x S ns ns ns 
C x E x L x S ns ns ns 
LSD(0.05) 0.37† 0.34† 0.68 
Note: For treatment code see Table 6.1. †: LSD displayed for the interaction. 
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Appendix 17 Analyses of variance calculated for the sigmoid curve parameters of ‘Bondi’ and 
‘Fraser’ potato crops subjected to three ‘Early’, two ‘Late’ and two ‘sprout’ 
treatments in the summer (October - May) in the years 2011 - 2012 at Lincoln, 
Canterbury, New Zealand. 

Cultivar Treatment B M C A 
‘Bondi’ G + 3M + on 0.01 331.50 1.05 -0.04 

G + 3M + off 0.01 364.80 1.08 -0.04
G + 1M + on 0.01 314.70 1.05 -0.04 
G + 1M + off 0.01 366.50 1.07 0.00 
S + 3M + on 0.01 364.60 1.12 -0.07 
S + 3M + off 0.01 314.50 1.08 -0.07 
S + 1M + on 0.01 369.00 1.14 -0.08 
S + 1M + off 0.01 357.60 1.07 -0.01
C + 3M + on 0.01 351.60 1.06 -0.04 
C + 3M + off 0.01 343.10 1.07 -0.04 
C + 1M + on 0.01 376.70 1.16 -0.09 
C + 1M +o ff 0.01 328.90 1.03 -0.02 

‘Fraser’ G + 3M + on 0.01 223.10 1.46 -0.21 
G + 3M + off 0.01 204.80 1.12 -0.09
G + 1M + on 0.01 221.70 1.11 -0.06 
G + 1M + off 0.02 169.70 1.07 -0.05 
S + 3M + on 0.01 221.60 1.12 -0.09 
S + 3M + off 0.02 158.60 1.04 -0.05 
S + 1M + on 0.01 166.70 1.21 -0.17 
S + 1M + off 0.02 172.40 1.03 -0.03 
C + 3M + on 0.01 209.80 1.46 -0.25 
C + 3M + off 0.02 179.10 1.09 -0.04 
C + 1M + on 0.02 183.10 1.07 -0.05 
C + 1M +o ff 0.02 177.80 1.05 -0.03 

C <0.001 <0.001 0.015 <0.001 

E ns ns ns ns 

L 0.01 ns 0.05 0.02 

S <0.001 0.06 <0.001 <0.001 

C x E ns ns ns ns 

C x L ns ns 0.02 ns 

E x L ns ns ns ns 

C x S 0.002 ns 0.01 0.02 

E x S ns ns ns ns 

L x S ns ns ns ns 

C x E x L ns ns ns 0.03 

C x E x S ns 0.07 ns ns 

C x L x S ns ns 0.03 0.02 

E x L x S ns ns ns 0.08 

C x E x L x S ns ns ns ns 
LSD(0.05) 0.003 16.8 0.11 0.05 
Note: Parameters displayed for Sigmoid equations; y = A + C / (1 + EXP (- B * (X - M))). For Treatment 
code see Table 6.1. 
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Appendix 18 Analyses of the sigmoid curves fitted to cumulative proportion of yield against tuber 
weight grades for ‘Bondi’ and ‘Fraser’ crops grown during the summer (October - May) 
in the years 2011 - 212 at Canterbury, New Zealand. 

5 - 95% 
Cultivar Treatment 5% 50% 95% Tuber weight spread (g) 
‘Bondi’ ‘3M’ + ‘on 127 354 606 479.2 

‘3M’ + ‘off’ 125 346 586 460.5 
‘1M’ + ‘on’ 136 357 601 465 
‘1M’ + ‘off’ 128 345 579 451 
Mean 129 350 593 

‘Fraser’ ‘3M’ + ‘on’ 61 221 385 324 
‘3M’ + ‘off’ 64 185 324 259.2 
‘1M’ + ‘on’ 61 198 359 298.2 

‘1M’ + ‘off’ 60 176 303 243 

Mean 61.38 194.88 342.50 
Cultivar <0.001 <0.001 <0.001 <0.001 
Late ns ns ns ns 
Sprout ns 0.02 0.02 0.019 
Cultivar x Late ns ns ns ns 
Cultivar’ x Sprout ns ns ns ns 
Late x Sprout ns ns ns ns 
Cultivar x Late x Sprout ns ns ns ns 
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Appendix 19 ANOVA performed for crop emergence calculated in DAP and thermal - time from 
emergence (Tb=2 °C) for ‘Bondi’ and ‘Fraser’ potato crops subjected to three 
‘Early’, two ‘Late’ and two ‘sprout’ treatments and measured at 172 DAP. The 
crops were grown from October to May 2011 - 2012 at Lincoln, Canterbury, New 
Zealand. 

