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SUMMARY 

A series of experiments was conducted at three contrasting sites (Cambridge 
University Fann, Gleadthorpe and Terrington Experimental Husbandry Fanns) in four 
years (1985-88) to examine the effect of site, season and husbandry on growth and water 
use of the potato variety Record. Crisp processing quality was assessed af harvest and 
after periods of storage. Confounding of site and season with husbandry was avoided by 
maintaining similar husbandry in one experiment common to all sites and seasons. In 
1989 at Cambridge, crops were grown in polythene tunnels to detennine the effect of 
controlled water input on the number of tubers and efficiency of water use. 

Growth, development and yield of crops with similar husbandry generally did not 
differ between sites and seasons. Effects of husbandry (e.g. date of planting and date of 
harvest) at each site in all years were generally large compared with site and season 
effects. However, physiological age of seed tubers and irrigation regime had very little 
effect Intercepted radiation was converted to tuber dry matter with greater efficiency in 
1987 at Gleadthorpe than at the other two sites. In 1987, there was no effect of site on 
water use (evapotranspiration) efficiency with respect to tuber dry matter production, but 
later plantings used water more efficiently than early plantings. In 1988, the early planting 
at Gleadthorpe used water more efficiently than a similar date of planting at Cambridge. 
Excluding rainfall and withholding irrigation increased water use efficiency in 1989, and 
yield was lower from a crop kept close to field capacity than one which received the 
same amount of water over the season, but at less frequent intervals. Restricting crop 
water availability to soil reserves reduced the number of tubers greater than 10mm, but 
irrigation regime had no consistent effect on the number of tubers initiated or retained 
where rainfall input could not be controlled. Water uptake was related to depth and 
density of rooting, and date of planting and irrigation regime had considerable effects on 
root distribution. 

There were foteraction effects between site and season on crisp fry colour. Delayed 
harvest resulted in darker crisps, but fry colour after long-tenn storage (36-40 weeks) 
could not be predicted from the colour at harvest. No significant correlation could be 
established between individual, or total, tuber sugar concentration and crisp colour. 
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INTRODUCTION 

Much of the variation in yield and quality of potatoes is attributed to the geographical 
location of production, and 'designated' · areas have been delineated based on their 
suitability for production of a defined market requirement. The production of early-season 
crops of Record in Cornwall and Pembrokeshire to supply crisp manufacturers during 
July, prior to the availability of early-maincrops in less favourable areas of the UK, is of 
particular relevance in the context of processing crops .. However, within a particular 
region, site and season are often purported to have abstruse effects, but in many cases the 
different husbandry practices adopted may have an equally large effect on yieid or 
processing quality. Multi-factorial experiments on a wide range of contrasting sites are 
expensive and difficult to analyse. Manipulation of husbandry, especially variables such as 
date of planting and date of harvest, at a limited range of sites could result in the 
exposure of crops to a wide variation of environmental regimes with respect to incident 
radiation receipts, soil and air temperatures and water availability. If the response of crop 
growth and development could be attributed to particular environmental conditions, then 
this would permit extrapolation to cover a wider range of sites. In many reports, the term 
'site ' refers not only to the aerial and edaphic conditions at a particular location, but a}.so 
encompasses associated husbandry. In these situations, effects of site are difficult to 
perceive unless experimenters have made a concerted effort to eliminate the confounding 
effects of husbandry. 

The relationship between yield and intercepted radiation suggests that yield variability 
can be apportioned simply to easily-measured alterations in radiation receipts or 
interception capacity of the canopies at different sites, providing the efficiency of 
conversion of light energy to tuber dry matter remains constant. Disease and water stress 
are two factors which may reduce efficiency of conversion, and whilst both can be 
eliminated or reduced, the efficiency of water use (i.e. transpiration) by crops grown on 
different sites · may alter as a consequence of the response of root growth to edaphic 
conditions. In most areas of England and Wales, in the absence of irrigation, variation in 
water availability is the principal cause of variation in yields between sites and seasons 
(Allen & Scott, 1980). Irrigation often shifts the pattern of canopy growth in relation to 
radiation receipts, and reducing water stress to negligible levels may actually reduce the 
efficiency with which water is used. The provision of edaphic conditions conducive to 
rapid vertical root penetration should reduce the frequency of irrigation, or substantially 
increase water availability on sites where irrigation is not available. Efficiency of light 
conversion to dry matter will be affected if water or nutrient availability decrease, even 
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temporarily, and this is likely to be the situation under husbandry practices which 
encourage the development of multi-branched root systems in shallow horizons which 
rapidly dry out in periods of high evapotranspiration demand, and where irrigation or 
rainfall is delayed. 

Whilst the components of yield variability appear to be more easily identified, there 
still exists a widespread-belief among pro.cessors and growers that both site and season 
have a particularly large and inexplicable effect on processing quality. If a link between 
crisp colour and crop growth could be established, much of this uncertainty would be 
removed. Failure to establish a causal relationship between crisp colour and tuber sugar 
levels refutes suggestions that sap sugar concentrations within tubers, or other plant 
organs e.g. petiole, can be used as a predictor of crisp colour at harvest. A greater 
understanding of the environmental factors influencing crop growth in the field s.hould 
lead to a better perception of the variation in processing quality, both at harvest and after 
storage. Soil temperature and water status close to harvest are likely to have considerable 
influence on crisp colour, and therefore many of the problems associated with 'late' sites 
could be removed by altering date of harvest. Justified manipulation of husbandry within 
a particular site or season would thereby afford processors a greater degree of control 
over the quality of their product. The aim of this study is to resolve the particular 
components of site which contribute to crop growth and development and subsequent 
processing and storage quality. 
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1. LITERATURE REVIEW 

1.1 Yield variability in the potato crop 

As with most agricultural products.the gross monetary output of a potato enterprise is 
closely related to the total marketable yield. The definition of yield in this situation is that 
of total tuber fresh weight. However, the financial importance of certain size grades in 
fulfilling processing contracts does not necessarily imply that the achievement of 
maximum tuber yield returns the maximum gross output. The factors influencing the 
grading of tubers are discussed in a later section (1.4 ). In this section the term yield 
should be regarded as total tuber fresh weight. 

1.1.1 The classical growth analysis approach to yield 

Early classical growth analyses (Blackman, 1919; Briggs, Kidd & West, 1920; Watson, 
1952) concentrated on the magnitude of the leaf surface and its efficiency in determining 
the productivity of the photosynthetic system. Watson (1947) proposed the term leaf area 
index (LAI) for the ratio of leaf surface area to ground area, and employed this, in 
conjunction with a measure of efficiency, net assimilation rate (NAR), to elucidate 
variations in plant dry weight, the consequence of photosynthetic activity. However, NAR, 
the rate of dry matter production per unit leaf area (Briggs et al., 1920), is calculated 
from the change in plant dry weight (W) and leaf area (L) over a time interval (Ot) and 
assumes that a linear relationship exists between W and L over 8t. Therefore, any 
discontinuity in the change in W or L between two successive harvests invalidates the 
method's accuracy as a predictor of photosynthetic rate. Another problem is that LAI 
relies on the equality of all leaves with regard to age, spatial arrangement and angle of 
orientation. In addition, although close linear relationships between total dry matter yield 
and the time int~rval of LAI, leaf area duration (LAD), have been established (Broadbent 
et al., 1957; Gunasena & Harris, 1968; 1969; 1971), poor or variable correlations also 
exist (Taha, 1961; Ivins & Bremner, 1965; Ifenkwe, 1975). 

1.1.2 The importance of maximizing the amount of intercepted radiation 

Although Talling (1961) proposed that natural plant communities are often light
saturated with respect to photosynthesis during the day, a close correlation between yield 
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and total solar input1 has been demonstrated for several vegetable crops, such as turnips 
(Stanhill, 1958) and maize (Moss, Musgrave & Lemon, 1961), as well as potatoes 
(Scholte Ubing, 1958; Sibma, 1970). Utilizing photosynthetic models, Waggoner (1969) 
predicted that increased solar input at the canopy top would increase the yield of many 
crops almost proportionally to the increase in light, whilst Sale (1973b) conversely 
demonstrated that shading caused a marked reduction in yield. 

However, a common feature of the above examples is the use of data emanating from 
physical or meteorological establishments which record global radiation, or from 
photocells or solarimeters placed above the canopy. In the introduction to his review on 
radiation exchange in plant communities, Monteith (1969) stressed the importance of 
intercepted radiation as a measure of the energy available for photosynthesis. As a result 
of experiments in the 1960's and early 1970's, Monteith (1977) proposed that crop 
growth could be analysed in terms of 

(i) the amount of light intercepted during the growing season and, 

(ii) the efficiency with which intercepted light is used. 

Monteith & Elston (1971) and De Vos (1977) provide evidence that once complete 
canopy cover is achieved, rates of crop photosynthesis are largely independent of 
temperature over a wide range (10-25°C). Before canopy closure, higher temperatures 
increase the rate of growth of the leaf surface and thereby the amount of light intercepted. 
It is possible that changes in the form of the leaf canopy associated with different sites 
and husbandry regimes indicate the way in which increasing temperature increases leaf 
area and radiation interception. Late planting of both potatoes and sugar beet, which 
usually pass through most of their development in warmer conditions, produce larger 
leaves with smaller specific weights (Scott et al., 1973; Allen & Scott, 1980; Jones & 
Allen, 1983). Thus an increase in the leaf area : leaf weight ratio may be a general 
response to warm conditions and facilitate increased radiation interception. 

1.1.2.1 The relationship between total dry matter production and intercepted radiation 

Several workers have established that the amount of dry matter accumulated by a crop 
is closely correlated with the amount of radiation intercepted by its foliage during growth. 
The relationship was found to hold for a range of crops; apples (Monteith, 1977 from the 
data of Palmer, 1976), barley and wheat (Gallagher & Biscoe, 1978) and sugar beet 
(Milford et al., 1980). Bonhomme et al. (1982) reported that the dry. matter production of 
maize genotypes differing in canopy architecture and earliness grown on different sites 

Solar input is used to describe the total solar radiation of wavelength 300-3000nm incident on a horizontal surface. Approximately half the total is photosynthetically active radiation (PAR), 400-700nm (Sale, 1973a). 
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was related to PAR absorbed during growth, and that the general relationship was valid 
over all genotypes and sites. Work on potatoes at Sutton Bonington has been reported by 
Scott & Wilcockson (1978) using unpublished results from Williams and data from Darby 
(1974) and Younger (1975). Williams measured light interception with tube solarimeters 
placed horizontally above and below the canopy. Darby and Younger continued the work 
using the cultivar (cv.) Pentland Crown but calculated light interception from a 
relationship with LAI established from Williams work on cv. Majestic, assuming the 
relationship remained similar for a different variety. From a combination -of dull and 
bright seasons and different varieties and agronomic treatments, Scott & Wilcockson 
(1978) produced a single linear relationship between total dry weight and intercepted 
radiation. Allen & Scott (1980) using the data of Bean also produced a linear relationship 
involving the varieties Arran Comet, Desiree and Pentland Crown and two sprouting 
temperatures. 

The points of Bean's data fall close to the fitted line of the Sutton Bonington data 
drawn through the origin illustrating that the efficiency of conversion of intercepted 
radiation to dry matter in these well-managed experiments approached similar values. 
Data to illustrate reduced photosynthetic efficiency where light interception has been 
recorded are rarer, but Scott & Wilcockson (1978) showed that the yields of both potato 
and sugar beet in a drought-affected year (1976) were lower than predicted from the 
amount of radiation intercepted. The implication was that water stress imposed a 
substantial loss of efficiency. Sale's (1973a; b; 1974) data from Australia were used by 
Scott & Wilcockson (1978) to illustrate further how the relationship between total dry 
matter and intercepted radiation can be altered by drastic environmental conditions. Data 
from the summer-planted crop, growing in cooler conditions, fell close to the line drawn 
through the Sutton Bonington data. However, data from both spring-planted crops clearly 
did not. In 1971 the crop was water-logged which caused a reduction in efficiency. In 
1970, the high average daily temperatures (22.5°C) during tuber bulking increased 
respiration rates, thereby reducing efficiency. Again, this illustrates the importance of 
intercepted radiation in determining dry matter production once factors limiting the 
efficiency of Conversion have been recognized and rectified. The application of this 
method of analysis to growing crops can therefore indicate whether site or husbandry 
factors are causing a reduction in yield due to decreased photosynthetic efficiency, an 
inability to intercept a large percentage of the incident radiation, or a combination of the 
two. 
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1.1.2.2 The relationship between total tuber yield and intercepted radiation 

Ivins & Bremner (1965) postulated that leaf growth prior to the time of tuber initiation 
had a dominating influence on the partitioning of photosynthates thereafter. If this view 
were correct then any relationship established between tuber dry weight and intercepted 
radiation is likely to be tenuous, since factors such as higher temperature and nitrogen 
fertilizer application have been demonstrated to increase leaf growth (Section 1.2.1) and 
consequently plant size at tuber initiation. Accordingly, assimilate partitioning would be 
shifted towards foliage rather than tuber growth. However, Ali (1979) and Raouf (1979) 
have shown that dry matter partitioning is unaffected by large variations in plant size at 
initiation, indicating that the model proposed by Ivins & Bremner (1965) is not universal. 

Allen & Scott (1980) provide good evidence that in many temperate regions and with 
the large variations encountered in modern cultural practices, tuber dry weight is directly 
related to total dry matter yield. Except for extreme husbandry treatments such as 
prolonged physiological aging or very high applications of nitrogen, differences in dry 
matter partitioning are smaller than Bremner & Radley (1966) suggested. Although the 
considerable plasticity of the potato crop in assimilate partitioning increases the 
complexity of any relationship, Scott & Wilcockson (1978) summarized the correlation 
between tuber dry weight and intercepted radiation using data from Sutton Bonington and 
Australia and found that a close relationship existed between these two factors. However, 
tuber dry matter data from Sale's (1973a; b) experiments did not fit this common line, 
although the relationship was still linear. The lower efficiency of conversion in the high
radiation environment appeared to be associated with delay in onset of tuber bulking, and 
increased stem growth caused by higher temperatures (Bodlrender, 1963). Chowdury & 
Hodgson (1982) also found a highly significant positive correlation of tuber dry matter 
yield with percentage light interception. 

1.1.3 Factors affecting the efficiency of conversion of intercepted radiation 

Monteith (1977) described the efficiency of crop production in thermodynamic terms 
as the ratio of energy output (carbohydrate) : energy input (solar radiation). The 
maximum photosynthetic leaf efficiency of 8% calculated by Monteith (1966) bears no 
relation to the efficiency achieved in crops in field experiments, and commercially the 
efficiency is sometimes found to be less than 1 %. Several causes of reduced 
photosynthetic efficiency in the potato crop have been suggested. · These include light 
saturation in regions of high insolation (Sale, 1974), high temperature (Dwelle, Kleinkopf 
& Pavek, 1981 ), increasing age of leaf (Sestak, 1981) and respiration loss from the 
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increasing mass of tubers (Burton, 1964). Three factors, lack of water, deficiency of 
nutrients and predation by pests or diseases are directly controllable by husbandry 
measures. The reduction in transpiration rates by lowering leaf conductivity through 
stomata! closure also decreases the gaseous exchange capacity, and thereby the rate of 
photosynthesis (Boyer, 1970; Moorby, Munns & Walcott, 1975). Drought might also be 
implicated in the reduction of photosynthetic efficiency by causing more assimilate to be 
diverted into a deeper and more extensive root system (Huck et al., 1983). Andreeva et 
al. (1971) demonstrated that the effect of nitrogen on leaf photosynthetic rate increased 
with decreasing concentration of nutrient solution, but Gregory, Marshall & Biscoe (1981) 
emphasized the importance of recognizing 'field' concentration levels as pot experiments 
frequently test levels below the minima found in arable soils. Hutcheson & Buchanan 
(1983) have reported a suppression of photosynthesis in the later stages of viral, fungal 
and bacterial infection. Potato plants on which the aphid Macrosiphum euphorbire have 
fed may develop a symptom known as 'top-roll', with leaves from these plants 
photosynthesizing less efficiently than those of unaffected plants (Gibson, 1974). 

Where the crop is unaffected by constraints such as water stress, pests or diseases, 
growth proceeds with an almost constant maximum efficiency for much of the season and 
yield is determined by the amount of light intercepted (Allen & Scott, 1980). If growth is 
restricted by any factor, the actual efficiency can be measured and compared with the 
'target' or maximum. There is a scarcity of data relating to the growth of potato crops at 
different sites which could provide a test of Monteith's (1977) proposals. Since site-to-site 
variation exists in the availability of water and nutrients, it seems probable that both the 
extent of interception and the efficiency of conversion could differ. Analysing these two 
components would enable deficiencies of the whole environment to be elucidated and also 
indicate the potential for improvement. 
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1.2 Canopy productivity 

Whilst the various factors that influence the growth and development of the individual 
components of the canopy are of importance, it is crucial to understand the interrelation 
of each towards the formation of the whole system. The environment experienced by an 
individual leaf within the canopy is greatly influenced by its position in the hierarchical 
order of both time and spatial distribution. The indeterminancy of both stem and branch 
growth ultimately manifests itself in increased inter- and intra-plant competitfon, which in 
turn will cause further modification of the aerial environment. In striving to accomplish 
the aim of maximum intercepted radiation, the target must be the synchrony of canopy 
growth with the period of increasing light receipts and the maintenance of this canopy for 
as greater part of the season as possible. 

1.2.1 Canopy growth 

Allen & Scott (1980) have produced tables of solar radiation incident at two 
geographically separate sites in the British Isles over a number of years (Table 1.1). 
These demonstrate that the months of April, May and June contribute approximately half 
of the total light receipts for the average growing period April-October, emphasizing the 
importance of early-season interception in maximizing the total amount of radiation 
intercepted. The most obvious means of reducing the time between planting and complete 
canopy cover would be to increase the stem density. This can be achieved by using a 
higher seed rate (Allen & Scott, 1980), but the effect of seed rate on tuber grading is an 
overriding factor compared with canopy production, and the reasons for adopting a certain 
stem density for processing crops are discussed in a later section (1.4.1 ). 

The rate of stem emergence and elongation is also an important factor governing the 
time taken to reach complete canopy cover. The major factors influencing the time to 
plant emergence are the extent of sprout development of the seed tuber and soil 
temperature after planting (Ivins & Bremner, 1965; Moorby & Milthorpe, 1975; Sale, 
1979). Headford (1962) and Bremner & Radley (1966) showed that time to emergence 
was generally reduced by increased sprout length at planting. Borah (1959) and Headford 
(1962) demonstrated that sprout elongation was a positive function of temperature. Sadler 
(1961) reported that the relationship between time to emergence and post-planting 
temperatures was curvilinear to 30°C. This relationship was subsequently supported by 
Midmore (1983). When determining the effect of soil environment on sprout growth it is 
important to eliminate the effects due to sprout growth. Jones & Allen (1983), in a series 
of experiments involving different early varieties, dates of planting and sprout lengths, 
found that the varieties with the longest sprouts emerged first only from the earliest 
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Table 1.1: 
Mean monthly solar radiation receipts (MJ!m2lday) at two sites. 