Cultivar Early'+'Late'+'Sprouts' 
Number of days to 
emergence (DAP) 

1Thermal-time (°Cd) 

‘Bondi’ 

‘Ground’ + ‘3M’+ ‘on’ 27.8 315.6 
‘Ground’ + ‘3M’+ ‘off’ 33.8 388.3 
‘Ground’ + ‘1M’+ ‘on’ 28.5 324.7 
‘Ground’ + ‘1M’+ ‘off’ 34.3 394.6 

‘Shed’ + ‘3M’+ ‘on’ 29.5 335.7 
‘Shed’ + ‘3M’+ ‘off’ 35.0 403.9 
‘Shed’ + ‘1M’+ ‘on’ 29.3 334.0 
‘Shed’ + ‘1M’+ ‘off’ 34.8 401.0 

‘Cooler’ + ‘3M’+ ‘on’ 26.3 297.3 
‘Cooler’ + ‘3M’+ ‘off’ 34.0 391.4 
‘Cooler’ + ‘1M’+ ‘on’ 29.3 359.8 
‘Cooler + ‘1M’+ ‘off’ 35.5 409.1 

Mean 32 363 
 
 
 
 
 
 
‘Fraser’ 

‘Ground’ + ‘3M’+ ‘on’ 25.5 288.2 
‘Ground’ + ‘3M’+ ‘off’ 36.8 424.1 
‘Ground’ + ‘1M’+ ‘on’ 26.8 304.2 
‘Ground’ + ‘1M’+ ‘off’ 37.0 426.5 

‘Shed’ + ‘3M’+ ‘on’ 29.3 333.3 
‘Shed’ + ‘3M’+ ‘off’ 37.8 435.7 
‘Shed’ + ‘1M’+ ‘on’ 28.3 321.8 
‘Shed’ + ‘1M’+ ‘off’ 38.0 439.0 

‘Cooler’ + ‘3M’+ ‘on’ 24.0 268.9 
‘Cooler’ + ‘3M’+ ‘off’ 36.3 418.9 
‘Cooler’ + ‘1M’+ ‘on’ 25.5 288.1 
‘Cooler + ‘1M’+ ‘off’ 36.8 424.0 

Mean 32 364 
Note: 

1
Thermal-time was calculated from planting with a Tb of 2 °C. 
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Interactions of Appendix 19: 

 
Number of days to 
emergence (DAP) 

*Thermal-time 
(°Cd) 

‘Cultivar ‘ 0.2 0.7 
‘Early’ <0.001 <0.001 
‘Late’ 0.01 0.01 
‘Sprout’ <0.001 <0.001 
‘Cultivar’ x ‘Early’ 0.02 0.01 
‘Cultivar’ x ‘Late’ 0.4 0.2 
‘Early’ x ‘Late’ 0.01 0.01 
‘Cultivar’ x ‘Sprout’ <0.001 <0.001 
‘Early’ x ‘Sprout’ 0.01 0.1 
‘Late’ x ‘Sprout’ 0.4 0.2 
‘Cultivar’ x ‘Early’ x ‘Late’ 0.5 0.2 
‘Cultivar’ x ‘Early’ x ‘Sprout’ 0.5 0.3 
‘Cultivar’ x ‘Late x Sprout’ 0.7 0.4 
‘Early’ x ‘Late’ x ‘Sprout’ 0.3 0.2 
‘Cultivar’ x ‘Early’ x ‘Late’ x ‘Sprout’ 0.7 0.5 
LSD(0.05) *Cultivar x Ealy x Late x Sprout 1.7 26.3 
 

Appendix 20 Interactions of Table 7.1 

Cultivar  <0.001 <0.001 <0.001 0.7 0.03 
Early 0.01 0.1 0.55 0.025 0.14 
Late 0.7 0.4 0.57 0.6 0.50 