Total 
Year Mar Apr May Jun Jui Aug Sep Oct Mar-Oct 
Broom's Barn, Suffolk 
1966 15.3 15.3 12.5 12.1 10.7 5.2 
1967 8.6 9.9 · 13.3 15.9 15.1 12.0 7.4 7.0 2732 
1968 8.7 13.8 15.2 16.5 13.7 10.2 9.0 5.9 2847 
1969 5.5 12.7 14.3 18.9 15.6 10.9 9.1 5.8 2839 
1970 6.8 9.6 16.6 19.4 13.8 12.5 10.1 5.8 2895 
1971 6.8 10.5 16.4 13.3 17.1 11.1 10.3 6.2 2807 
1972 8.2 9.7 14.3 15.6 13.5 12.9 8.0 5.4 2681 
1973 8.0 10.9 15.3 19.3 14.1 13.4 9.8 5.0 2936 
1974 6.8 10.8 15.3 16.0 13.8 12.8 9.1 4.2 2720 
1975 4.8 9.9 12.8 19.0 16.3 14.4 9.4 5.7 2828 
1976 6.8 11.7 14.3 19.8 17.6 14.5 8.7 4.0 2984 
1977 6.2 9.7 15.2 13.5 14.8 9.6 8.9 5.8 2559 
1978 7.1 9.0 14.7 14.7 11.8 11.2 9.3 5.1 2539 

Low 4.8 9.0 12.8 13.3 11.8 9.6 7.4 4.0 2228 
High 8.7 13.8 16.6 19.8 17.6 14.5 10.7 7.0 3331 

Aberporth, Dyfed 
1968 9.5 14.9 17.0 19.8 19.5 15.7 9.8 5.4 3414 
1969 9.2 15.9 15.6 23.2 18.4 13.0 8.8 6.7 3403 
1970 8.5 13.1 16.6 19.2 16.9 14.0 10.6 5.4 3194 
1971 7.7 12.9 20.5 17.5 21.0 12.8 12.0 7.2 3417 
1972 9.8 15.0 16.8 17.0 17.0 16.1 12.7 6.5 3400 
1973 10.2 15.0 16.3 21.5 18.1 15.0 10.4 5.8 3441 
1974 8.9 16.2 17.6 19.2 18.2 14.6 10.0 5.1 3367 
1975 9.1 14.0 20.4 23.0 18.7 14.8 11.6 7.4 3647 
1976 9.6 15.2 16.9 20.8 18.5 19.5 8.7 5.5 3509 
1977 7.9 15.2 22.2 18.7 19.4 15.3 10.3 6.4 3536 
1978 9.0 14.4 18.1 17.7 15.2 14.0 11.7 5.1 3226 

Low 7.7 . 12.9 15.6 17.0 15.2 12.8 8.7 5.1 2914 
High 10.2 16.2 22.2 23.2 21.0 19.5 12.7 7.4 4061 

plantings. At late plantings all varieties emerged together, which suggests that the rate of 
post-planting sprout elongation decreased in this physiologically old seed as planting was 
delayed despite increasing soil temperatures. In a further comparison, using both early and 
maincrop cultivars, sprout length at planting gave little indication of the order in which 
the varieties emerged, for the response in rate of sprout elongation to increasing 
temperature was far greater in the short-sprouted maincrop varieties than in the early 
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varieties. The data also showed that at the higher temperatures following the final 
plantings, there was a reduction in the rate of sprout elongation of the relatively long 
sprouts of the early varieties. This resulted in an increase in the interval between planting 
and emergence of the early cultivars, as the effect more than compensated for the 
increased sprout length of these varieties. Sale (1979) planted tubers that had only just 
broken dormancy, thus ensuring a similar development of sprouts. He found a linear 
relationship between rate of emergence and mean daily temperature up to an optimum of 
20-24°C. 

Thomas (1988), using a controlled environment, established that a linear relationship 
existed between the number of day-degrees and sproutlet elongation in the variety Estima. 
The calculated rate (0.43mm/day°C) is substantially lower than the rate found for Maris 
Piper by MacKerron (1983), and the base temperature for elongation (4.5°C, by 
extrapolation of the linear relationship) is more than twice that reported by MacKerron 
(1983). Firman, O'Brien & Allen (unpublished) found that rate of sprout elongation was 
slower for very small seed (2-20g) and where soil moisture was low. They concluded that 
although rate of sprout elongation was not linearly related to temperature over the whole 
range, for a large part of the temperature range up to the optimum around 20°C the rate 
was linear. Additionally, they observed that seed removed from prolonged cold storage 
had a faster rate of elongation, which was probably caused by the continued development 
of sprouts even at temperatures <4 °C, or the accumulation of gibberellic acid. 

After emergence, aerial stem elongation occurs. Moorby & Milthorpe (1975) found 
that the optimum temperature for stem elongation was 25°C, whilst Slater (1968) observed 
greater stem elongation at 22°C than at 12°C. Menzel (1985) also reported that the length 
of the stem increased with increasing temperature, and that the effect was mediated by a 
greater number of nodes. This observation is also supported by the data of Midmore 
(1983) and Marinus & Bodlrender (1975). However, Firman et al. (unpublished) have 
observed very little effect of temperature on the number of nodes formed. Bodlrender 
(1963) reported that rate of stem elongation was greater at low light intensities, an effect 
subsequently supported by Sale (1973a), who found that shading increased stem length, 
although stem d_ry weights did not differ significantly between shade treatments. Menzel 
(1985) found that stem weight was increased by reduced radiation input and that stem 
length decreased with increased radiation. The changes in stem length were mediated by 
alterations in the number of nodes. 

Another factor of importance in achieving early ground cover is the rate of initiation 
and expansion of individual leaves on the stem and is discussed in 1.2.1.1. However, it is 
important to understand that stem morphology can alter the number and spatial 
distribution of leaves within the canopy. The morphology and growth of buds and well
developed sprouts of potatoes has been described by Artschwager (1918), Sussex (1955), 
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Sadler (1961) and Goodwin (1967). A potato tuber has an apical bud with leaf primordia 
arranged in a 5/13 phyllotactic spiral so that the angle of divergence between successive 
leaves is 138.46°. As the tuber grows, older leaves from the apical bud form scale leaves 
over the tuber surface which subtend 'eyes' consisting of one secondary-axis and two or 
more tertiary-axis buds. In mature tubers, dormant apical and fully-developed lateral buds 
consist of about 12 leaf primordia (Goodwin, 1967), while younger lateral buds nearer the 
apical bud, and tertiary buds have fewer primordia. Taylor (1953) suggested that the 
number of nodes to the first flower appeared to be fixed at 26, with little variation due to 
cultivar or environmental effects. Kirk, Davies & Marshall (1985) reported that there were 
about 31 nodes to the first flower in Maris Piper. Firman, O'Brien & Allen (unpublished) 
found no evidence after prolonged storage at 13°C that flowering occurred after a fixed 
number of primordia had been initiated. Maris Piper demonstrated a marked decrease in 
the rate of primordia initiation with time, whilst Home Guard and Arran Comet showed a 
linear increase in the number of nodes over a long period. Consequently, the number of 
nodes was greater in the two latter varieties than in Maris Piper. The authors also found 
that the number of nodes on sprouts increased with delay in planting and increased 
physiological age, mainly mediated by an increased number of below-ground nodes. Very 
young seed of Home Guard was found to produce 26 nodes to the first flower, with old 
seed (l 100day0 >4°C) producing 36. 

Subsequent vegetative growth after the mainstem has terminated in an inflorescence 
occurs via axillary branching. Firman (1987) observed that LAI produced below the 
flower in the indeterminate variety Cara was considerably greater than Diana, Estima, 
Maris Piper, Pentland Dell and Pentland Crown. Branching in potato may be affected by 
temperature and light intensity (Borah & Milthorpe, 1962; Burt, 1964), with more 
branches produced earlier at high radiation intensities and temperatures. However, these 
findings are based on controlled-environment studies at light levels considerably below 
those which would be experienced by a field-grown crop, therefore it is not clear whether 
differences in light levels in the field are of great consequence in this respect, -or whether 
an optimum temperature of 25°C (Borah & Milthorpe, 1962) would be found at higher 
levels of radiation. Considerable increases in the number and size of branches have been 
recorded with increased levels of mineral nutrition (Fernando, 1958; Humphries & French, 
1963; Lovell & Booth, 1969), whilst Lynch & Rowberry (1977) and Fowler (1988) found 
that the number of branches per stem was decreased by increasing plant density. Ifenkwe 
(1975) and Ifenkwe & Allen (1978) found that wide rows reduced the number of 
branches per stem, implicating increased competition between plants for scarce resources 
in the reduction of the number of branches. 
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1.2.1.1 Factors affecting rate of leaf appearance and expansion 

The growth of an individual leaf can be divided into two stages, the period up to the 
unfolding of the leaf and the subsequent expansion of the leaf surface. However, the 
processes of cell division, differentiation and expansion are not totally confined to either 
of these stages (Sunderland, 1960), and ·the environmental influence on the rate and 
duration of these processes manifests itself in the plasticity of leaf growth. When planted, 
seed tubers may have a variable number of initiated main stem leaves (Section 1.2.1). The 
relative importance of environmental factors influencing leaf growth and development and 
the response of these leaves at various stages of development is of particular relevance. In 
order to assess the potential contribution of the leaf to canopy productivity it is necessary 
to consider the longevity of leaves in relation to their insertion point, environmental 
constraints and ontogeny of the plant (Firman, 1987). 

In studying factors influencing the rate of leaf appearance caution must be observed 
regarding the terms initiation and appearance. Much of the literature refers to leaf 
'production', failing to make this distinction, or indeed between appearance of new leaves 
and expansion of the leaf surface. The rate of leaf initiation can be defined as the 
reciprocal of the plastochron (Dale & Milthorpe, 1983), the time interval between the 
formation of recognizable 'bulges' of successive primordia. The phyllochron measures the 
time interval between the visual appearance of subsequent leaves. By 'visual appearance' 
it is generally taken that this means the attainment of a certain length of leaf (Firman, 
1987). Leaf appearance is more applicable to field studies since it can be be determined 
by non-destructive analysis. 

Expansion of the leaf involves the processes of cell division, expansion and 
differentiation occurring concurrently. The total dependence of the developing leaf upon 
imported photosynthate until it reaches 1/3-1/2 of its final size (Fellowes & Geiger, 1974), 
emphasizes the importance of factors which influence this supply. The ontogenetic effects 
on rate of expansion are also of some importance. In many species, successive leaves 
increase in size, and in potato Scaramella Petri (1959) found that the size and morphology 
of leaves changed with ontogeny, but this change was influenced greatly by the growth 
environment. Maximum leaf size was reached at about the 10th above-ground leaf, 
decreasing thereafter, a figure agreeing with Firman's (1987) data using the varieties Cara, 
Estima, Maris Piper, Pentland Crown and Pentland Dell. Data from Fowler (1988), who 
used spatial arrangement as a treatment and only measured the 4th, 8th and 12th leaves, 
indicate that maximum leaf size may still be increasing at the 12th leaf. However, another 
experiment involving planting density suggested that maximum leaf size was attained 
somewhere between the 8th and 12th leaves. In both of Fowler's experiments, there were 
14-15 (Pentland Crown) or 13-14 (Estima) above-ground leaves before the first flower. 
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Node counts suggested that the primordia of these leaves were present at, or soon after, 
planting. The assimilate supply to these leaves early in their development was therefore 
unlikely to have been affected by either row width or density. The data of Kasim & 
Dennett (1986) support Fowler's results by demonstrating that increased plant density in 
Vicia faba had no effect on the size of early-fonned leaves, but reduced the size of later
fonned leaves. Leaves at higher node positions may well be affected by row width if this 
alters the degree of overlap of the zones of influence, and results in a sub-optimal supply 
of resources. 

1.2.1.1.1 Photoperiod and light intensity 

Under field conditions the photoperiod is not fixed as in most controlled-environments 
and is also associated with a fluctuating light intensity. Separating the effects of each 
factor is therefore complicated. Several authors have shown that leaf 'production' is 
enhanced by increasing daylength (Werner, 1934; Driver & Hawkes, 1943; Krug, 1960; 
Bodlrender, 1963; Steward, Moreno & Roca, 1981). An increased rate of leaf appearance 
in potato with greater light intensity was observed by Borah & Milthorpe (1962) and 
substantiated in Cucumis by Milthorpe & Newton (1963). Owing to the low levels of light 
used it is difficult to establish whether the faster rates of cell division or more rapid 
growth at the apex were the result of enhanced assimilate supply or a photomorphogenetic 
response per se. Studies of the effect of irradiance intensity on growth usually show that 
specific leaf weight (g/cm2) decreases in dull light (Terry, Waldron & Taylor, 1983). 
Bodlrender (1963) found potato leaflets had a larger surface area but were much thinner at 
8,000 than at 16,000lux, whilst Sale (1973a) found that reducing the total insolation by 
34% through shading increased maximum leaf area and reduced specific leaf weight by 
about 30%. 

1.2.1.1.2 Temperature 

Since light intensity may affect the rate of leaf appearance (Section 1.2.1.1.1) many of 
the effects of temperature on rates of leaf appearance determined in controlled
environment chambers may have been confounded with the low light intensities used. 
Caution must therefore be exercised as to the relevance of these findings in the context of 
field conditions. However, Borah & Milthorpe (1962) found that rates of leaf appearance 
in potatoes were faster at 20°C than at 15 or 25°C. Bodlrender (1963) proposed that low 
night temperatures may favour leaf growth, whilst Marinus & Bodlrender (1975) reported 
that more leaves were produced as the temperature was increased over the range 16-28°C. 
Recent data produced by Firman (1987) demonstrated that a linear relationship between 
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number of leaves to the first flower and thermal time accounted for slightly less of the 
variation (97.5%) than a relationship based purely on chronological time (97.8%). 
Thermal rates of leaf appearance were reduced at the final planting (12 May) compared 
with earlier plantings (14 March and 11 April) because, whilst chronological rates of 
appearance were higher at the final date of planting, the increase in temperature at the 
May planting outweighed this effect. This non-unification of rates of leaf appearance 
when related to thermal time, coupled with the very high degree of fit of a linear 
relationship based on simple chronological time, led Firman to conclude that · since rate of 
leaf appearance and thermal time are both cumulative quantities and are inevitably closely 
related, chronological time was a better predictor of leaf appearance than thermal time. 
This seems to conflict with results in many crops, e.g. barley (Gallagher, 1979 and Kirby, 
Appleyard & Fellowes, 1982), wheat (Hay & Tunnicliffe Wilson, 1982) and pearl millet 
(Ong, 1983), who all argue the case for rate of leaf emergence being a positive linear 
function of temperature. Milford, Pocock & Riley (1985) have also demonstrated the 
linear dependence of leaf appearance on thermal time in sugar beet, although variation in 
the thermal rate of leaf appearance amongst treatments and seasons was evident. 

Examination of the literature in greater depth reveals that this dependence on thermal 
time is some way from being a universal feature. Cooper (1959) found that the rate of 
leaf appearance in tomato remained relatively constant, even though temperatures changed 
as the season progressed. Schwabe (1957) demonstrated that there was little effect of 
temperature over the range 17-27°C on the rate of leaf initiation in chrysanthemum, 
although the rate of leaf appearance was higher at the upper limit studied. Watson & 
Baptiste (1938) reported that the rate of leaf appearance in sugar beet was more rapid 
following periods of cold than would have been expected from the prevailing 
temperatures. Williams (1959) found that there was a large increase in rate of leaf 
appearance in raspberry when the photoperiod was increased from 9 to 14 hours at a 
constant temperature. A similar effect was found in barley by Jones & Allen (1986). They 
observed that rates of leaf emergence were characterized by long periods when leaves 
emerged linearly with time despite considerable variations in temperature, and were more 
rapid when darlength was increasing in the spring than when the photoperiod was 
decreasing in the autumn but temperatures were higher. It may be that leaf appearance in 
potato is a more complex function of temperature than simply a linear relationship of rate 
to temperature, or that some other factor has a controlling influence and the rate is 
relatively insensitive to temperature over the observed range. Firman (1987) postulated 
that the decrease in thermal rate of leaf appearance that he observed with delay in date of 
planting could have resulted from prevailing temperatures exceeding the optimum for leaf 
appearance. If the optimum of 20°C suggested by Borah & Milthorpe (1962) is correct, 
then it might be expected that rate of leaf appearance would demonstrate no linear 
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relationship with thermal time throughout the season if the optimum were exceeded for 

any length of time. Certainly, any model developed for a crop such as potato, where the 

transition from a vegetative to a floral apex in the season of production interrupts the 

progression of leaf development, is likely to differ from the biennial sugar beet which 

may produce over 70 leaves in a single vegetative phase. 

Once formed, the growth .of individual leaves is usually most rapid between 20 and 

30°C (Peet, Ozbun & Wallace, 1977; Auld, Dennett & Elston, 1978), however, the 

duration of leaf growth often increases with decrease in temperature below 20-25°C (Auld 

et al., 1978; Dennett, Elston & Milford, 1979). Watts (1974) found that rates of leaf 

extension in Zea mays varied widely in the field if there were large diurnal variations in 

. air temperature, but were constant if the temperature of the shoot meristem was 

maintained at 30-34°C. Bull (1968), Dennett, Milford & Elston (1978) and Dennett & 

Auld (1980) have all demonstrated that leaf expansion in Vicia faba is strongly dependent 

upon temperature when moisture is non-limiting. Burt (1964) found that leaves of potato 

plants exposed to 'low' temperatures (6-9°C) for a period of 1 week and then returned to 

'optimum' growing conditions (20-25°C), expanded at the same rate as, or at a higher rate 

than, the control plants maintained at 20-25°C. However, those leaves which were at a 

late stage of expansion at the time of transition to low temperatures expanded during the 

period at 6-9°C at a faster rate than comparable leaves of control plants. When returned 

to the higher temperature they also continued to expand for a longer period and attained a 

larger area (Burt, 1961 quoted by Burt, 1964). The effect of the lower temperature regime 

on rate of expansion was reversed for leaves in earlier stages of development, but again 

these leaves expanded at a faster rate and to a greater final area than control plants on 

· return to the higher temperature. Alterations in temperature may also produce significant 

anatomical changes. Bodlrender (1963) stated that potato leaves fonned at high 

temperatures were flatter and had larger leaflets than at lower temperatures, whilst Terry 

(1968) found that sugar beet leaves tended to become wider and shorter at lower 

temperatures and the length of the petiole and midrib was reduced. 

1.2.1.1.3 Water 

Leaf expansion is one of the first growth processes to be affected by a decrease in 

water potential (Hsiao, 1973). It has often been stated that cell division appears less 

sensitive to water stress than cell enlargement (Ordin, 1960; Vaadia, Raney & Hagan, 

1961; Slav!c, 1965; Slatyer, 1967; Clough & Milthorpe, 1975). However, Terry, Waldron 

& Ulrich (1971) showed that cell division in leaves of young sugar beet plants was 

sensitive to relatively small decreases in the solute potential of the root medium. 

Subsequently, Meyer & Boyer (1972) demonstrated that cell division in etiolated, intact 
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soybean hypocotyls was as sensitive as cell elongation to low water potentials, while 
Kirkham, Gardner & Gerloff (1972) concluded that cell division in isolated radish 
cotyledons was more sensitive to turgor pressure than cell enlargement. The situation in 
potato remains uncertain, since authors such as Gandar & Tanner (1976) have used the 
term leaf 'enlargement' and not alluded to primordial development at the apex. 

Clough & Milthorpe (1975) found that tobacco leaf expansion was rapidly reduced at 
low leaf water potentials (-300J/kg) and ceased totally at -lOOOJ/kg. Rawson, Constable & 
Howe (1980) demonstrated that in sunflower it was the rate of leaf expans1on that was 
affected by water stress rather than the duration. Martin (1940) also showed that the rate 
of sunflower leaf area development was reduced with increased soil moisture stress. He 
reported that growth rate was affected by water stress long before an effect on stomata! 
opening or transpiration rate could be detected. Gandar & Tanner (1976) found that under 
field conditions, the enlargement of potato leaves ceased at water potentials drier than 
-5bars, and at night leaves of stressed plants elongated much less than those of unstressed 
plants, even though both sets of plants had similar water potentials in the morning. The 
stressed plants missed only one irrigation, yet their total leaf growth was reduced to 60% 
of the unstressed plants, and no compensatory growth of leaves was observed in stressed 
plants after their water deficits had been alleviated by inigation. These results of Gandar 
& Tanner seem to suggest that over the growing season, diminished leaf enlargement 
caused by short periods of water deficit could result in a substantial reduction in total leaf 
growth. Werner (1954) also observed that as water stress became more pronounced, 
leaves ceased to respond as rapidly to changes in the evaporative demand. 

· Allen & O'Brien (1985) reported that early restriction of water supply reduced 
individual leaf area and prolonged the ultimate life of the leaf canopy compared with 
more frequently-inigated crops. During the later stages of growth, failure to meet 
evapotranspiration requirements resulted in wilting which seemed to produce more rapid 
senescence in older leaves than earlier water restriction. The largest responses to inigation 
were found from applications in July and August when the uninigated crops quickly 
suffered permanent loss of leaf and thereby light interception capacity. Llewelyn (1967) 
observed that irrigation commencing before tuber initiation increased the investment of 
dry matter in leaf production, however, the treatment also induced early canopy 
senescence. Hang & Miller (1986) demonstrated that if plants were water-stressed early in 
the season to the extent that plant size was reduced and the number of dead leaves 
increased, yield loss was not recovered. Krug & Wiese (1972) showed that low soil 
moisture (20-30% A WHC remaining) during the first 24 days after emergence followed 
by high soil moisture, initially decreased leaf area but increased foliage dry weight later 
compared with a continuously high moisture regime. Necas (1962) found that drought 
after flowering hastened senescence. The same effect has been observed as a result of 
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late-season stress (Robins & Domingo, 1956). Chapman & Loomis (1953) studied the 
co2 absorption of droughted and irrigated potatoes and found that after rewatering 
'permanently wilted' plants there was a full recovery of the rate of photosynthesis even 
after 3 days of suffering this condition. 

1.2.1.1.4 Nutrients 

Data are scarce on the rate of leaf appearance in the field, and some use has to be 
made of the results from nutrient-supplemented pot experiments. Kirk & Marshall (1985) 
found that rates of leaf appearance in the field at levels of O and 240kg/ha of applied 
nitrogen (N) fertilizer did not differ, which seems to contradict Firman's (1987) findings 
that rates of leaf appearance to the first flower were increased slightly by increasing N 
from O to 180kg/ha. However, Firman points out that since a leaf was only adjudged to 
have 'appeared' upon attaining a length of 10mm, the effect of N on rate of leaf 
appearance may have been partly an effect of increased leaf expansion rather than an 
increase in the rate of leaf initiation. Fernando (1958), in pot experiments, reported that 
supplementation of N increased meristem activity and number and size of mainstem 
leaves, whilst potassium (K) caused a slight increase in rate of leaf appearance. 
Phosphorus (P) had no net effect on the final number of leaves although the rate of leaf 
appearance increased initially, then decreased. P also increased leaf expansion. Humphries 
& French (1963) reported that addition of N, P and K did not alter the number of 
mainstem leaves, although the effect on branch leaf development was large. This led 
Firman (1987) to conclude that the effects of nutrients, and N in particular, appeared to 
be on the release of branches from apical dominance rather than on direct stimulation of 
the meristem. In sugar beet, Terry (1970) found that N increased the number of cells per 
leaf, mean cell size and rate of leaf expansion. In field experiments with potato using two 
levels of N fertilizer (0 and 240kg/ha), Kirk & Marshall (1985) found that the first 10 
leaves each had the same duration of expansion and did not differ between N levels. The 
duration of expansion of the 11th-19th leaves was increased, and was greater at the lower 
level of N. 

1.2.2 Canopy magnitude 

A useful measure of canopy magnitude is that of leaf area index (LAI), although it is 
not an accurate indicator of light interception as it takes no account of the spatial 
arrangement of leaves or their light absorbance characteristics. Some attempt has been 
made to relate percentage light interception (LI) to LAI. Khurana & McLaren (1982) 
demonstrated a near-linear response up to a LAI of 2, but the slope decreased until LI 
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remained almost constant at LAI's >4. Burstall & Hanis (1983) established good 

relationships between LI and both LAI and ground cover (GC), although the fitted 

relationship between LI and LAI accounted for slightly less of the variation than that 

between LI and GC. The observation that the latter relationship was linear also appeared 

advantageous. Ingram & McOoud (1984) stated that owing to sun-flecking or holes in the 

canopy, at high values of GC, LI is over-estimated. Both Firman (1987) and Fowler 

(1988), in view of the poor relationships obtained between LI and GC, adopted a figure 

of 1 : 1 for estimating LI. This is close to the value obtained by Burstall & Hanis (1983). 

Firman & Allen (1989) suggested that the use of GC to predict LI may be quite 

inaccurate because readings of GC approaching 100% (~8%) sometimes corresponded to 

values of percentage light interception of only 81 %, although with very dense canopies LI 
attained 91 %. Van der Zaag (1984) utilized a multiplication factor of 1.0-1.3 to convert 

GC% to LI, with GC's of 30-50% apparently underestimating LI to the greatest extent. 

Presumably, such a relationship is based on the theory that during early season growth in 

North European latitudes, much of the light incident on the crop canopy anives at an 

acute angle. LI in these situations is dependent on the magnitude of LAI to avoid 

extensive transmission and reflection losses. Many of the workers who have tried to 

establish a relationship between LI and GC or LAI have recognised the problem in 

estimating light interception with tube solarimeters when GC or LAI is decreasing. 

Canopy lodging causes clumping of foliage with a resultant overlapping of leaves and an 

exposure of stem rather than leaf material. In addition, solarimeters cannot distinguish 

between living and dead material and, due to the expense, are only able to sample a very 

small area of the crop canopy (Burstall & Hanis, 1983). Husain, Hill & Gallagher (1988) 

overcame the latter problem in Vicia faba by using 2 miniature (0.32m long) tube 

solarimeters attached to a probe which was inserted into the crop canopy. After allowing 

30 seconds for the sensors to equilibrate, the output was integrated for 30 seconds and 

compared with a reference solarimeter above the crop. The short time interval for reading 

allowed more replication, but increased labour input. 

Relationships_ between GC and LAI have also been established. Fowler (1988) found 

excellent correlation using a negative quadratic equation of the form: 

GC = a + p.LAI + y.LAI2 

where a, p, and y are constants. 

Greater than 90% of the variation in GC was accounted for by the relationships generated. 

Firman (1987) produced a similar correlation, but less of the variation was accounted for. 

Both authors presented a figure of LAI95, the estimated LAI at a GC of 95%. Firman's 

data for LAI95, 2.76-2.91 corroborate suggestions in the literature that LAI's >3 do not 
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increase LI significantly (Bremner & Taha, 1966; Allen & Scott, 1980; Burstall & Harris, 
1983). Fowler's figure of 3.46-4.38, although larger, is not inconsistent with other reports 
(e.g. Khurana & McLaren, 1982). In studying the magnitude of the canopy it is important 
to appreciate that the lowermost leaves may be shaded by those in the upper regions of 
the canopy, but they still have a role in absorbing light which has penetrated 'holes' in 
the canopy or been transmitted through the . leaf laminre above them. For this reason much 
of the work into the relation of yield with canopy productivity has concentrated on LAI 
as a measure of the size of the canopy. 

J .2.2.1 The relationship between yield and leaf area index 

Most maincrop potatoes in the UK emerge and commence leaf expansion some time in 
May and increase their leaf area rapidly in June (Allen & Scott, 1980). Peale LAI's are 
achieved during July, thereafter declining until some time in September, or October in 
some varieties. LAI curves of Gunasena & Harris (1971), Ifenkwe (1975) and Younger 
(1975) demonstrate that maincrops are deficient in leaf area both early and late in the 
season. Although Gunasena & Harris (1971) and Ifenkwe (1975) have shown that 
considerable leaf growth can occur during April and May in some seasons, most crops 
intercept only 10-15% of sunlight during May. Light receipts during September and 
October are much lower than in April or May (Table 1.1), and improvements in early leaf 
growth should be more beneficial to tuber yields than the maintenance of a high LAI into 
late September and October. Bremner & Radley (1966) and Bremner & Taha (1966) 
found that the best linear relationship between tuber yield and leaf area duration (LAD) 
was obtained if LAI's >3 were assumed to be equal to 3. This is supported by data from 

· Allen & Scott (1980) and Burstall & Harris (1983), which demonstrate that light 
interception only increases by a small amount at LAI's >3. 

Bremner & Taha (1966) have argued that in correcting LAI values in excess of 3 more 
emphasis is placed on leaf persistence than pealc LAI values, and more kaf than is 
necessary to achieve interception at any particular time may be beneficial if it prolongs 
the period of interception. Gunasena & Harris (1971) did not find any improvement in the 
relationship between yield and LAD when LAI values in excess of 3 were modified, 
suggesting that a contribution was made by the additional tiers of leaves. This was 
supported by Chowdury & Hodgson (1982), who obtained high correlation coefficients 
between yield and LAD for the periods of growth up to and including maximum ground 
cover, but not for the period when LAI was declining. In general, therefore, there appears 
to be a good linear relationship between yield and LAD, although the method of 
calculating LAD and the interpretation of the relationships are open to debate. 
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J.2.2.2 Factors affecting canopy magnitude and senescence 

The senescence of the canopy is dependent on both the duration of leaf initiation and 
appearance (Section 1.2.1.1 ), and the senescence of individual leaves. It is important to 
view any effect of the environment on senescence in the context of the effect on the 
whole plant, as the interaction between plant organs may have large effects on the 
senescence of individual leaves. These interactions between plant organs wilf often be far 
more important in determining the time of leaf senescence than leaf age per se, or the 
differences in environmental factors which directly influence the leaf. However, the more 
unresolvable influence of environmental factors in altering the pattern of plant interaction 
may be of considerable importance. 

The shading by successively-formed leaves reduces the light intensity and alters its 
spectral composition, and may have profound effects upon the senescence of lower leaves 
(Thomas & Stoddart, 1980). Whilst it is commonly observed that the shaded leaves in a 
potato canopy senesce earlier, there are few quantitative data to support this. Firman & 
Allen (1988) showed that decline in rate of photosynthesis with leaf age was faster in 
strongly-shaded leaves compared with less shaded leaves. Nevertheless, the formation of 
very large canopies, with a LAI of >6, can be supported in potato (e.g. Gunasena & 
Harris, 1971), even though leaves below the uppermost LAI of 3 probably contribute 
little, implying that much of the leaf of such a crop is likely to be photosynthetically 
inactive (Section 1.2.2.1). There appears no evidence that high LAI's are necessarily 
maintained under very high solar input (Sale, 1973a). 

The effects of temperature on leaf initiation and expansion have already been 
discussed (1.2.1.1.1), and these two processes are likely to govern the maximum size of 
canopy; For sugar beet, Scott & Jaggard (1978) estimated that a reduction of 1 °C in the 
mean temperature for each week from April to July would, in a season of average 
radiation, realise a 10% decrease in sugar yield as a result of reduced canopy growth and 
thereby interception capacity. However, temperatures which are conducive to early leaf 
growth may also hasten senescence. Nelson & Midmore (1986) found that for a range of 
environments, potato crops grown in warmer climates tended to senesce earlier. 
Bodlrender (1963) suggested that while senescence in potato may be more rapid with 
increasing temperature at low light intensity, at high light intensity this may be reversed. 
However, in these reports, it is impossible to separate the direct effects of temperature 
upon senescence from the effects mediated via any differences in canopy size and mutual 
shading induced by the different growth regimes. 

Increase in peak canopy magnitude can often be achieved by the application of 
nitrogen (N) fertilizer (Dyson & Watson, 1971; Gunasena & Harris, 1971). Similar effects 
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can also be shown for other nutrients such as potassium (Gunasena & Harris, 1971), 
although responses in the UK are usually small for most elements other than N as 
residual soil levels on agricultural land are frequently close to crop requirements. 
Potassium (K) appears to have an important role in the avoidance of, or tolerance to, 
drought, and may be associated with delayed leaf senescence. Plants supplied with 
adequate K appear to be able to reduce transpiration more effectively during periods of 
water stress than plants with a low K status (Harris, 1988). Applications of large amounts 
of N fertilizer to the crop result in a peak LAI substantially greater (>6) than is required 
for a high light interception percentage (:=3, Section 1.2.2.1). Such an increase in canopy 
size is likely to lead to unfavourable partitioning of resources towards foliage rather than 
tuber growth. Firman (1987) observed a more rapid senescence of early-formed leaves at 
high N application rates brought about by the reduced light regime within the denser 
canopy. 

Some interest has been generated by the timing of N fertilizer application. The 
common practice of seedbed application has been suggested by some workers to delay 
early growth and tuber initiation (Radley, 1963; Ivins & Bremner, 1965). Gunasena & 
Harris (1971) found yield benefits by splitting N application between seedbed and top
dressing at tuber initiation which were found to be associated with a tendency to prolong 
canopy duration, although the time of onset of canopy decline was not altered. They 
associated the beneficial effect of split application with an improvement in the recovery of 
N in the crop, which was largely ascribed to a reduction in loss due to leaching. Such 
findings are of importance to potato growers on sandland sites where rates of percolation 
are high during early season (D. Williams, personal communication). However, a study 
over a number of sites and seasons by Penny, Addiscott & Widdowson (1984) did not 
show any consistent advantages of splitting N over a single application at planting. 

Weed species reduce the canopy productivity, the size of the reduction being 
dependent on the density and competitive ability of the particular weed population and the 
availability of supplies of light, nutrients and water (Makepeace & Holroyd, 1978). 
Damage to the potato by nematodes can be severe, with stunting of the haulm, early 
senescence, and _ impairment of root growth and function (Evans & Trudgill, 1978). Many 
other pests damage the cultivated potato, but in the UK the major problems are caused by 
aphids, slugs and wireworms (Gibson, 1978), with species of aphids such as Myzus 
persicce, Macrosiphum euphorbice, Aphis nasturtii and Aulacorthum solani of particular 
importance with respect to the transmission of viral pathogens causing foliar stunting, 
chlorosis and necrosis. The major foliar diseases prevalent in Britain apart from viral 
infections are late blight (Phytophthora infestans) and blackleg (E,.;.,inia carotovora var. 
atroseptica). Blight is a particularly devastating fungal pathogen, causing total foliage 
destruction unless controlled. 
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1.2 .3 The importance of water in canopy productivity 

The water requirement of any crop is determined by the evaporative demand created 
by the prevailing incident radiation and the saturation vapour pressure deficit of the air 
(Penman, 1948). When the plant is unable to meet the evaporative demands of the 
atmosphere, the leaves lose · turgor and stomata close, which restricts both water loss and 
photosynthesis (Kramer, 1969). From a green farmscape about one-quarter -of the sun's 
energy is reflected (Monteith, 1959): of the non-reflected energy, about half is used in 
evaporating water and the other half in various processes of energy transfer from the 
surface to the atmosphere. The inevitable result of increased radiation interception by a 
more expansive canopy is increased water demand. 

1.2.3.1 Evapotranspiration requirements 

Arkley (1963) showed that there was a linear relationship between the amount of dry 
matter produced and the amount of water transpired by a particular species of plant under 
given conditions of climate and soil fertility. While Arkley did not present any data for 
potatoes, Penman (1970b; c) has shown that yields of potatoes and grass are proportional 
to accumulated evapotranspiration. Rijtema & Endrodi (1970) found that in the 
Netherlands there was no close relationship between yield and transpiration in 
comparisons involving different years and different potato cultivars, but there was a very 
close relationship between both total and tuber dry matter yield and the ratio transpiration 
over vapour pressure deficit. This was subsequently supported by Tanner (1981), working 
with the variety Russet Burbank in Wisconsin. De Wit (1958) concluded that, under the 
humid meteorological conditions in the Netherlands, production and transpiration are both 
mainly determined by radiation, so the relationship with dry matter production must be 
linear, as far as no other factors become limiting for crop growth. Since growth 
respiration depends on plant competition, and maintenance respiration depends to a great 
extent on protein turnover and is temperature dependent (Penning de Vries, 1975), some 
differences in transpiration efficiency · may be expected depending on haulm, root and 
tuber partitioning, and growing temperatures. Crops growing on soil lose water by both 
transpiration from leaves and evaporation directly from the soil surface. In many places, 
the evaporation of water directly from the soil surface represents a major pathway of loss. 
Cooper (1983) determined that in the Mediterranean climate of northern Syria, almost 
60% of the total water loss from land cropped with barley was via the soil surface. 
Adding 27kg P/ha and 60kg N/ha almost doubled yields, but resulted in the same total 
water use because the fertilizer promoted rapid leaf growth early in the season, thereby 
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covering the soil surface and reducing evaporative losses. In such environments, fertilizer 
can almost double water use efficiency (Gregory, Shepherd & Cooper, 1984). 

As potato varieties differ in their time of emergence, rate and magnitude of leaf 
growth and the timing of senescence, there are large differences between varieties in their 
water demands. For a particular variety, sprouting regime and date of planting greatly 
affect the above parameters of leaf growth and therefore influence the timing and amount 
of water required by the crop. As varieties also differ in the timing of tuber initiation in 
relation to leaf growth, they also differ in the quantity of water used prior to tuber 
growth. It has, however, been reported that after initiation, tuber dry matter production per 
mm of water used is similar in all varieties (Bean, 1981; Jones, 1981; Allen & O'Brien, 
1985). The production per mm of water used is substantially higher than the quoted 
figures for responses to irrigation water or rainfall plus irrigation (e.g. McDermott & 
Ivins, 1955; Price & Harvey, 1962; Peeler, Harvey & Rosser, 1966; Penman, 1971; 
Wellings, 1973; Clutterbuck & Simpson, 1978; French & Legg, 1979; Steckel & Gray, 
1979; Carr, 1983), which indicates inefficiency of external sources of water (i.e. those not 
pertaining to the soil reservoir). 