Sprout 0.2 0.002 0.14 <0.001 0.33 

Cultivar x Early 0.6 0.9 0.83 0.7 0.74 
Cultivar x Late 0.7 0.9 0.45 0.7 0.63 
Early x Late 0.6 0.6 0.46 0.4 0.35 
Cultivar x ‘Sprout 0.6 0.1 0.34 0.1 0.81 
Early x Sprout 0.8 0.4 0.88 0.5 0.50 
Late x Sprout 0.6 0.9 0.90 0.8 0.24 
Cultivar x Early x Late 0.2 0.5 0.65 0.1 0.43 
Cultivar x Early x Sprout 0.4 0.1 0.08 0.05 0.07 
Cultivar x Late x Sprout’ 0.7 0.8 0.07 0.6 0.53 
Early x Late x Sprout 0.9 0.3 0.69 0.4 0.55 
Cultivar x Early x Late x Sprout 0.4 0.6 0.56 0.4 0.55 
*LSD (0.05) 86.4 112.8 0.02 129.9 0.06 
Note: *Cultivar x Early x Late x Sprout. 
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Appendix 21 Parameters for the piecewise linear model fitted for the fraction of radiation 
interceptance(R/Ro) against thermal-time displayed in Figure 7.4 for ‘Bondi’ and 
‘Fraser’ crops measured from November 2011 - April 2012 at Lincoln, New 
Zealand. 

Cultivar Sprout y1 y2 y3 y4 T1 T2 
‘Bondi’ 

‘on’ 
0.10 

(00.03) 
0.90 

(0.02) 
0.90 

(0.03) 
0.42 

(0.02) 
418 
(47) 

1312 
(1312) 

 
‘off’ 

-0.01 
(0.04) 

0.90 
(0.04) 

0.90 
(0.04) 

0.50 
(0.03) 

442 
(26) 

1271 
(16) 

‘Fraser’ 
‘on’ 

0.10 
(0.04) 

0.92 
(0.04) 

0.92 
(0.05) 

0.68 
(0.04) 

589 
(33) 

1391 
(137) 

 
‘off’ 

-0.02 
(0.04) 

0.92 
(0.04) 

0.92 
(0.05) 

0.70 
(0.04) 

598 
(36) 

1362 
(118) 

Note: Values between brackets are s.e.m. of the parameters. 
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Appendix 22 Analyses of variance for the cumulative radiation intercepted (Rcum) and thermal-
time (Tb=2 °C) for ‘Bondi’ and ‘Fraser’ potato crops subjected to three ‘Early’, two 
‘Late’ and two ‘sprout’ treatments and measured at 172 DAP. The crops were 
grown from October to May 2011 - 2012 at Lincoln, Canterbury, New Zealand.

Cultivar Treatment 
Cumulative Rcum 

(172 DAP) 
Cumulative thermal-time 

(172 DAP) 
‘Bondi’ Ground+3M+on 2202 1803 

Ground+3M+off 2048 1742 
Ground+1M+on 2212 1795 
Ground+1M+off 2062 1738 

Shed+3M+on 2134 1786 
Shed+3M+off 2067 1729 
Shed+1M+on 2166 1788 
Shed+1M+off 2079 1732 

Cooler+3M+on 2175 1818 
Cooler+3M+off 2130 1740 
Cooler+1M+on 2161 1788 
Cooler+1M+off 1981 1725 

Mean 2118 1765 
‘Fraser’ Ground+3M+on 2299 1824 
 Ground+3M+off 2028 1713 
 Ground+1M+on 2231 1812 
 Ground+1M+off 2073 1711 
 Shed+3M+on 2172 1789 
 Shed+3M+off 2007 1702 
 Shed+1M+on 2177 1798 
 Shed+1M+off 1956 1700 
 Cooler+3M+on 2279 1837 
 Cooler+3M+off 1995 1717 
 Cooler+1M+on 2220 1825 
 Cooler+1M+off 1979 1711 

Mean 2118 1762 
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Interactions of Appendix 22 

 
Cumulative RI 

(172 DAP) 
*Cumulative Tt 

(172 DAP) 
Cultivar ns ns 

Early' 0.025 (40032) <0.001 (5482.9) 

Late' ns ns 

Sprout <0.001 (681974) <0.001 (167521.2) 

Cultivar x Early ns 0.023 

Cultivar x Late ns ns 

Early x Late ns 0.009 (1419.3) 

Cultivar x Sprout <0.001 (71903) <0.001 (11211.5) 

Early x Sprout ns 0.007 (1511.3) 

Late x Sprout ns ns 

Cultivar x Early x Late ns ns 

Cultivar x Early xSprout ns ns 

Cultivar x Late x Sprout ns ns 

Early x Late x Sprout ns ns 

Cultivar x Early x Late x Sprout ns ns 

LSD(0.05) *Cultivar x Ealy x Late x Sprout 101 17 
Note: *Tt: Thermal-time calculated from crop emergence with a Tb of 2 °C. 