A calculation performed on the results of Rijtema & Endrodi (1970) reveals that a 
60t/ha fresh weight tuber yield of cv. Libertas grown in 1961 in the Netherlands required 
a total transpiration flow of approximately 300mm. Allen & O'Brien (1985) published 
figures of 0.203 and 0.269t/ha/mm water used for the varieties Maris Piper and Maris 
Bard respectively, whilst Jones (1981) calculated WUE's of 0.200-0.240t/ha/mm in a 
range of early and maincrop cultivars. Allen & Scott (1980) have suggested that with 
irrigation, yields of 70-80t/ha should be attained by maincrop growers in England and 
Wales in most years. This produces a transpiration requirement of 350-400mm, figures 
identical to those calculated by Carr (1984) for the achievement of maximum yields in the 
UK. This water must be available from rainfall and soil reserves. There are large areas of 
arable land where the soil is incapable of providing this amount, at least within the zone 
of maximum root activity. This emphasizes the importance that root prolificacy, and 
especially root extension, has on the ability of the plant to obtain this amount from soil 
reserves. 

1.2.3.2 Rooting characteristics and water uptake 

Potatoes are frequently characterized as a relatively shallow-rooted crop, a large 
proportion of the roots being found in the top 0.2-0.3m of soil (Hruska, Majorova & 
Nohejl, 1961; Bremner & Taha, 1966; Durrant et al., 1973; Lesczynski & Tanner, 1976; 
Asfary, Wild & Harris, 1983; Parker et al., 1988), although roots have been recovered 
from depths of up to lm or more (Inforzato & Nobrega, 1964; Fulton, 1970; Durrant et 
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al., 1973; Stone, 1982; Wolfe, Fereres & Voss, 1983; Allen & O'Brien, 1985; Parker et 
al.; 1988). Lesczynski & Tanner (1976) demonstrated that a decrease in total root length 
and root dry weight per plant coincided with the decrease in foliage dry weight in cv. 
Russet Burbank. Steckel & Gray (1979) reported that the number of root apices increased 
at an exponential rate with respect to time up to the start of tuber initiation and flowering 
in Pentland Crown and King Edward, with virtually no new roots being produced 
thereafter. It is therefore possible that the extent of the root system throughout the soil at 
this time provides a measure of the ability of the plant to withstand water stress (Weaver 
& Clements, 1938; Troughton & Whittington, 1969; De Roo, 1969; Hurd, 1974; 
Vel'Yaminov-Zemov, 1974). However, Parker et al. (1988) found that root penetration in 
Record continued until the onset of canopy senescence under a 'dry' irrigation regime, 
although the maximum depth of rooting in 'wet' plots was recorded at around the time of 
maximum ground cover and approximately 1 month prior to the onset of senescence. 

Comparative data with other crop species are relatively scarce, but Corey & Blake 
(1953) showed that in a Sassafras loam soil the 'effective' rooting depth of potatoes was 
56cm compared with about 77cm for maize and more than 90cm for tomatoes. On the 
same soil type but at a different location, the effective rooting depth of potatoes and 
wheat were approximately the same (53 and 51cm, respectively). Van Loon & Bouma 
(1978) found that their definition of an effective root zone in terms of the soil layer 
above which 80% of the total number of roots were present could not explain the 
variations in water uptake and canopy and tuber growth patterns. They therefore 
concluded that an effective root zone in potatoes should be calculated on the basis of the 
depth of soil within which 90% of the roots were concentrated. This emphasizes the 
important contribution to water uptake made by the few, deep-penetrating roots. Durrant 
et al. (1973) compared the root growth of sugar beet, potato and barley and related this to 
changes in soil moisture measured with a neutron probe. Within 10 days of planting, 
potato seed tubers developed 12-18 similar-sized roots that soon fanned out into the soil 
beneath neighbouring plants. Short laterals were developed, fi rst near the tubfr and then 
further away. Most of the roots were in the top metre of soil, with only one or two roots 
penetrating dee~r. The depth of observed root growth was generally related to, but 10-
15cm deeper than, the maximum depth of soil moisture extraction. The mean maximum 
depth of soil moisture extraction by roots was 92, 78 and 93cm for potatoes, sugar beet 
and barley, respectively. However, while sugar beet and barley eventually extracted 
similar amounts of water from each horizon, potatoes extracted less, especially from 
below 60cm. Parker et al. (1988) measured water uptake from 0.3-0.4m below the 
observed depth of rooting, which emphasizes the importance of capillary rise from wetter 
horizons, or from a water table, in contributing to water uptake by roots. 
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Steckel & Gray (1979) found that prior to tuber initiation most of the water was 
extracted from the top 350mm of soil, but later extraction occurred almost exclusively 
from depths greater than this. Weaver (1926) observed that root distribution was altered 
when crops were grown under 'full' irrigation. The plants had a larger volume of haulm 
but much less extensive root systems. Penetration was shallower and almost exclusively 
confined to the top 40cm of soil and the lateral spread from the centre of the plant was 
reduced by 15cm. The roots from plants in the 'lightly watered' treatments, in contrast, 
took a more vertically-downward path and proliferated in the 30-60cm horizon to a 
greater extent. Boone, Bouma & De Smet (1978) reported that irrigation slowed 
downward root penetration significantly. The 'effective' root zone (Van Loon & Bouma, 
1978) did not increase after late June whereas the comparable unirrigated treatment 
increased until August, when the effective rooting zone was approximately 14cm deeper 
than the irrigated treatment Portas (1973) working with melon, cabbage and tomato found 
that irrigation resulted in a much more developed, but shallower, root system. Danielson 
(1967) concluded that since root growth is related to the general 'vigour' of the plant, 
maximum development in any region of the soil should take place when optimum 
conditions are maintained in all regions. Since many soils are very heterogeneous, 
restricted root growth in a pocket of soil unfavourable for root penetration may be 
compensated for by improved root growth in more favourable pockets of soil accessible to 
the root system (Russell, 1973). 

A review by Holliday (1970) has shown that there is good reason to believe that at 
least part of the sensitivity of the potato crop to small reductions in water status could be 
due to . the indirect effect of soil water content on nutrient availability. Proliferation of 
roots in the plough layer can be seen as a direct consequence of the high concentration of 
organic matter and fertilizer present in this horizon. Depletion of the available water in 
this zone might result in decreased crop growth due to inadequate uptake of nutrients 
(Harris, 1978). Kirkham, Keeney & Gardner (1 974) found that potato roots proliferated in 
zones where nitrate nitrogen (Nol-) had been injected into soil columns in which the 
plants were growing. They inferred that, under field conditions, if Nol- moves below 
the zone of water extraction it will be taken up, but in decreasing quantities as it moves 
down the root zone. The plants had the ability to compensate to some extent for Nol
available only at lower depths by extending the root system, supporting the hypothesis 
that there is an interaction between root distribution and Nol- concentration (Gass et al., 
1971). Simpson (1962) found that under high soil moisture tensions, most root growth 
occurred in zones where nitrogen fertilizer was concentrated, whereas under low soil 
moisture tensions more root development occurred outside these enriched horizons. 
Garwood & Williams (1967a; b) found that grass crops often appeared to suffer water 
stress in dry periods with an abrupt cessation of growth, although still having access to a 
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source of water. They suggested that unless there is excessive rainfall during the growth 
of the crop, the majority of any applied nutrients, especially nitrogen, remain in the top 
layers of the soil profile. Consequently, if there is a period of prolonged dry weather, and 
the root system has to extract water from progressively deeper sources, the availability of 
nutrients gradually declines. Although plants may remain capable of extracting water from 
the soil, the concentration of nutrients eventually falls too low to sustain growth. In a 
review of the influence of . potassium on the response of crops to environmental stress, 
Beringer & Trolldenier (1979) pointed out that the concentration of potassium and 
phosphorus in the soil solution is low, and both have to reach the root surface by 
diffusion. Temporary water shortages reduce diffusion rates which can be compensated to 
some extent by increased fertilizer application. 

Many other factors may influence rooting behaviour. Evans, Greet & Inge (1983) 
reported that Cara has a very vigorous root system which responds to cyst nematode 
(Globodera rostochiensis and G. pallida) infestation by producing extra roots: less tolerant 
cultivars (e.g. Pentland Dell) may have smaller or severely-stunted root systems. However, 
Pentland Crown, one of the most tolerant cultivars known, had a visible root length less 
than half that of Cara plants of similar age. In addition, Cara had a greater proportion of 
roots that penetrated the soil profile vertically, so that on the observation dates (not given) 
its roots reached between 25% and 100% deeper down the profile than Pentland Crown. 
Roztropowicz (1980) demonstrated that long pre-sprouting periods increase the number of 
root primordia per sprout. Allen & O'Brien (1986) reported that increasing the 
physiological age of seed reduced root dry weight per plant in the top 25cm of soil when 
sampled 3 months after planting. De Roo & Waggoner (1961) showed that the pans 
developed by nonnal tillage associated with potato production could restrict root 
development, although on a coarser-textured soil than a sandy loam some compaction 
seemed to benefit root growth. Other authors have reported the detrimental effect of soil 
compaction on potato root development (Bishop & Grimes, 1978; Van Loon & Bouma, 
1978; Miller & Martin, 1987). Boone et al. (1978) found that the high mechanical 
resistance encountered by roots proved to be the primary factor affecting root elongation. 
Roots penetrated the compacted layers in all treatments, but at very different rates. One 
week after emergence the soil moisture matric potential at the rooting front was 
approximately -0.5bar. After that time the potential decreased below that level, indicating 
that the extraction rate exceeded the rate by which readily available moisture in deeper 
soil horizons became available to elongating roots. Potentials at the rooting front increased 
most strongly in the compacted treatments where vertical root elongation had been 
retarded. Subsoil compaction apparently inhibited vertical root elongation, forcing roots to 
more thoroughly deplete the moisture present in the rooted volume of the soil. Boone et 
al. (1978) also reported that moisture flow to the roots by capillary rise from a water 
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table occurred during the entire growing season, but varied between compaction 
treatments as a function of the distance above the water table and the hydraulic 
conductivity of the various horizons. Moderate compaction increased, but severe 
compaction decreased the potential for capillary rise in the topsoil. Although a plough pan 
in the subsoil increased the potential for capillary rise, this was more than compensated 
by the inhibition of vertical root elongation. Because of their fineness (Mahindra, 1975), 
potato roots are likely to be particularly sensitive to compaction (Asfary et al., 1983), 
especially since the roots of the Solanacere family have a high o2 requirement (Portas, 
1973), which is unlikely to be satisfied in a compacted soil. 

Reports in the literature that roots can penetrate beyond a depth of I metre indicate 
that significant water uptake can be achieved over a depth of 100-llOcm where rooting is 
unrestricted. This has great implications for the calculation of the limiting soil moisture 
deficit at which irrigation should commence. Whilst it cannot be concluded that the few 
roots which penetrate such deep horizons contribute massively to water uptake, it does 
emphasize the importance of maintaining edaphic conditions conducive to root growth, 
especially in dry seasons, when such roots would enable crop growth to continue for 
longer without severe restriction. It is frequently assumed that the limiting deficit equals 
50% of the available water holding capacity (A WHC) of the soil within the rooting depth 
of the crop (North, 1960; Laverton, 1964; Peeler et al., 1966; Ministry of Agriculture, 
Fisheries & Food, 1977; 1982a; Smith, 1977; Van Loon, 1981). Singh (1969) reviewed 
the soil-moisture relationship in potatoes from experiments conducted in the USA, and 
concluded that soil moisture should never be allowed to drop below 50% of A WHC. 
However, this figure varies with the moisture release characteristics of the soil. The soil 
moisture tension at which the growth rate of potatoes begins to decline appears to be 
around 0.4-0.7bar (Werner, 1954; Rocker & Timm, 1966; Fulton; 1970; Dubetz & 
Krogman, 1973; Epstein & Grant, 1973; Mould & Rutherfoord, 1980; Van Loon, 1981; 
Bourgoin, 1984; J!Z)rgensen, 1984; Shimshi & Susnoschi, 1985). On most soils this 
corresponds to 30-58% of the A WHC (Salter & Williams, 1965). Additionally, rooting 
depth is rarely taken to be more than 70cm, and such potential errors in the estimation of 
rooting depth have a large effect on the need for, and hence scheduling of, irrigation 
(Table 1.2). 

Obviously, if the crop could obtain a significant quantity of water from a deep root 
network, the irrigation requirement to maintain optimum crop growth rates could be much 
reduced, or even eliminated if the zone of capillary rise from a water table could be 
penetrated by roots (e.g. Boone et al., 1978; Parker et al., 1988). 
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Table 1.2: 
Effect of rooting depth and soil type on limiting deficit. 

Site 
Soil type 
A WHC (mm/lOOmm soil) 
Variety 
Rooting depth (cm) 
Fraction of A WHC held at 
tensions <0.6bar (%) 
Limiting deficit (mm) 
Unused soil water (mm) 

tParker et al. (1988). 
+Wolfe et al. (1983). 

Maulden, Bedfordt 
Sandy loam 

16.9 
Record 

70 100 

35 
16 

30 

51 
0 

1.2.3.3 Measurement of root system absorbance potential 

Davis, USA+ 
Loam 
21.3 

Kennebec 
70 150 

61 

70 

41 

131 

0 

The primary functions of roots are the absorption of water and nutrients and the 
anchorage of the aerial plant. Additionally, synthesis of hormones by roots plays an 
essential role in the regulation of growth throughout the plant. Of less direct interest is 
the role of root exudates, and the rhizosphere organisms for which these form the 
substrate, on soil physical conditions. The root provides the interface between plant and 
soil so that the extent and pattern of root growth largely determine water and mineral 
uptake (Newman & Andrews, 1973). Several approaches to understanding uptake by the 
whole root system have been tried, including mathematical models (Barley, 1970) and 

. electrical analogues (Sanders, Tinker & Nye, 1970). However, it is clearly desirable to 
have data on amounts of root, root growth rates and root distribution densities of the plant 
which can be related to rates of nutrient and water uptake. 

The weight of roots is not highly correlated with the absorbing potential of roots in a 
soil since the amount of fine roots represents only a small proportion of the total weight, 
although these fine roots can be the most active absorbing fraction of the root system 
(Bohm, 1979). Although the number of roots is not an ideal parameter as long and short 
roots are regarded and counted as equal units, close correlations with other root 
parameters are possible (Melhuish & Lang, 1968; Drew & Saker, 1977). Surface area has 
been determined in few root studies, although this parameter appears one of the most 
suitable when experiments on water or nutrient uptake are conducted (Dittmer, 1937; 
Schultz, 1972; Adepetu & Akapa, 1977; Evans, 1977). Many research workers believe 
that root length per unit soil volume (root length density) is one of the better parameters 
for calculation of water uptake by plant roots (Gardner, 1964; Molz, 1971; Newman & 
Andrews, 1973; Taylor & Klepper, 1973). Potato rooting studies have generally been 
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directed towards depth and lateral extent of rooting, qualitative studies of the influence of 
restrictive soil layers and the weight of root systems. Root length density studies in field
grown potatoes are scarce (Lesczynski & Tanner, 1976; Asfary et al., 1983; Parker et al., 
1988), although further data are available from laboratory experiments (Campbell, 1972; 
Kirkham et al., 1974). 

The high time and labour input required to obtain information about roots in soil by 
direct observation or sampling methods has led to the development of indirect study 
methods. The neutron probe technique is based on the assumption that correlations exist 
between soil water depletion rates and the quantity of roots present in the soil (Bohm, 
1979). It is also assumed that during the period between two successive soil water 
measurements there is almost no transfer of water from one part of the soil profile to 
another, and that there is no loss of soil water except by transpiration (Pearson, 1974). 
Owing to the escape of neutrons from horizons closer than 15cm from the soil surf ace, 
the method has limited application to the bulk of the potato root system. However, close 
agreements between observed rooting depths and deduced values in potato have been 
reported (Durrant et al., 1973; Steckel & Gray, 1979), whilst useful estimates of root 
density using neutron probe data have been made in citrus (Castle & Krezdom, 1977), 
apple (Levin, Bravdo & Assaf, 1973) and soybean (Stone et al., 1976). 

1.2.4 Husbandry factors affecting canopy growth and development 

1.2.4.1 Date of planting 

The importance of the synchrony of LAI with incident light receipts has been covered 
previously (1.2.2.1). Earlier planting to utilize the favourable light regime in June may 
cause the crop to undergo part of its development whilst exposed to cold temperatures at 
or soon after planting. This has been reported to suppress peak LAI (Bremner & Radley, 
1966; Jones, 1981; Jones & Allen, 1983), primarily a consequence of reduced branching 
and individual leaf size. An earlier onset of senescence was also apparent. Delayed 
planting, with the creation of a thermal environment more conducive to leaf growth, has 
to be balanced against the consequent loss of interception capacity when light receipts are 
at their maximum (Table 1.1). The relative balance between early and late planting in a 
particular season is likely to be shifted by the thermal environments prevalent at different 
sites. Planting early at sites where early spring temperatures are consistently low, may be 
jeopardizing the potential to produce bigger leaf canopies later in the .season which, in the 
absence of moisture stress, would permit higher rates of tuber bulking. 
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J .2.4.2 Physiological age 

1.2.4 .2.1 Sprout and stem characteristics 

At the end of the dormant period tubers begin to exhibit bud growth if placed in 
suitable temperatures, which leads to the development of sprouts, although the definition 
of what constitutes a sprout is open to argument. Bates (1935) described a sprout as "any 
"eye" showing viable sprouts", whereas Moorby (1967) refers to sprouts as "the lateral 
shoots on the tuber at planting". Wurr (1975) produced a repeatable definition and also 
introduced the term sprout/et: 

Sprout -- bud development on the seed tuber which had leaf 
initials present and at least partly open. 

Sprout/et -- bud development on the seed tuber which had leaf 
initials present and at least partly open irrespective of whether it was 
derived from the seed tuber or whether it was a sprout branch. 

The number of sprouts which develop per seed tuber, and subsequently the number of 
stems which emerge in the field, is principally determined by the size of the tuber and the 
temperature and duration of storage (Allen, 1978). Tubers placed at temperatures 
conducive to growth at dormancy break produce few, or even single, sprouts as the 
growth of the apical bud occurs rapidly and suppresses the growth of the other buds, 
producing the apically-dominant (or single sprout) condition (Goodwin et al., 1969). The 
use of low storage temperatures, later transfer of tubers to sprouting temperatures or 
damage . to the apical bud all result in a greater number of sprouts growing (Wurr & 
Allen, 1976). The length of the sprouting period also affects the morphology of the 
sprouts, for single sprouts often exhibit swollen bases and tend to branch, often following 
tip necrosis or damage (Toosey, 1964). Branching of sprouts results in secondary stems as 
well as mainste~s emerging above ground from apically-dominant seed. 

Relationships between number of stems and number of sprouts have been investigated, 
but a major problem is that some sprouts present at planting do not develop into stems 
even under favourable conditions (Holmes, Lang & Singh, 1970). Goodwin et al. (1969) 
found that the number of mainstems in the field was proportional to the number of 
sprouts at planting. However, not all sprouts > 1.0cm in length at planting emerged 
because of a re-imposition of apical dominance referred to by Morris (1967). Schepers & 
Hoogland (1968) concluded that the number of sprouts with clearly-visible root primordia 
gave an excellent correlation with the number of mainstems. Wurr (1975) showed that a 
good linear relationship existed between the number of above-ground stems and the 
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number of sproutlets, but the relationship did not remain constant between seasons. 
Subsequent work by Wurr & Morris (1979) reported that of the tuber characteristics 
measured, use of the number of sproutlets gave the poorest degree of correlation with the 
number of above-ground stems. Firman et al. (unpublished) demonstrated that the large 
variation in the number of nodes to the first flower with changes in physiological age 
may be of limited importance in determining the patterns of leaf growth because the 
number of above-ground leaves to the · first flower is relatively constant (15-17). 
Nevertheless, there may be effects on individual leaf morphology due · to acropetal 
variation (Section 1.2.1.1 ). 

1.2.4.2.2 Definition and measurement of physiological age 

Physiological age is a frequently used, but poorly-defined term which Toosey (1964) 
described as "the physiological condition of the mother tuber ..... at any given time, ..... 
which, if conditions of storage permit sprouting to occur, is illustrated by the degree of 
visible sprout development". Reust (1984) summarized the literature in an attempt to 
formulate a universal definition, but could only propose that physiological age was the 
"physiological state of the tuber which influences its productive capacity". The 
significance of physiological age as a determinant of crop yield was first recognised by 
Kawakami (1952). However, he ruled out the possibility of variation in aging caused by 
climatic conditions during the growth period of the seed or by different storage 
conditions, and was therefore reporting the effects of chronological rather than 
physiological age. O'Brien & Allen (1984) attributed differences in physiological age 
exclusively to changes in sprout length. They considered healthy seed tubers without 
sprouts to have no age and essentially the same growth pattern, irrespective of whether 
the absence of sprouts resulted from low storage temperature or desprouting. Allen & 
O'Brien (1986) stated that this implies that the effect of physiological aging is carried in 
the sprout, and not in the tuber as has been reported by Madec & Perennec (1955) and 
Madec (1958). Bus & Schepers (1978) compared growth from seed stored from 
November to April at 2-3°C, 5-6°C or 10-11 °C, and which had been desprouted just 
before planting -and then planted with short white sproutlets. They did not find any 
differences in the rates of emergence or initial growth between physiologically old and 
young seed, which agrees with the interpretation of O'Brien & Allen (1984). 

Various methods have been postulated to measure physiological age. Because little is 
known about the biochemical nature of the physiological processes that age seed tubers, 
measuring biochemical changes is not a well-established procedure for assessing 
physiological age (Van der Zaag & Van Loon, 1987). However, it is possible to use 
certain physical parameters to ascertain the physiological development of seed tubers. 
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Krijthe (1962) described sprouting capacity as the weight of sprouts obtained after 4 
weeks in store at 20°C after storage at 2°C prior to the sprouting period. The incubation 
period (the time interval between the onset of sprouting of the seed tuber and tuber 
formation on the new sprouts) has also been proposed as an indicator of physiological age 
(Claver, 1951). However, if the incubation period ends after planting, there is little use in 
knowing its duration. More fundamentally, . there appears little likelihood of the duration 
of the incubation period being related to field growth or a measure of physiological age. 
Nevertheless, Van der Zaag & Van Loon (1987) did find that the incubation period was 
generally highly correlated with the number of stems/plant, rate of emergence, LAI and 
total plant dry weight. 

Ehrendorfer (1955) concluded that seed tubers need a certain cumulative temperature 
to reach optimum sprouting condition at planting time. O'Brien & Allen (1978) and Wurr 
(1978a) suggested accwnulated day-degrees (the sum of the daily mean store temperatures 
above 0°C) from the onset of sprout growth as a measure for physiological age. Wurr 
(1978b) showed that total sprout length was linearly related to the number of day-degrees 
(day0

) from the end of tuber dormancy. O'Brien et al. (1983) and Allen & O'Brien 
(1986) also found a close linear relationship between the length of the longest sprout and 
the number of day0 above 4°C. These findings agree with the results of Perennec & 
Madec (1980), who found that the physiological development of the seed was accelerated 
by increasing storage temperature within the limits studied (2-20°C). However, Firman et 
al. (unpublished) observed increases in sprout length and number of nodes during cold 
storage (<4°C) and suggested that use of day0 above a base temperature of 4°C (O'Brien 
et al., 1983) to assess physiological age was not accurate for tubers held at low 
temperature for several months after dormancy. This supported the contentions of Krijthe 
(1962) and Raouf (1979) that growth and development occur below 4°C, and more 
rapidly in some varieties than in others. If the number of nodes is directly proportional to 
'physiological age', measurement of day 0 above a base temperature may not be entirely 
satisfactory, because of differences between sprout growth of varieties and the reduction 
in growth rate during long periods of sprouting. However, O'Brien et al. (1983) and Allen 
& O'Brien (1986) have justified their use of this quantitative scale as a measure of 
physiological age by demonstrating that there were close relationships between 
accumulated day0 and aspects of field growth such as rate of emergence, LAI, root weight 
and tuber yield. 

1.2.4.2.3 Effect on canopy development and growth 

The results and conclusions of R~nsen (1977), Wurr (1979), Reust (1982) and O'Brien 
et al. (1983) support the often-stated view that plants grown from physiologically old seed 
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emerge earlier, develop more stems, have an earlier tuber initiation, produce an earlier 
and a smaller peak LAI and demonstrate earlier senescence than those from 
physiologically young seed. However, in the experiments conducted by these authors, 
tubers were planted in the state resulting from their physiological age, i.e. they were not 
desprouted prior to planting, and it is not possible to relate these to published work which 
involved the desprouting of tubers prior to planting (Madec & Perennec, 1955; Madec, 
1958). 

Wurr (1978c) stated that the earlier tuber initiation at a lower LAI observed with 
advanced physiological age caused increased photoassimilate partitioning towards tuber 
growth, with a consequent restriction in the leaf canopy and earlier senescence. However, 
Finnan et al. (unpublished) reported that tuber initiation occurred in most varieties under 
typical sprouting and planting regimes when the first flower bud just became visible, 
usually 2-3 weeks after emergence. Physiological aging, by advancing date of emergence, 
would shift the 'apparent' date of tuber initiation forward, and the environmental 
conditions during this period would determine the size of the leaf canopy at tuber 
initiation (Section 1.2.1.1). At earlier harvests taken before the onset of senescence, 
increases in early leaf growth through sprouting are usually beneficial. As harvesting is 
delayed the effects of physiological age are likely to become dependent upon the relative 
values of early and late light interception in relation to the different leaf growth patterns. 
If the crop from aged seed senesces considerably in advance of the intended date of 
harvest it may give less yield than a crop from younger seed, despite improved early light 
interception. Conversely, prolongation of the leaf canopy into October through the use of 
physiologically young seed will increase yields only if more light is intercepted in autumn 
than was sacrificed in the early part of the season. However, O'Brien et al. (1983) have 

. stated that the absence of moisture stress may minimize the effects of physiological age 
during much of the season if plants of similar leaf area are produced from seed of 
different ages. The magnitude of the effects generated by increasing physiological age is 
markedly dependent on variety (Allen & Scott, 1980; Jones & Allen, 1983). Furthermore, 
it is known that physiological age affects root growth (O'Brien, 1981), water uptake 
(Bean, 1981) and optimum stem densities (Bean & Allen, 1975), and so is likely to 
influence the effects of most husbandry factors on leaf growth and tuber yield. 

Whilst work has been concentrated on the effect of physiological age in early varieties, 
there are fewer serious studies of seed age in maincrop varieties. Wurr (1978b), working 
with Desiree, Majestic, Pentland Crown, King Edward and Maris Piper, reported that in 
only one year out of three was there an effect of physiological age on tuber yield, with 
yield increasing with increasing age to a peak around 800day0 >0°C. Little subsequent 
change occurred with further aging. In the other two seasons, physiological age had no 
effect on yield over a wide range of dates of harvest (mid-June to mid-October). This 
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effect was ascribed to the dry conditions persisting after planting, which caused time of 
emergence to be almost unaffected by physiological age so that subsequent crop growth, 
development and yield was not influenced by age. Palmer & Jarvis (1976) found that 
emergence in King Edward was faster with sprouted than with unsprouted seed, and also 
after a long sprouting period than a short one. The increased rate of emergence as the 
planting season progressed was most marked with seed sprouted for a long period. The 
yield advantages both of sprouted over unsprouted, and of the long over the short 
sprouting period, increased at the later dates of planting, even though the canopies would 
have been in an advanced stage of senescence when desiccated in early-September. 
Similar responses have been reported by Dyke (1956) and Baldwin (1964), although the 
latter author found that while a consistent positive yield response to sprouting was always 
apparent with late-April planting, there was no consistent effect of sprouting with late
March and early-April planting. However, in all three seasons haulm growth was 
prematurely curtailed in mid-August, either due to severe blight or drought. 

Physiological age affects timing of emergence, rate of increase and final size of the 
canopy, and timing of senescence. The magnitudes of its effects on these rates and 
durations of processes is not fixed, so it should not be expected that the same effect will 
occur on every occasion. The use of temperature (day0

) simply quantifies sprouting, and 
according to Allen & O'Brien (1986), there is no good evidence that physiological age is 
anything else than sprouting in tubers stored for up to 8-9 months before planting (i.e. the 
normal circumstances for North-western European potato production). Longer periods of 
seed storage may result in physiological degeneration associated with excess chronological 
age as found by Kawakami (1952). 
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1.3 Effects of site and season on canopy productivity and yield 

The environment which plants experience soon after emergence at a given site in a 
particular season determines the characteristics of the ensuing crop. The three 
environmental factors which have the greatest effect on the production potential of a 
particular site or season are radiation, temperature and water availability. As previously 
mentioned, differences in the prevailing thermal environment affect the rate of canopy 
development, while eventual tuber yield is correlated with irradiation levels, unless the 
efficiency of conversion of light is altered by associated conditions. Soil moisture is an 
important determinant of canopy production and water stress can lead to decreases in the 
efficiency of assimilation. Rainfall patterns obviously vary over the country (Ministry of 
Agriculture, Fisheries & Food, 1984a), and soils differ widely in their available water 
holding capacity, which can be altered drastically by cultivation practices which create or 
destroy soil structure. In most areas of England and Wales, in the absence of irrigation, 
variation in water availability is the principal cause of variation in yields between sites 
and seasons (Allen & Scott, 1980). Small differences in soil and air temperatures between 
sites in spring may have a crucial influence on early leaf growth and radiation 
interception. The earlier and more consistent rise in temperature in spring in western parts 
of the UK (Table 1.3) confers an intrinsic advantage. The relative scarcity of frosts in the 
west also ensures that the advantages in early leaf growth are not obviated by frost 
damage. Table 1.3 also shows that in most cases there is a greater difference in mean 
minimum temperatures early in the year between months within the same season, than 
between seasons for the same month. Growers in the vicinity of these two sites 
experienced greater differences in temperatures between March and May in each year than 
between seasons for each of these months, but there were exceptions, e.g. the warm 
March in 1981. Greater variation in the initial rate of canopy expansion could therefore be 
expected between different dates of planting than between seasons, providing all other 
husbandry remained the same. Current attitudes among farmers seem to suggest that site 
and season are inexplicable and important determinants of yield. Since crop husbandry 
alters markedly between sites and seasons this is misleading. 
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Table 1.3: 
Mean minimum and mean maximum monthly screen air temperatures at two sites. 

1978 1979 1980 1981 1982 1983 1984 
Min Max Min Max Min Max Min Max Min Max Min Max Min Max 

Cambridget 
Jan 0.7 5.1 -2.6 2.5 0.4 5.1 2.0 6.9 -0.4 5.5 3.8 9.3 0.9 6.5 
Feb 0.3 5.0 -0.7 3.7 2.9 8.7 -0.1 6.1 1.7 7.6 -0.1 4.6 0.5 5.9 
Mar 3.0 10.5 2.1 8.3 1.9 8.4 5.3 10.7 2.1 10.4 2.7 10.3 2.0 7.9 
Apr 2.7 9.5 4.6 12.1 4.1 13.3 4.2 11.8 4.0 13.8 3.3 11.8 1.9 13.4 
May 6.3 15.1 6.7 16.3 6.1 16.0 7.3 15.7 6.1 17.2 7.1 14.3 5.4 14.8 
Jun 9.2 17.5 10.1 19.3 10.0 19.5 9.6 18.2 11.9 20.3 10.2 19.5 9.6 20.8 
Jul 10.4 18.4 12.0 21.8 10.9 19.2 11.1 20.4 11.8 21.5 13.9 26.0 10.8 23.9 
Aug 10.7 19.4 11.5 20.6 12.2 21.4 11.6 22.0 11.7 21.6 13.1 23.4 12.8 25.0 
Sep 10.7 19.2 9.6 19.4 11.2 20.2 10.6 19.5 9.6 20.2 10.9 18.0 10.4 18.2 
Oct 8.9 16.1 8.2 15.7 5.5 13.3 5.5 12.1 7.3 13.2 7.0 14.4 8.3 15.7 

Aberystwyth:j: 
Jan 2.3 6.6 -1.3 4.9 0.0 6.3 2.4 8.3 1.4 7.1 4.2 9.5 2.3 7.5 
Feb 1.3 6.5 -0.8 5.0 4.2 9.6 0.6 7.1 2.8 9.1 -0.5 5.7 1.5 7.6 
Mar 4.1 9.5 2.1 7.2 2.5 8.2 5.9 10.9 2.7 9.4 3.8 9.3 2.1 7.7 
Apr 3.3 10.5 4.3 13.9 3.8 12.3 4.4 12.4 4.3 12.2 2.6 10.2 3.7 13.6 
May 6.8 16.1 5.9 12.2 6.5 16.7 7.9 14.6 6.7 15.6 6.2 13.3 4.7 14.7 
Jun 9.8 16.6 9.8 16.0 10.5 16.5 9.5 15.6 10.2 18.9 9.7 17.2 9.9 17.1 
Jul 10.7 16.8 12.1 18.4 11.0 18.1 11.9 17.4 10.9 20.0 12.8 22.6 10.9 20.9 
Aug 11.2 17.4 11.1 17.5 12.4 18.6 11.9 19.3 11.5 17.9 11.3 21.1 12.3 21.6 
Sep 10.5 16.6 9.7 16.6 11.7 17.4 11.1 17.9 9.2 17.7 10.8 16.7 11.0 16.2 
Oct 9.5 15.4 7.0 15.0 6.8 12.6 5.8 11.6 7.1 13.9 7.8 13.7 8.6 14.3 

t(Plant Breeding Institute, 1979-1985). 
:j:(Welsh Plant Breeding Station, 1979-1985). 
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1.4 Processing yield 

In the context of crisp manufacture, potato quality needs precise definition and there is 
a clear specification, widely understood by growers and merchants, which serves as a 
basis for contractual agreement (Horrocks, 1986). Probably the most important 
specification is that of variety. The cv . . Record has demonstrated its superiority in 
fulfilling processors' requirements and as a consequence is the most widely-used crisping 
variety in the UK. The variety tends to produce tubers of a slightly 'flattened' spherical 
shape, which produces a round crisp of fairly uniform diameter across the tuber. The 
variety also has a good mechanical integrity, allowing very thin slicing without 
disintegration of the fried product. In addition, the flesh is typically a golden colour 
which may enhance consumer acceptability. Occasionally, other varieties such as Bintje 
and Satuma may be purchased when suitable Record tubers are unavailable, but with the 
increasing supply of early-season Record from Cornwall and Pembrokeshire, the period in 
the year when other varieties have to be used to keep the factory running has been 
considerably shortened (R. Dant, personal communication). The colour of the fried 
products is a major factor in determining their acceptability by the consumer and is 
discussed in Section 1.5. 

Two other factors governing suitability for processing are tuber size and dry matter 
(DM) content. Because of the waste involved with peeling, tubers passing through a 
40mm riddle will produce crisps which are too small, whereas crisps resulting from tubers 
>70mm are too large to give a sufficient number in the standard size bag (c. 25-28g), 
unless they are produced from tubers which are cut longitudinally before being sliced. 
However, the sharp comers of cut crisps tend to puncture the cellophane bags in which 
the crisps are packaged, permitting a rapid development of oxidative rancidity of the 
frying oils. In addition, the low mechanical strength of large crisps increases 
fragmentation during subsequent packaging and handling. Processors therefore specify an 
optimum grade of tubers which will meet these requirements, and growers or merchants 
are rewarded or penalized financially depending on the proportion of the delivered load 
which falls within this grade. Grading specifications vary between producers, the typical 
lower and upper limits being 40 and 65-70mm respectively (Horrocks, 1986). 
Occasionally, tubers up to 80mm diameter may be accepted when metal foil packets are 
used (R. Dant, personal communication). Since the tuber size distribution in a potato crop 
is markedly dependent on the number of tubers set (Allen, 1978), factors which influence 
the initiation and retention of tubers are of paramount importance in maximizing the 
proportion of total yield which falls within the processing grade (Section 1.4.2). 

Tuber DM content has an important bearing on various features of processing quality. 
Potato slices of 1.0-2.0mm in thickness are fried to form crisps by immersing them in 
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various vegetable oils at a temperature of 160-165°C until bubbling ceases, or the 
moisture content has fallen below 2% (Burton, 1974). The type or blend of oil used 
depends mainly on the prevailing prices (R. Dant, personal communication), although 
there is now a trend towards the 'healthier' unsaturated oils such as sunflower. Residence 
time in the oil depends on the oil temperature, tuber DM, tuber sugar content and type of 
product being manufactured (Section 1.5), but varies from 2 to 3 minutes (R. Dant, 
personal communication). Since a slice from a tuber with low DM contains more water, 
the time taken to evaporate this water will be increased. This has two important 
implications. First, it will influence the development of colour of the crisp (Section 1.5) 
and, secondly, it will increase the oil content of the fried product (Kunkel, Gregory & 
Binkley, 1951; Lulai & Orr, 1979; Gould et al., 1987), which will result in a greasy crisp 
of poor texture. In addition, this effect has financial implications since oil is the most 
expensive ingredient of potato crisps (Burton, 1957). Gould et al. (1987) reported that the 
specific gravity (not strictly identical to, but closely correlated with, DM content) of the 
raw potato slices accounted for some 43% of the oil content of the crisp. Slice thickness, 
style of crisp, and frying parameters accounted for a further 40%. Lulai & Orr (1979) also 
reported a linear increase in crisp yield with increasing specific gravity. Processors specify 
a minimum tuber DM content in contracts to their suppliers, this being typically around 
21 % (D. Wilson, personal communication). However, graduated premiums above the basic 
contract price for higher tuber DM's have now been almost completely abandoned by the 
crisping industry. With these quality aspects in mind, an examination of factors affecting 
tuber DM content seems relevant, and is covered in a later section (1.4.2). 