 

Appendix 23 Parameters of sigmoid curves fitted to cumulative radiation intercepted against days 
after planting (DAP) (Figure 7.5) of ‘Bondi and ‘Fraser’ crops measured between 
13/10/2011 and 29/02/2012 at Lincoln, Canterbury, New Zealand. 

Cultivar Sprout a b y0 x0 
‘Bondi’ on 2793(110) 32.9(1.84) 91.2(1.37) -412(72.2) 

off 2534(116) 29.8(20.9) 97.7(1.51) -305(69.4) 
‘Fraser’ on 2932(147) 35.1(2.46) 97.4 (1.59) -413(86.3) 

off 2729(171) 33.6(2.84) 102.6(1.88) -437(103) 
Note: Sigmoid curves are y =  y0 = a / (1 + e ( - (x - x0) / b)). Values between brackets are s.e.m.. R2 are all > 
0.99. 
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Appendix 24 Parameters for the Piecewise linear model fitted for the number of leaves in the 
main stem against Thermal-time (phyllochron) and for the cumulative potato DM 
(DMtuber) against thermal-time displayed in Figure 7.7 for ‘Bondi’ and ‘Fraser’ 
crops measured from November 2011 - April 2012 at Lincoln, New Zealand. 

Phyllochron y1 y2 y3 T1 
‘Bondi’ 6.24(0.38) 20.36(1.11) 28.4(0.52) 386.1(38.5) 
‘Fraser’ 7.52(0.24) 21.6(0.98) 30.72(0.38) 495.48(39.3) 
Cumulative DMtuber 
‘Bondi’ 0.003(0.38) 0.9(0.51) 13.26(0.39) 384.38(51.66) 
‘Fraser’ 0.0001(0.10) 0.46(0.15) 8.84(0.11) 464.18(17.7) 
Note: Regressions are: (I) y = (y1*(T1 - t) + y2 * (t - t1)) / (T1 - t1) and (II): y = (y2 * (t2 - t) + y3 * (t - 
T1)) / (t2 - T1). Values between brackets are standard error of the mean. 

 

Appendix 25 Branches DM fraction of total above-ground DM versus cumulative thermal-time 
from emergence for ‘Bondi’ and ‘Fraser’ potato crops were grown between 2011 and 
2012 at Lincoln, Canterbury, New Zealand. 

 
Note: Bars represent one s.e.m. above and below the mean. 
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Appendix 26 Parameters for the quadratic regressions performed for cumulative total DM and 
main stem DM against DAP (Appendix 25) for Bondi’ and ‘Fraser’ potato crops 
were grown between 2011 and 2012 at Lincoln, Canterbury, New Zealand. 

DMtotal parameters 

Cult1 
Early 

+ 
Late 

Sprout Constant Linear Quadratic 

‘Bondi’ 2 ‘C’ 
+ 

3M’ 
 

on -42.2 (10.3) 1.66 (0.33) -0.0025 (0.0023) 
‘Bondi’ off -43.2 (31.4) 2.48 (0.91) -0.0076 (0.0058) 
‘Fraser’ on -13.8 (11.4) 0.37 (0.38) 0.0077 (0.0027) 
‘Fraser’ off -15.5 (5.9) 0.18 (0.16) 0.0068 (0.001) 
DMmain-stem parameters 

Cult 
‘Early 

+ 
‘Late’ 

‘Sprout Constant Linear Quadratic 

‘Bondi’ ‘C’ 
+ 

3M’2 
 

on -40.9 (4.43) 1.77 (0.14) -0.0076 (0.0010) 
‘Bondi’ off -82.0 (26.4) 2.79 (0.76) -0.012 (0.0049) 
‘Fraser’ on -27.2 (8.76) 1.21 (0.29) -0.0039 (0.0021) 
‘Fraser’ off -25.4 (4.30) 0.65 (0.12) 0.0015 (0.0007) 
Note: 1Cult: cultivar; 2’C + 3M’: ‘Cooler + 3 months warm up’. Values between brackets are s.e.m. 
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Appendix 27 ANOVA performed for crop emergence (Experiment 4) calculated in days after 
planting (DAP) and fraction of plants emerged (bracketed values) for ‘Bondi’ and 
‘Fraser’ potato crops subjected to different temperature regimes and then grown in 
the dark at a constant temperature of 20 °C for approximately 30 days on six 
planting dates at Lincoln, Canterbury, New Zealand. The seed potato was de-
sprouted on the day of planting. 