1.4 .1 Factors affecting tuber size distribution 

1.4.1.1 Number of stems 

The number of tubers produced by a potato crop can be described as the number per 
unit area or per stem. Definition on an area basis, i.e. the same as yield, requires 
knowledge of the stem density of the crop which is a function of seed rate and the 
number of stems per seed tuber. The latter can be counted, but as explained in Section 
1.2.4.2.1, there is much variation, and this method is highly labour intensive and does not 
provide a solution for unsprouted seed. This method is also retrospective in that it allows 
no manipulation which may give the desired number of stems. Sharpe & Dent (1968) 
produced fitted curves relating the number of stems produced to the weight of the tuber. 
Wurr & Morris (1979) reported that a linear relationship between the number of stems per 
tuber and the weight of the tuber accounted for more of the variation in the number of 
stems than linear relationships established using tuber dimensions or sprout measurements. 
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However, they found that different varieties produced different slopes of line, and that the 
best fit was only obtained when each site x season x storage temperature treatment 
combination was separately plotted for each variety. In the model developed for Desiree, 
the effect of any treatment was to alter only the intercept of the line, so that the number 
of stems was increased or decreased equally over the complete range of tuber weights 
tested. In Maris Piper, the slopes as well as the intercepts of the lines differed, making 
interpretation of the model difficult. D. Booth (personal communication), found that seed 
tuber dimensions (measured in three mutually-perpendicular planes) were -very closely 
correlated with tuber weight, and since the number of stems produced was correlated with 
tuber weight, it followed that linear dimensions were also good predictors of the probable 
number of stems. However, the source of seed stock altered the slope of the relationship 
between the number of stems and tuber weight within a given variety. Ministry of 
Agriculture, Fisheries & Food (1982b) recommendations for seed rate are based on 
experiments conducted at a number of farms in different regions of the country. They 
utilize mean seed weight (defined as the number of sets per 50kg) to predict the optimum 
seed tuber population for each of the commonly-grown UK maincrop varieties, at 
different ratios of seed cost : ware value. The lines fitted to the data from most varieties 
are derived from only three seed tuber weights: whilst some varieties exhibit a very close 
linear relationship between optimum plant density and seed weight (e.g. Record), others 
demonstrate curved relationships. Most UK farmers probably base their seed rate on these 
Ministry recommendations, but in view of the results of Wurr & Morris (1979) some 
scepticism must be expressed in the validity of such general recommendations. 

The number of tubers set by a plant is determined by stem density, variety and season 
(Allen, 1978). Increasing the stem density causes a reduction in the number of tubers per 
stem (Allen, 1972; Scott & Younger, 1972; Thompson & Taylor, 1974). Using a wide 
range of stem densities, Allen (1972) and Gray (1972) found that increasing density 
increased the number of tubers per unit area. As tuber yield was relatively constant over 
much of the tested stem density range, this suggests that the increase in the number of 
tubers would allow manipulation of tuber size. Therefore, at a constant stem density and 
row width, any. ~ifferences in the number of tubers set and retained are likely to be due 
to environmental effects. 

1.4.1 .2 Temperature and radiation input 

There are few reports in the literature of factors which cause variation in the number 
of tubers under conditions found in the UK. Krijthe (1955) observed that the maximum 
number of tubers was present within 2-3 weeks of the commencement of tuber initiation 
(TI), but only 50% grew to an economic size. Burstall, Thomas & Allen (1987) found 
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that the number of tubers > 1cm was constant from mid-July. Conflicting reports exist on 
the effect of temperature on the number of tubers initiated and retained by the plant. Burt 
(1965) reported that early TI (i.e. when soil temperatures were low) produced fewer 
tubers per plant. Other workers reported fewer tubers at final harvest with increased 
temperature during TI (Borah & Milthorpe, 1962; Bodlrender, 1963; Epstein, 1966; 
Marinus & Bodlrender, 1975; Menzel, 1985). Under tropical conditions Hay & Allen 
(1978) found that the number of tubers at final haivest was determined by 22 days after 
TI. 

A major determinant of the number of tubers at final haivest appears to be the level of 
solar input during the period of TI. Gray & Holmes (1970) showed that shading (75-78% 
reduction in light intensity) delayed TI and, on removing the shade, a secondary period of 
TI occurred which resulted in a greater number of tubers at final haivest than in. the 
unshaded control. Sale (1973a) reported that in shaded treatments (34% reduction in light) 
more tubers (predominantly those S:lOmm) were resorbed, resulting in fewer at final 
harvest Sale (1976) subsequently showed that influence of shade occurred mainly during 
the period of TI, but was not totally confined to this period as the number of tubers was 
decreased further by shade from emergence to the end of TI. Thomas (1988) found that 
shading (50% natural light) during TI reduced the number of tubers but had no effect if 
imposed prior to TI. There appears no evidence in the literature to suggest that light 
levels influence tuber retention after their formation. However, a common feature of these 
experiments is the large reduction in light intensity required to achieve even small 
alterations in the number of tubers. It is unlikely that such drastic changes in light regime 
will occur for long periods under field conditions. 

1.4.1.3 Water 

There have been several reports included in the reviews by Salter & Goode (1967) and 
Van Loon (1981) that the number of tubers is affected by soil moisture in the early part 
of the growing season. However, results conflict depending on whether the growing 
conditions for the non-irrigated crop were in fact 'dry', and on when the treatments were 
imposed. Van Loon (1981) emphasized the depression in number of tubers due to drought 
rather than an increase due to additional water supply. The relevance of such findings to 
UK conditions is debatable. Allen (1978) ascribed the difference in the number of tubers 
between seasons to the extent of water supply at TI, but was not able to quantify the 
relationship. Cavagnaro, De Lis & Tizio (1971) obseived that the prevailing soil water 
conditions pre-emergence and around the time of tuber set markedly influenced 
tuberization behaviour. When sprouts had to emerge under high soil moisture stress, the 
time of TI was delayed, the TI period was shortened and the number of tubers was 
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increased compared with the irrigated treatments. In contrast, when the same drought 
conditions occurred at TI, the number of tubers was reduced, as found previously (De Lis, 
Ponce & Tizio, 1964). Drought at planting and at tuberization increased the number of 
tubers compared with the control (fully-irrigated). However, the plants which were 
droughted at planting, suffered delayed emergence and initiated tubers 30 days later than 
those which were irrigated, and therefore would have experienced very different 
environmental conditions at TI. 

The findings of MacKerron & Jefferies (1986) regarding the time when- water stress 
affects the number of tubers may, however, be important in resolving some of the 
components of site and season. They demonstrated that number of tubers (>lOmm) per 
stem was reduced by soil moisture stress early in the season and, further, that the number 
of tubers was sensitive to this stress only during the short period of TI (2 or perhaps 3 
weeks). Evidently, the period of stress must commence before TI if the plants are to be 
stressed at an appropriate time. The development of soil moisture stress after TI had no 
effect on the number of tubers per stem. However, the differences in number of tubers per 
stem reported must be considered to result from a reduction due to water stress, not from 
an increase due to irrigation, because the number of stolon tips, the potential sites for 
tuber formation, is greater than the number of tubers that eventually form (Moorby & 
Milthorpe, 1975). Results from such experiments raise the question of how the duration of 
water stress may influence number of tubers. It is possible to offer two simple 
hypotheses. First, on each stem at TI there are already ample sites for tuber formation and 
these fit into a hierarchy of sink strengths. Assimilate supply sets an upper limit on the 
number of sites that develop and then other environmental constraints, such as water 
stress, progressively reduce that number. Second, the many potential sites become eligible 
for tuberization sequentially, either individually or in groups, and stress at any one time 
eliminates the sites that would then have been eligible. Given a short period of water 
stress during TI, these two models would result in different distributions of tubers on each 
stem which may influence tuber size distribution. 

One criticism of the experimental technique of MacKerron & Jefferies (1986) is that 
plant water stress was not measured directly. The value of soil water potential at which 
stress was relieved by watering was 25KPa (after Epstein & Grant, 1973). However, to 
choose any value of soil water potential is to ignore the fact that water stress experienced 
by the plant will depend not only upon the soil water potential, but also on the balance 
between the rates of water loss by evaporation and of water supply by the soil. Thus 
Fuehring et al. (1966) showed that under evapotranspiration rates of roughly 6mm/day, 
stomata! closure occurred in potatoes two days after irrigation when most of the 
'available' water was still present in the soil. MacKerron & Jefferies (1986) recorded soil 
moisture tension at 3cm below mother tuber depth: the tension experienced by other parts 
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of the root system may have been vastly different. The relevance of these authors' 
findings in relation to practice must also be reviewed. The duration of the dry period 
from 50% emergence varied from 24~ 0 days, with very large soil moisture tensions 
created where watering was withheld. Such conditions are unlikely to occur under UK 
field conditions. Additionally, the most severe treatments only caused a reduction of 226-
255,000 tubers/ha, while the treatment where water was withheld for 28-30 days caused a 
reduction of only 39-98,000 tubers/ha. Since Thomas (1988) argued that a change of circa 
100,000 tubers/ha was necessary to alter tuber size distribution significantly, the relatively 
small alterations in water availability occurring at most sites during tuber initiation would 
have very little effect on the number of tubers, and thereby the proportion of total yield 
which falls within the processing grade. 

1.4.1.4 Nutrients and other factors 

Many authors have demonstrated that high levels of nutrients, especially nitrogen, may 
delay the apparent initiation of tubers and thus the onset of the rapid phase of tuber 
bulking (Simpson, 1962; Ivins & Bremner, 1965; Gunasena & Harris, 1968; Dyson & 
Watson, 1971). It is not clear from the literature whether such apparent delays are due to 
the direct effect of nutrient ions on tuberization, or whether they are due to the indirect 
effects associated with the stimulation of canopy growth which restricts the supply of 
assimilate to the stolon tips. The latter view, supported by Werner (1934) and Headford 
(1962) has not yet been disproved. However, it is now widely accepted that tuberization 
and tuber growth are controlled by the endogenous phytohormone ratios, and that these 
are influenced by exogenous factors such as daylength, temperature and nitrogen nutrition 

. (Sanelrnacher & Marschner, 1979). Experiments where florally-induced tobacco plants 
have been grafted onto potato stocks and have stimulated tuber initiation (Chailakhyan et 
al., 1981; Martin, Vemay & Paynot, 1982) suggest that a common hormonal stimulus 
may be responsible for both floral initiation and tuberization, which supports the recent 
work of Firman et al. (unpublished), showing floral initiation before tuber formation. The 
effects of nutrients on the grading of tubers observed by Sharma & Arora (1987) can be 
explained in terms of the effect on yield and number of tubers. 

Kouwenhoven (1970) reported an increase in the number of tubers with shallower 
planting. This is likely to be due to greater fluctuations in the temperature and moisture 
status of the surface soil. P. O'Brien (personal communication) has produced some data to 
indicate that shallower planting results in the formation of more below-ground nodes due 
to light penetration through the soil, with a consequent increase in the number of potential 
tuber-bearing stolons. Stolon pruning by Rhizoctonia solani has been observed to 
stimulate continued initiation of tubers, thereby reducing average tuber size (Hide & 
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Cayley, 1982). However, even without stolen branching and initiation of new tubers after 
pruning, these workers suggested that plants could lose about half their stolons by pruning 
without affecting final yield and number of tubers. 

1.4.2 Factors affecting tuber dry matter content 

The DM content of the tuber is 60-80% starch, and it is well-established that the DM 
content decreases from the stem end to the bud end of the tuber and is highest in the 
vascular strands, lowest in the pith and intermediate in the cortex (Glynne & Jackson, 
1919; Baijal & Van Vliet, 1966; Cole, 1975). Since the proportion of these tissue types 
changes with tuber size, it may be expected that the mean DM content of a tuber changes 
as it grows and expands. Bleasdale & Thompson (1969) found that a larger grade (4.5-
5.5cm) had a higher DM content than a smaller grade (2.5-3.0cm), whilst Wurr & Allen 
(1974) found that the response of tuber DM content to increasing tuber size was 
essentially quadratic. Fowler (1988) concluded that it was not possible to increase the DM 
content of a specified grade by manipulating planting density, but that it was possible to 
increase the mean DM content by increasing the mean tuber size. Unless processors 
increase the preferred size grade this suggests that manipulating planting density does not 
offer growers a method of increasing one aspect of their product's quality, as increases in 
mean tuber DM content are associated with increased mean tuber size. Cole (1975) found, 
however, that cv. Record had a narrower range of specific gravity for all tubers in the 
range 38-76mm than any of the other varieties he tested. This could be explained by the 
observation that cv. Record did not demonstrate an increase in the specific gravity of the 
vascular region with increase in size of the tuber and, therefore, the relative DM contents 
of the pith and vascular bundles remained constant as the tuber increased in size. This is 
an important point in relation to the uniformity of fry colour of crisps from different 
regions of the tuber (Section 1.5.4.2). 

The results of experiments on the effect of moisture levels on DM content have 
frequently been conflicting. Gooding (1966) found an inverse relationship between tuber 
DM content and rainfall in the period May-September, which was improved by 
considering rainfall during August only. The rate of uptake of water may in certain 
circumstances, e.g. after rainfall or irrigation, reduce tuber DM content for a short period 
of time (Gray & Hughes, 1978). Some worlcers have found that specific gravity increased 
with irrigation (Metzger et al., 1937; Haddock, 1961; Peterson & Wiegle, 1970) whilst 
others (Smith, 1961; Sanders et al., 1972) reported a decrease in DM content with 
irrigation. These conflicting results are possibly due to varying climatic and edaphic 
conditions and also to differences in the type and amount of irrigation (Dubetz & 
Krogman, 1973). Severe water stress during bulking has been reported to increase DM 
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content for a brief period as fresh weight is depleted, with subsequent irrigation or rainfall 
leading to impaired development of DM compared with unstressed plots (Iritani & Weller, 
1973). It is therefore conceivable that effects of site and season on tuber DM content 
could occur through differences in soil moisture status during bulking, and late in the 
season due to the transfer of moisture into or out of tubers, as reported by Burton (1966). 
Nash (1941) and Wager (1946) reported apparent site and season effects on tuber DM 
percentage, but in both cases no details of husbandry were given. 

Both nitrogen (N) and potassium (I() have been shown, often but not fnvariably, to 
reduce tuber specific gravity: potassium chloride has been demonstrated to cause a bigger 
reduction than potassium sulphate. These conclusions are based on earlier work (Burton, 
1966; Talburt & Smith, 1967; Kunkel & Holstad, 1972), and more recent work, much of 
which involved long-term experiments (e.g. Murphy & Goven, 1966; Chamberland & 
Scott, 1968; Schippers, 1968; Black & White, 1973; R(l!nsen & Ekeberg, 1984; Roer, 
1986). The main feature that varies is the level of N or K at which a reduction in DM 
takes place, which is primarily determined by the availability and quantity of soil 
reserves. Terman, Carpenter & Cunningham (1953) found that a significant reduction in 
DM with high levels of K occurred in all experiments except those where the level of 
exchangeable K in the soil was low. Braunschweig (1986) found that tuber starch content 
was not related to K level or source. The reduction in DM with high levels of N may be 
due to delayed maturity, or increased tuber enlargement compared with deposition of 
starch (Hughes, 1974). Schippers (1968), for example, found that tuber DM yield was not 
increased at N application rates greater than 80kg/ha or at any rate for K application, 
since the increased fresh weight yield was due to an increase in tuber water content. 
Reports concerning the effect of phosphorus vary. Some workers have found that 
increasing phosphorus increased specific gravity, others have found no effect (Kunkel & 
Holstad, 1972). 

1 .4.3 Husbandry factors affecting processing yield 

Since changes in total yield will alter the tuber size distribution for a specified number 
of tubers per hectare, husbandry factors that affect total yield are of relevance in the 
control of tuber size (Section 1.2.4). However, the achievement of a 'target' total yield for 
a given set of environmental constraints necessitates some manipulation of the number of 
tubers if processing yield is to be maximized. 

44 



1.4.3.1 Date of planting 

Allen (1977) reported that later planting of the variety Desiree caused more tubers to 
be initiated than earlier dates of planting, but more tubers were resorbed so that at final 
harvest there was no effect of date of planting on number of tubers. Similar effects were 
observed in cv. Maris Piper, except in 1974 when delayed planting increased final number 
of tubers, and by Jones (1981) using a range of dates of planting from 10 March to 2 
May. Thomas (1988) found that there was no effect of delay in planting frorri early to late 
April on number of tubers > 10mm at final harvest, but further delay to planting in May 
reduced final number of tubers. Using two contrasting sites and three seasons, Hogge 
(1989) found that delaying date of planting from early to late May reduced number of 
tubers at harvest However, the yield penalty from such late planting is likely to be of 
greater importance than the production of low numbers of very large tubers. 

1.4.3.2 Physiological age 

O'Brien et al. (1983) reported that small increases in physiological age had no effect 
on total number of tubers in a series of harvests from 21 May to 14 August, but very old 
seed produced fewer tubers. The number of day0 at which a decline in number of tubers 
was observed varied between seasons, varieties, dates of planting and seed sources. 
However, the use of very old seed (> 1000 day0 above 4 °C) caused a significant reduction 
in number of tubers. This could be disadvantageous at the end of the season, since tubers 
may become too large to meet processors' requirements and exhibit an increasing 
incidence of quality defects such as mis-shapes and secondary growth. Although O'Brien 
et al. (1983) did not provide comparative data on the number of stems, it seems probable 
that these agronomic effects on number of tubers are caused by changes in number of 
stems (Section 1.2.4.2.3), although the effect on number of tubers per stem could be just 
as viable an alternative. Unfortunately, there seems to be a paucity of data in the-literature 
to support either view. 

1.4 .3 .3 Date of harvest 

There will undoubtedly be a sacrifice in yield if a crop is harvested whilst it is still 
growing, since the full photosynthetic potential of the canopy will not have been realized. 
The degree to which this will occur depends on the earliness of harvest in relation to the 
current canopy photosynthetic rates, which in turn depends on the complex interaction of 
environmental and husbandry factors. Allen & Scott (1980) stated that leaf area is often 
decreasing in September, and Wilcockson et al. (1985) concluded that for most crops 
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planted in April there was unlikely to be any great increase in harvestable yield during 
September. This is especially the case where the use of physiologically-aged seed will 
have brought about earlier canopy senescence. Although increased length of growing 
season, as determined by date of planting and date of harvest, generally increases tuber 
DM content, a plateau is reached towards the end of the season. Wilcockson et al. (1985) 
found that maximum tuber DM content was usually achieved between the end of July and 
mid-August when tuber bulking was still actively underway. From then on, tuber DM was 
variable, with heavy rainfall in late summer and early autumn almost ce-rtainly being 
responsible the observed depressions in tuber DM content. Changes in the fine balance 
between water uptake and starch synthesis and deposition probably account for the 
reduction in tuber DM content during haulm senescence, but losses due to tuber 
respiration may also be important (Gray & Hughes, 1978). 

1.4.4 Weight loss during storage 

Weight loss from tubers under controlled-environment storage occurs via evaporation, 
respiration, sprouting, disease and insect attack (Wilson, Twiss & Lessells, 1962). 
Chemical control of sprouting, disease and pests reduce the main causes of weight loss to 
evaporation and respiration. Since Schippers (1976) reported that the major proportion of 
weight loss occurred via evaporation from the tuber periderm, it follows that a greater 
resistance to water movement through the outer layers of cells should reduce weight loss 
(Iritani, Pettibone & Weller, 1977; Braue et al., 1983). Suberin is a major constituent of 
phellum cells and is responsible for most of the periderm resistance to water loss 
(Kolattukudy & Dean, 1974). However, Wilcockson et al. (1985) found that as defoliation 
was delayed, the periderm thickened but weight loss in store increased. Burton (1973) 
observed very significant reductions in weight loss when skins were set compared with 
tubers without skin set, which was supported by Wilcockson, Griffith & Allen (1980), 
who concluded that the degree of skin set bore greater relation to moisture retention than 
periderm thickness. However, the literature reveals little understanding of the physiology 
of periderm thickening and skin set. Increased plant water status and delayed harvest were 
both found by Braue et al. (1983) to improve periderm resistance to water loss. 
Wilcockson et al. (1980) reported that the initiation of skin set occurred as haulm death 
commenced, with complete skin set achieved 2-3 weeks after complete haulm senescence. 
Iritani et al. (1977) had taken this a stage further and suggested that it was advisable to 
defoliate crops 2-3 weeks prior to harvest to permit setting and thickening of the 
periderm. Wilcockson et al. (1985), however, found that defoliation prior to harvest gave 
no reduction in tuber weight loss after long-term (25-31 weeks) storage. This group of 
workers also observed that tubers harvested before the foliage began to senesce rapidly 
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almost invariably stored with lower losses than tubers which were harvested after the 
haulm had died. They attributed this effect to wound healing being most rapid in young 
tubers which are harvested when still in the growth phase compared with older tubers 
which have ceased growth for some time prior to harvest (Burton, 1978). The rate of 
wound healing is also positively related to temperature (Wigginton, 1974), which could 
explain why delaying harvest under autumn conditions reduced the storage potential. 
There appears little further evidence as to the effect of soil temperature and water status 
just prior to harvest on tuber weight loss during storage. Wilcockson et al. (1985) 
presented some data to suggest that heavy rainfall in one season during the period 
between defoliation and harvest may have caused greater weight loss in store. Hampson, 
Dent & Ginger (1980) reported that although skin and flesh damage could considerably 
increase weight losses in store, they could be reduced to relatively low levels under 
controlled-storage conditions where a proper curing treatment was instigated. 
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1.5 Processing quality before and after storage 

The most important aspect of processing quality as far as the crisp industry is 
concerned, is the colour of the fried product. In the early years of large-scale commercial 
production of crisps, a product of quite dark or variable colour was acceptable. Batch 
frying was practised and very dark slices could be avoided, if this was thought important, 
by adjusting the temperature and time of frying. An increasingly competitive market, 
however, led the manufacturers who were best equipped to produce a uniform product to 
persuade consumers that a quality of great importance was a uniformly light colour, the 
optimum being a pale straw. There appears to be no literature on any market research 
conducted where consumer preference for very pale crisps has been substantiated. Indeed, 
with the recent development of 'Jacket Crisps' (Smiths Crisps™), which are thicker slices 
of unpeeled tuber, the dark yellow or very pale brown fry colour reflects an increased 
consumer demand for a darker product. Regional demand also alters crisp specification 
with regard to fry colour (R. Dant, personal communication). 

However, since consumer demand is relatively stable throughout the year and given 
the short shelf life of fried products, the greater part of the potatoes used by the crisping 
industry are processed after a period of storage. Therefore, the processing suitability of a 
batch of tubers depends not only on their quality at harvest, but also on their response to 
storage conditions. It is important to understand the reasons why tuber processing quality 
alters in store, so that some control may be exerted during the growing of the crop. The 
current belief of many factory procurement managers is that tubers processing poorly at 
harvest should not be stored, since fry colour can only deteriorate with long-term storage. 
Batches of tubers which process into a high quality product are deemed to have storage 

· potential, even though after 8-9 months' storage they may process no better than those 
tubers which produced dark crisps at harvest (Hogge, 1989). In this section it is proposed 
to examine the effects of field husbandry and storage regime on the colour development 
of crisps. 

1 .5.1 Colour development of crisps 

Crisp colour is mainly the result of non-enzymic browning reactions which occur, at 
the frying temperature, between amino acids and lx>th reducing sugars (RS) and sucrose 
(Shallenberger, Smith & Treadway, 1959).2 Such reactions have been extensively studied 
in vitro by Burton and his co-workers (Burton et al., 1962a; b; 1963; McWeeny & 
Burton, 1962; 1963), who have demonstrated a~-unsaturated carbonyl compounds, derived 

2 Strictly speaking, the commonly-quoted Maillard reaction only involves the condensation of amino acids with reducing sugars (Stadtman, 1948). 
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from the sugars, to be the first-fonned intennediates in the browning reactions. These 
intennediates react with substances containing a-amino groups to give carbonyl-nitrogen 
compounds which conjugate to form brown products. These can then co-polymerize to 
much deeper-coloured substances. A great number of substances may finally be present, 
their identity and concentration being dependent upon the relative amounts of the various 
sugars and amino acids taking part in the reactions. For example, the initial fonnation of 
unsaturated carbonyl compounds, and of the conjugated substances, is more rapid if 
fructose, rather than glucose, is the sugar concerned, but the final co-polymerization 
stages are much more rapid in the case of substances derived from glucose. 

Although Shallenberger et al. (1959) stated that sucrose was hydrolysed in the 
presence of an amino acid (glycine) to yield glucose and fructose at temperatures as low 
as 150°C, they postulated that the poor correlations obtained between fry colour and 
sucrose concentration in the tuber were due to this additional hydrolysis step slowing the 
rate of reaction. Hodge (1953) observed that the formation of the brown melanoidin 
compounds could occur by a number of reaction pathways and may involve a range of 
other compounds. This suggests that the rate determining step of the colour reaction may 
be limited by compounds other than sugars or amino acids, even though most of the 
evidence in the literature indicates that colour development is primarily due to the 
concentration of RS. 

1.5.2 Relationships between crisp colour and composition and concentration of tuber 
sugars 

Sweetman (1930) produced a subjective scale of crisp colours by frying slices from 
tubers which had been exposed to various storage regimes. The dark colours in the upper 
divisions of the scale were obtained by cold-storing the tubers at 0-2.8°C. Because of the 
method of selection of these tubers, it is impossible to be certain that the crisps produced 
from them represented uniformly-spaced degrees of colour change. Five tuber lots of cv. 
Green Mountain, from which sample crisps corresponded to each colour on the scale, 
were analysed for their tuber sugar contents. Sweetman found that the browner the crisps, 
the higher the fresh weight sugar concentration of the tubers from which they were made. 
She also noted that the sugar content of the crisps corresponding to the three darkest 
divisions on the scale were very much higher than those from the preceding five 
divisions. Although this could have been due to the previously-mentioned non-uniform 
increments between colour divisions, it could also indicate that some other factor was 
inhibiting the development of colour when sugar concentration was high. Also 
Sweetman's analysis did not detail whether the sugars were predominantly of the reducing 
or non-reducing type. 
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Denny & . Thornton (1940) found that crisp colour correlated closely with the RS 
concentration in expressed tuber sap, less satisfactorily with total sugar and not at all with 
the level of sucrose. In order to investigate this relationship further, they produced 
'model' crisps from filter papers soaked in dextrose (the dextrorotatory { +} isomer of 
glucose) or sucrose solution or a starch suspension which were fried at various 
temperatures. At the common potato crisp frying temperature (166°C), colour was 
obtained only from the filter paper soaked in dextrose solution. Raising the temperature to 
180°C resulted in some browning with sucrose: at 190°C the colour with sucrose became 
dark brown. Repeating their earlier experiments with various sources of tubers in the two 
following seasons (Denny & Thornton, 1941; 1942), the authors concluded that a RS 
concentration of 5.0mg/cm3 of expressed sap (==4.0mg/g of fresh tissue weight) would be 
a good dividing line for rejection of crisps of too dark a colour. In considering such an 
absolute correlation however, it must be mentioned that Denny & Thornton washed and 
soaked the tuber slices in cold water for 15-60 minutes prior to frying, which would 
undoubtedly have reduced their sugar concentrations. Unless tuber sugar concentrations 
are very high and fry colours unacceptable, most producers now avoid blanching, 
especially since careful control must be maintained to ensure that leached sugars do not 
increase the concentration of the blanching bath water above the natural concentration 
present in the tuber slices. Stutz & Burriss (1948) also reported that water immersion led 
to a marked increase in the absorption of fat by the slices during frying. 

Shallenberger et al. (1959), in contrast to Denny & Thornton (1940), found that 
neither glucose nor sucrose alone would brown on filter paper under conditions that 
simulated crisp manufacture, but both would brown in the presence of an amino acid. 
They explained this anomaly by assuming that the dextrose used by Denny & Thornton 
(1940) was impure, or that the filter paper contained an impurity which would react with 
dextrose, but would not cause appreciable hydrolysis of sucrose. Shallenberger et al. 
(1959) also found that potato crisp colour correlated most closely with the RS content of 
the tuber (r=0.86), less well with the total sugar content (r=0.82), and poorly_ with the 
sucrose content (r=0.39). In addition, they obtained a high coefficient of multiple 
correlation (r=0.98) between crisp colour and RS and sucrose concentrations. However, 
the colour of light, desirable crisps was not adequately explained by the multiple 
regression equation, which led the authors to sunnise that the reactions responsible for 
such scant colour development were not primarily sugar-amino acid condensation 
reactions. Further analysis led Shallenberger et al. to conclude that the reactive nitrogen 
of potato tubers could seldom, if ever! limit the non-enzymatic browning reaction in 
crisps. This conclusion had also been reached earlier by Schwimmer et al. (1957). 

Kirkpatrick et al. (1956) and Schwimmer et al. (1957) also found a close relationship 
between crisp colour and RS concentration. However, the latter authors concluded that 

50 



sugar measurements did not yield sufficient information to establish an exclusively causal 
relationship between crisp colour and RS components. They found that this was true 
despite their control of several factors usually overlooked in the pertinent measurements 
which might lead to the observed scatter of results. Organic acid (e.g. ascorbic and citric), 
metal and phosphate concentrations were implicated in crisp browning which was 
subsequently supported by Burton (1974) and .Fuller & Hughes (1984). Burton suggested 
that this made correlation between crisp colour and sugars not as absolute as many 
authors claimed. Habib & Brown (1956) found that multiple correlation between crisp 
colour, total solids, RS and amino acids gave a slightly higher correlation coefficient than 
that obtained by comparing crisp colour with only the RS content of the raw stock. 
Hoover & Xander (1963) observed that a certain degree of correlation existed between 
crisp colour and the activity levels of the invertase (r=+0.55) and sucrose UDP
transglucosylase (r=-0.53) enzyme systems. The former mediates the hydrolysis of sucrose 
to glucose and fructose, and an increase in the activity of this enzyme appeared to be 
associated with darker crisp colour. Conversely, sucrose UDP-transglucosylase catalyses 
the synthesis of sucrose from fructose and UDP-glucose, and higher concentrations or 
increases in the activity of this enzyme system in tubers were found to be associated with 
pale or improved crisp colour. 

Several groups of workers have substantiated that under certain conditions crisp colour 
may be very highly correlated (r>0.90) with RS concentration (Schwimmer et al., 1957; 
Yamaguchi et al., 1959; Hoover & Xander, 1963; Hogan, Fortini & lliyn, 1968; Fuller & 
Hughes, 1984). Others have found reasonably close (r=0.70-0.90) correlation (Kushrnan, 
Hoover & Haynes, 1959; Hogan, lliyn & Highlands, 1967; Mazza, 1983; Sieczka & 
Maatta, 1986; Ludwig, 1987). However, several authors have been unable to establish any 
significant relationship between crisp colour and tuber RS concentration (Hope, MacKay 
& Townsend, 1960; Kissmeyer-Nielsen & Weckel, 1967; Carlsson, 1970; Miller, 
Harrington & Kuhn, 1975). Although Mazza (1983) found that crisp colour was correlated 
with sucrose content, the general consensus in the literature appears to be that the 
concentration of sucrose has very little or no effect on crisp colour (Schwimmer et al., 
1957; Hoover & X-ander, 1963; Miller et al., 1975; Hair & Gould, 1979a; Work, Kezis & 
True, 1981; Sieczka & Maatta, 1986). There is some evidence that glucose concentration 
may be a better indicator of crisp colour than fructose (Schwimmer et al., 1957; Hoover 
& Xander, 1963; Heilinger, 1964; Carlsson, 1970; Miller et al., 1975). 

If RS are the causal agents determining fry colour, then within a variety a common 
equation should exist irrespective of site, season or crop husbandry. It is not possible to 
compare the slopes of the regressions between experiments of each · of the groups of 
workers previously mentioned, since different methods of determining fry colour were 
employed in each case, with some being based upon arbitrary uncalibrated scales of their 
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own design. The statistical interpretation of different subjective methods of analysis is 
therefore difficult. The adoption of reflectance methods of colour measurement has not 
clarified the situation since the crisp integrity (whole, crushed or comminuted) has varied, 
and different calibration filter discs (which restrict the wavelength of light incident upon 
the sample to a narrow band) have also been utilized. Carlsson (1970) did however 
produce regression equations for each site and in each year of his experiments. Slopes for 
the regression of crisp colour and RS percentage demonstrated a wide range from -0.526 
to +0.216. In four instances, the relationship between crisp colour and RS concentration 
was better described by a quadratic rather than a linear function. The points forming a 
general regression of all experiments demonstrated quite a large dispersion (r2 = 0.33), 
yet Carlsson recommended that the level of RS should not exceed 500mg per 100g fresh 
weight (0.5%) in order to obtain an acceptable crisp colour. Sweetman (1930) found that 
a total fresh weight tuber sugar content of 0.48% or less gave 'marketable' crisps. Denny 
& Thornton (1940) put the dividing line beyond which the colour would be regarded as 
'too dark for satisfactory' crisps at about 5.0mg of RS per cm3 of juice, equivalent to 
around 0.4% of fresh tissue weight. Smith (1956) found that crisps of a satisfactory 
colour and texture were obtained if the content of RS did not exceed 0.2% of the fresh 
weight. Only 1 sample in 156 possessing RS concentrations >0.25% gave an acceptable 
product. Wright & Whiteman (1951) found that crisps of the most suitable colour were 
produced from potatoes with an average RS content of 0.18%. Burton & Wilson (1970; 
1978) and Hughes (1986) have quoted the value of 0.1 % RS as the level acceptable to 
processors. 

· Carlsson (1970) did, however, make one proviso, namely that his cut-off limit was 
applicable only to values "determined according to the method used in this 
investigation". This point is crucial if one is to understand why such variability exists. A 
general consensus from the literature reveals that there exist groups of reports supporting 
or discounting a direct relationship between crisp colour and tuber sugar concentrations, 
with no possibility of predicting the concentration of sugars responsible_ for the 
achievement of an acceptable crisp colour regardless of environmental or genetic 
variation. The proposed prediction of crisp colour following a period of storage from 
sugar content at harvest complicates the . issue further. 

1.5.3 Predicting post-storage crisp colour from sugar levels at harvest 

The improvement in crisp colour as the growing season progresses can apparently be 
seen to reflect the changes in sugar composition that have been . reported to occur 
throughout the growth of the crop. Sowokinos (1973) observed that sucrose concentration 
in the stolon tip peaked at around tuber initiation and subsequently declined as the season 
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progressed. Other authors have also reported that sucrose decreases with time (Carlsson, 
1970; Hughes, 1974; Mazza, 1983; Santerre, Cash & Chase, 1986). A similar trend has 
been observed with RS, but a slight increase often occurs towards the end of the season 
(Yamaguchi, Perdue & MacGillivray, 1960; Carlsson, 1970; Nelson & Shaw, 1976; 
Mazza, 1983). This need not necessarily be a cold temperature-induced change, since 
Miller et al. (1975) found that whilst glucose concentrations in Monona, an 'acceptable 
chipper', did not alter during the period 17 August to 14 October, Red Pontiac, an 
'unacceptable chipper', demonstrated a large increase in glucose concentration towards the 
end of this period. Other patterns of sugar development have been reported. For example, 
Hair & Gould (1979b) found that a slight peak occurred in the amount of sucrose during 
mid-September, even though there was a general decrease with time. R!llnsen & Frogner 
(1969) found that whilst RS decreased towards the end of the season, sucrose increased. 

Despite reports by Van Vliet & Schriemer (1960) and Van Vliet, Schriemer & 
Buitenweg (1961) that no correlation existed between the concentrations of RS or sucrose 
after 8 weeks in store at 2°C and the concentrations at harvest, Clegg and Chapman 
(1962b) suggested that processing quality could be predicted from sucrose levels at 
harvest. Samotus et al. (1974) reported that the predominant sugar in tubers following 
short-term storage at low temperatures was sucrose. However, upon prolonged storage 
they found the RS content increased and the sucrose content decreased. The authors 
attributed this change to high concentrations of the enzyme invertase after 3 weeks of 
storage, which converted the sucrose to glucose and fructose. Sowokinos (1973) found 
that as physical growth ceased, potentially poor processing potatoes contained on average 
2.4 times more sucrose than a group of varieties which were acceptable for processing. 
Sowokinos (1978) subsequently found a direct correlation (correlation coefficient = 
-0.845) between sucrose content at harvest and the duration of storage at 11.7°C required 
to cause a deterioration in crisp colour below an acceptable level. This led him to propose 
the term Sucrose Rating (SR), the amount of sucrose in mg/g of tuber fresh weight. It 
was suggested that if a crop of potatoes attains a SR of <2.8, this shoajd ensure 
acceptable crisp processing quality after long-term intermediate-temperature storage. Huber 
& Gould (1979) supported this figure and concluded that a low harvest SR in tubers 
subsequently stored at I0-12°C would allow the production of acceptably-coloured crisps 
with storage periods of up to 6 months. Santerre et al. (1986) found that tubers with a SR 
of <1.0 at harvest generally produced acceptable processing quality after 76 days storage 
at 11.1 °C. 