Cultivar 
(C) 

 

Treatment 
(T) 

 

Planting dates (PD) and fraction of plants emerged 

1st 2nd 3rd 4th 5th 6th 

‘Bondi’ HL ─(1) 17.7(1) 14.6(1) 16.1(1) 16.0(0.61) no(0.07) 
L ─(1) 20.3(1) 17.1(1) 13.8(1) 14.2(1) 15.2(1) 

LH ─(0.89) 15.0(1) 15.4(1) 13.4(1) 13.7(1) 13.6(1) 
ML ─(1) 19.1(1) 15.8(1) 16.9(1) 15.0(1) 15.9(1) 
Mean 18.0 15.7 15.0 14.7 15.4 

‘Fraser’ 

HL ─(0.89) 19.3(1) 15.6(1) 17.6(1) 20.5(0.07) no(0.03) 
L ─(0.76) 25.3(1) 20.9(1) 18.1(1) 15.5(1) 18.0(1) 

LH ─(0.89) 18.7(1) 16.2(1) 17.0(1) 14.7(1) 14.7(1) 
ML ─(0.87) 22.9(1) 16.7(1) 17.6(1) 14.7(1) 16.3(0.9) 

Mean 21.5 17.4 17.6 16.3 16.3 
Cultivar (C) 0.02 
Treatment (T) ns 
Planting date (PD) 0.02 
C x T ns 
C x PD ns 
T x PD ns 
C x T x PD ns 
LSD: Cult 1.7 
Note: Planting dates are 1st: 7/8/2012, 2nd: 7/9/2012, 3rd: 5/10/2012, 4th: 5/11/2012, 5th: 5/12/2012 and 6th: 
7/1/2013. 
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Appendix 28 ANOVA performed for crop emergence (Experiment 5) calculated in DAP and for 
‘Bondi’ and ‘Fraser’ potato crops subjected to different storage temperature regimes 
and then planted on 11/01/2013 in the field at Lincoln, Canterbury, New Zealand. 
The seed potato was de-sprouted seven days before planting. 

Cultivar Treatment code 
75 % emergence 

(DAP) 
Fraction of emergence 

‘Bondi’ M6H1 20 1 
M5H2 22 0.96 
M4H3 23 1 
M3H4 23 0.93 
M2H5 22 0.96 
M1H6 25 0.96 
M6L1 23 0.96 
M5L2 22 1 
M4L3 22 0.96 
M3L4 20 1 
M2L5 21 1 
M1L6 21 1 
H6L1 34 0.86 
H5L2 25 0.96 
H4L3 20 1 
H3L4 20 1 
H2L5 19 1 
H1L6 20 1 
L1H6 ─ 0.86 
L2H5 22 0.86 
L3H4 24 0.96 
L4H3 21 1 
L5H2 20 1 
L6H1 20 1 

L7 19 1 
M7 24 0.96 
H7 34 0.75 

                                                Mean 23 1 

Cultivar <.001 <.001 

Sequence <.001 <.001 

Cultivar x Treatment <.001 <.001 

LSD: Cultivar x Treatment (α=0.05) 5.8 0.16 

Note: See Figure 8.2 for treatment coding. 
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Cultivar Code 
75 % emergence 

(DAP) 
Fraction of plants emerged 

‘Fraser’ M6H1 21 1.00 
M5H2 25 0.93 
M4H3 26 0.75 
M3H4 ─ 0.54 
M2H5 ─ 0.36 
M1H6 ─ 0.29 
M6L1 26 0.96 
M5L2 25 1.00 
M4L3 27 1.00 
M3L4 24 1.00 
M2L5 30 1.00 
M1L6 33 1.00 
H6L1 ─ 0.14 
H5L2 ─ 0.18 
H4L3 33 0.79 
H3L4 28 0.96 
H2L5 27 0.96 
H1L6 27 1.00 
L1H6 ─ 0.46 
L2H5 ─ 0.54 
L3H4 29 0.79 
L4H3 25 1.00 
L5H2 22 1.00 
L6H1 23 1.00 

L7 30 1.00 
M7 25 1.00 
H7 0.14 

Mean 27 1 
Cultivar <.001 <.001 
Sequence <.001 <.001 

Cultivar x Treatment <.001 <.001 

LSD: Cultivar x Treatment (α=0.05) 5.8 0.16 
Note: See Figure 8.2 for treatment coding.
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Appendix 29 Bondi’ and ‘Fraser’ seed potato tubers at the end of the H7 storage treatment 
(Experiment 5). 

Plate 4 ‘Bondi’ and ‘Fraser’ seed potato tubers at the end of the H7 storage treatment 
(Experiment 5). 