However, all of the preceding results concerning SR have been obtained from tubers 
stored at intermediate temperatures (8.9-12.8°C), where starch to · sucrose conversion 
would be minimal (Tishel & Mazelis, 1966; Ohad et al., 1971; Kennedy & Isherwood, 
1975), and harvest sucrose pools do not increase until senescent sweetening occurs after 
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prolonged storage (Burton, 1965; Kennedy & Isherwood, 1975). This is of considerable 
importance since this range of temperatures encompasses those currently used within the 
crisping industry for long-term storage. At lower temperatures, starch breakdown to 
sucrose is likely to destroy any relationship developed between crisp colour after storage 
and harvest SR's. This is especially the case where the practice of 'reconditioning' is 
conducted (exposure to a period of higher temperatures { 15-20°C} in order to lower the 
excessive RS content). Hair & Gould (1979b), perhaps not surprisingly, found poor 
correlation between crisp colour after storage at 5°C, and after reconditionfng following 
storage at 5°C, and harvest SR. Work et al. (1981) obtained light crisp colours after 2-6 
months storage at 7.2°C if the SR was higher at harvest. A lower SR at harvest gave 
improved crisping quality after storage at 18.3°C, whilst crisp colour after storage at 

12.8°C did not appear to be affected by harvest SR. However, Nelson & Sowokinos 
(1983) provided data to suggest that SR early to midway through the growing season was 
more accurate in predicting the relative crisping quality of different cultivars (after storage 
for 4 or more months at 10°C) than SR determined later in the season. It appears, 
therefore, that the complex interaction between temperature and duration of storage and 
the interconversion of RS, sucrose and starch is likely to defeat any attempt to 
quantitatively analyse post-storage crisping potential on the basis of tuber sugar 
concentrations. 

1.5.4 The effect of storage parameters on sugar composition and crisp colour 

1.5.4.1 Temperature 

Several early workers demonstrated that low storage temperatures ( <6°C) resulted in 
an increased tuber sugar content (Milller-Thurgau, 1882, quoted by Burton, 1965; 
Appleman, 1912; Butler, 1919; Hopkins, 1924). Burton (1969) and Iritani, Weller & 
Russell (1973), in agreement with Appleman (1915), noted that the increase in sugar was 
due to RS accumulation. Burton (1965) observed a large increase in RS content during 
the first 15 weeks in store at 2°C, whilst Burton & Wilson (1978) reported a very rapid 
rise during the first 14 days after transfer to storage at 2°C, which was followed by a 
slower increase thereafter until a peak was reached after 27-41 days. Hart, Pallett & Cobb 
(1986) showed that RS rose from 0.2 to 0.8% fresh weight in eight weeks of storage at 
5°C, but remained relatively constant for 16 weeks at 10°C. Billington (1984) reported 
that RS increased or remained high in an 8-10°C store for 3-6 months. Pressey (1969) 
reported that newly-harvested cv. Kennebec tubers had low concentrations of RS and the 
enzyme invertase, but on exposure to temperatures of 4.4°C, a rapid increase in RS along 
with increased invertase concentration and rate of activity was observed. His data 
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indicated that at low temperatures invertase was one of the enzymes involved in the 
production of RS from sucrose. 

Many workers have stated that the optimum temperature to both · minimize the low 
temperature-induced RS increase and delay the onset of senescent sweetening is around 
1Q°C (Wright et al., 1936; Wright & Whiteman, 1954; Burton, 1965; Murphy & Goven, 
1967; Ohad et al., 1971). Crisp processors have consequently adopted this temperature for 
long-term storage. However, at 10°C weight loss due to sprout growth can be high unless 
chemical sprout suppression is employed. This is because the sprouts themsefves represent 
a direct loss of weight, and also because the rate of water loss per unit area of sprout 
epidermis is 30-40 times greater than that from the thickened tuber periderm (Burton & 
Hannan, 1957). 

1.5.4.2 Duration 

Several authors have reported fluctuations in the composition and concentration of 
tuber sugars during prolonged storage at commercially-acceptable temperatures (10°C). 
Barker (1950) not,.ed an increase in the content of RS during the first four weeks in store 
from 50 to 230mg/100g fresh weight. This reaction was subsequently supported by the 
results of Burton (1965) and Burton & Wilson (1978). Yamaguchi et al. (1966) found that 
in the 4 days immediately after transfer to storage at 15°C, an initial rise in RS, and 
especially glucose, occurred. Clegg & Chapman (1962b) only stored tubers for 21 days 
post-harvest, but found that RS content was at or near its maximum at the end of this 
period. Over the same period they observed that although sucrose content decreased, it 
was not proportional to the increase in RS. This led the authors to suggest that reactions 
other than the breakdown of sucrose to glucose and fructose were responsible for the 
increase in RS. These results could have practical implications for the processor. If 
potatoes are purchased at harvest with a RS concentration which is regarded as desirable, 
and stored at 10°C, they could have a much higher RS content within a few weeks. 
During more prolonged storage, Burton & Wilson (1978) found that RS concentration 
dropped but never to the harvest level. Burton, Home & Powell (1959) observed a 
progressive increase in the RS content of a sample of cv. King Edward tubers from an 
initial value of 0.04g/100g fresh weight in mid-November to about 1.0g/lOOg 16 months 
later. The increase in sucrose was equally marked and in agreement with the results of 
Van Vliet & Schriemer (1963) with Bintje. However, Yamaguchi et al. (1960) found that 
total sugars (sucrose + glucose + fructose) decreased from harvest onwards until, after 18 
weeks in store, there was a slow increase with time. This latter report ·merely emphasizes 
the variation that seems apparent in the pattern of sugar development, and suggests that, 
for a given storage regime, it will be dependent on preceding factors such as agronomic 
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or handling treatments. Similar variation has been recorded in the response of fry colour 
to storage duration. Findlen (1964) observed that colour deteriorated with time, whilst 
Huber & Gould (1979) showed that tubers stored for 6 months at a range of temperatures 
(7.5, 10 and 12.5°C) produced lighter chips than those stored under the same regime for 3 
months. Hogge (1989) found that french-fry colour generally deteriorated from harvest, 
but often there was a significant improvement in fry colour after prolonged storage 
compared with harvest fry colour. This latter fact is of some considerable significance in 
the attempt to establish a relationship between the storage potential of a batch of tubers 
and their fry colour at harvest. 

Hughes & Fuller (1984) observed peak RS concentrations after around 50 days in 
store, which appeared to coincide with the time at which the apical eyes opened and may 
therefore have been associated with the break in dormancy (Dimalla & Van Staden, 
1977). Sucrose peaked at around 80 days, then decreased until it began to rise again after 
around 170 days. Titis senescent sweetening appears to lag behind the time of onset of 
active sprout growth (Hughes & Fuller, 1984). These authors found that manually 
desprouting the tubers after 100 days allowed the decrease in RS and sucrose to continue, 
whereas the amounts of RS and sucrose in tubers with unintemipted sprout growth 
subsequently increased to concentrations comparable with the peak attained at 50-80 days. 
A similar fall in RS was found by Bailey, Phillips & Pitt (1978) using disbudded tubers 
of cv. Majestic kept in an unheated store from harvest until late May. However, Burton 
(1977) demonstrated that the mobilization of carbohydrate only caused senescent 
sweetening when the demands of sprout growth fell below the rate of mobilization. The 
continuation of mobilization does not appear to depend upon the rate of growth: it 
continues (though probably at a lower rate) and accelerates with time, even if growth is 
suppressed or the sprouts are removed manually. In such cases, because of the lack of 
demand from the growing sprouts, there is an increase in the content of sugar above that 
present if sprouting were allowed to occur (Burton, 1965; Isherwood & Burton, 1975). 
The increase is mainly in the content of sucrose, but there may often be a sufficient rise 
in RS to cause a commercially-significant increase in crisp browning (Burton & Wilson, 
1978). Following application of a mixture of isopropyl-phenylcarbamate and its chloro
derivative (CIPC) to suppress sprouting, Van Vliet & Schriemer (1963) observed a 
marked increase in both RS and sucrose after 2 months in store. Titis may have 
commercial implications in that CIPC is the most commonly-used chemical sprout 
suppressant in the storage of crisping potatoes (Ministry of Agriculture, Fisheries & Food 
1984b). 

Mazza (1983) demonstrated the unstable nature of the multiple correlations he 
developed between RS, sucrose and other variables (e.g. ascorbic acid and protein), whilst 
Samotus et al. (1974) found that the ratios between fructose, glucose and sucrose during 
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storage were in a constant state of flux, and that interconversion of these sugars was 
dependent on storage conditions. The relative size of the sugar pools in tubers will be 
determined by the interaction between mobilization, utilization and transport in the various 
tissues, and may vary between cultivars, due to physiological differences in sprout growth 
and apical dominance (Hughes & Fuller, 1984), and between batches of tubers of the 
same cultivar which have been subjected to different agronomic treatments during their 
growth. From the conflicting results obtained from sugar analyses during prolonged 
storage, it can be inferred that any reliance on a predictive model, based on· harvest-time 
sugar concentrations, of a crop's processability after a period of storage is likely to be 
unjustified. This position is complicated further when considering the effect of tuber age 
on processing quality and storage potential (Section 1.5.5.2). 

Concern must also be expressed as to the statistical significance of measured 
differences in sugar developmental pathways. Little attention has been paid to the 
variation that exists in sugar concentrations, both within and between experiments. 
Sieczka & Maatta (1986) found that although the mean glucose concentration for one 
variety which had endured handling was 20. lmM/ml of homogenate, whilst it was 
10.3mM/ml for the unhandled tubers, the difference was not significant. Pisarczyk (1982) 
observed that tuber sugar concentrations were extremely variable, and large differences 
between treatment means for both RS and sucrose were not statistically significant. 
Yamaguchi et al. (1966) reported tuber sucrose content to be 3.0% fresh weight at 
chipping after storage at 10°C, Sowokinos et al. (1987) found sucrose to be 0.2% fresh 
weight after 8 months of storage, while Burton (1965) measured tuber sucrose at 0.03% 
fresh weight after 30 weeks at 10°C storage. Three separate groups of workers have 
therefore reported a 100-fold difference in the magnitude of tuber sucrose concentration 
after long-term storage. The concentrations reported in these experiments (range <0.01-
0.59% f.w., Section 4.3) fall well within these boundaries, but the coefficients of variation 
in sugar determination between samples on any one date were large (up to 81 % for both 
total RS and sucrose). Burton (1969) reported an error of 0.015mg fresh weight in the 
accuracy of his sugar determinations, however, Hogge (1989) explained that due to the 
sugar extraction procedure followed in most experiments, samples could be taken 
randomly from anywhere in the tuber. Since it has been observed that regional variation 
in sugar concentration and type occurs within the tuber (lritani et al., 1973; Dimalla & 
Van Staden, 1977; Fuller & Hughes, 1984), this could influence the variability between 
samples even if the determination of the sugar concentration itself was very accurate and 
subject to little error variation. Hogge (1989) took this idea further and tried to relate the 
fry colour and sugar content of adjacent tuber slices. On one date of. sampling he found 
no significant relationship, but on a second date of sampling, negative relationships 
between fry colour and individual RS, total RS and total sugars were significant, although 
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generally less than 50% of the variance was accounted for by the regression equations. 
This supported additional 'bulk' sugar analysis data and precluded the use of sugars as a 
predictive measure of chip colour. The great variation observed in the literature, whether 
in absolute sugar concentrations, the patterns of sugar development under commercial 
storage regimes, or in the relationships between the sugars themselves or other variables 
(e.g. crisp colour), suggest that the use of sugar concentrations as a means of predicting 
harvest-time or post-storage processing quality is limited. 

1.5.5 Husbandry factors affecting processing quality 

There has been little attention devoted to the effect of environmental variables during 
the growing season on post-storage processing quality. Generally, investigations into the 
effects of husbandry on processing quality have been terminated at harvest and, 
conversely, where crops which have been stored and processed, few precise details about 
the preceding husbandry have been given. In the latter case, confounding of treatments 
becomes evident and incorrect generalised conclusions may have been drawn. 

1.5.5.1 Irrigation.fertilizer regime and physiological age 

Smith (1961) reported that growers and processors experienced trouble maintaining 
acceptable colour in crisps made from stored potatoes following seasons of excessive 
rainfall, particularly if the distribution was concentrated near the end of the season. Du 
Plooy & Prinsloo (1980) and Pieterse, Du Plooy & Prinsloo (1983) found that crisp 
colour was correlated with the amount of seasonal rainfall, with darker crisps being 
produced in years of high rainfall. Nelson & Shaw (1976), however, could find no 
consistent relationship between tuber sugar concentrations and the soil moisture conditions 
prevailing during the three growing seasons they examined. Salunke, Wheeler & Dexter 
(1954) found that potatoes harvested from wet areas of fields gave darker crisps than 
were obtained from well-drained areas. Johansen & Hansen (1961) found that crops 
grown without irrigation generally produced crisps of a lighter colour than those grown 
under irrigation. 'Sanders et al. (1972) demonstrated that mist irrigation applied to the 
foliage resulted in darker crisps than normal furrow or no irrigation, and that this 
deterioration in colour was paralleled by an increase in RS. Kushman et al. (1959) found 
that RS did not alter between irrigation treatments but that sucrose content at harvest 
increased in tubers grown in saturated soil. However, after one week in store, tubers from 
the wetter soils contained more RS and produced darker crisps than those from dry soils. 
The authors postulated that the effect of high soil moisture on crisp colour may have been 
due to the accumulation of co2 in the tubers, as holding potatoes in an atmosphere of 
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co2 produced similar effects on fry colour. Transient water-logging with frequent 
irrigation may have occurred, and caused a reduction in the available o2 content of the 
soil. Santerre et al. (1986) also indicated that there was a close relationship between the 
sucrose concentration observed following harvest and the amount of water available to the 
tuber prior to harvest. It seems, therefore, that irrigation may influence processing quality 
in two different ways. The effect of irrigation on the time of onset of canopy senescence 
discussed earlier (1.2.1.1.3) may determine the position reached in the sugar 
developmental pathway (Sowokinos, 1973), whilst late-season irrigation or -rainfall may 
alter the tuber environment and directly influence the composition of the sugar pool. 
Smith (1961) and Murphy & Goven (1967) suggested that the deterioration in colour with 
irrigation might be due to the effect of reduced temperatures in soils where the moisture 
content was high. 

The effect of amount of fertilizer on crisp colour has been extensively examined, but 
the contradictory results obtained indicate that many researchers have not considered the 
amount and availability of soil nutrient reserves. Also little work has been conducted on 
the effect of soil nutrient status on processing quality after storage. Clegg & Chapman 
(1962a) found that crisp colour of tubers from low fertility plots was not significantly 
different from those grown under high fertility, both at harvest and after storage. 
Yamaguchi et al. (1959) found that amount of fertilizer did not influence crisp colour 
after storage, whilst rate of fertilizer application (Denny & Thornton, 1941; Findlen, 1959; 
Teich & Menzies, 1964) and soil nutrient status (Kunkel & Holstad, 1972) have been 
reported to have no commercially-significant effect on crisp colour at harvest. 

· Large applications of nitrogen have been reported to result in improved crisp colour 
(Habib, 1956; Sawyer & Dallyn, 1958) and lower RS content (Swiniarski & Ladenberger, 
1970), whilst other workers have reported a decline in crisp quality with increased 
nitrogen application (Hope et al., 1960; Murphy & Goven, 1967). Carlsson (1970) 
suggested that the effect of soil fertility was an indirect one, acting via the alteration in 
the pattern of crop development, and that a delay in tuber initiation caused by high rates 
of nitrogen application would alter the amount of sugars in the tuber at a given instant in 
time. Timm, Bishop & Schweers (1963) and Santerre et al. (1986) have stated that rate of 
nitrogen application had no effect on tuber sugar content at the end of the season, even 
though early-season concentrations differed between plots receiving different amounts of 
nitrogen. These findings contradict the theory of Carlsson and suggest a more direct 
involvement of nutrients in the partitioning of assimilates or the synthesis of tuber sugars. 
Any effect of nutrients on yield is also likely to influence the concentrations of sugars or 
other substances present within the tuber. Physiological age will affect canopy duration 
and therefore influence tuber development, but the literature contains no reports of its 
effect on crisp colour. 
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J .5.5.2 Date of planting and date of harvest 

Date of planting must be considered in relation to length of growing season if 
confounding effects with date of harvest are to be avoided. Salunke et al. (1954) grew 
several varieties on one site for three consecutive seasons using three dates of planting. 
They concluded that earlier planting improved crisp colour at harvest Findlen (1964) 
reported that earlier planting generally resulted in lighter crisp colour at any one date of 
harvest, whilst Murphy & Goven (1967) found that delaying planting caused a darkening 
of crisps made from tubers harvested on 10 September. Alceley, Stevenson & Merriam 
(1955), using similar treatments to Salunke et al. over the same three seasons but at a 
different site, found that crisp colour was significantly darker from 5 May planting 
compared with 4 June planting. Crisp colours from the two intermediate dates of planting 
were not significantly different from the earliest planting. However, unlike the other 
groups of workers who harvested all dates of planting at the same time, Alceley et al. 
allowed each date of planting to "grow until maturity or until the first light frost 
occurred, usually about the middle of September". Many other workers have reported 
harvesting when the foliage reached a subjective stage of 'maturity'. Harvesting all dates 
of planting on the same day will also eliminate any effects caused by changes in late
season temperatures where late dates of planting have yet to be harvested. Miller et al. 
(1975) attributed the deterioration in crisp colour at a late harvest to the cool, wet weather 
prevalent immediately prior to harvest. Cold soil temperatures appear to induce a similar 
change in tuber sugar composition to that which occurs when tubers are stored at low 
temperatures (Section 1.5.4.1). Yamaguchi et al. (1959), Murphy & Goven (1967) and 
Walkof (1970) indicated that changes in crisp colour appeared to be due primarily to 
changes in soil temperature. Findlen (1964) could not establish a precise relationship 
between crisp colour and air or soil temperature but, in general, the greater the cumulative 
number of day-degrees the soil temperature was below 10°C, the darker was the colour of 
the crisps made at harvest. 

The literature reveals many reports of the effect of date of harvest on crisp colour but 
problems exist in eliminating the confounding effects of soil temperature and other 
factors. Sweetman (1930) confounded date of harvest and site by taking tubers from a 
northern site 'harvested green', while those from a southern site were harvested after 
haulm senescence. Similarly, Yamaguchi et al. (1959) experimenting at a cold site and a 
warm site, attributed poor processing quality from the cold site directly to temperature, 
assuming that other effects of site were . negligible in their effect on fry colour. Carlsson 
(1970) found that crisp colour improved as the season progressed, and that the optimum 
length of growing season was around 120-140 days in Sweden. Kabira, Saint-Hilaire & 
Nout (1981), working at high altitude (2100m) with the variety Kenya Baraka at Limuru, 
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1.5.5.2 Date of planting and date of harvest 

Date of planting must be considered in relation to length of growing season if 
confounding effects with date of harvest are to be avoided. Salunke et al. (1954) grew 
several varieties on one site for three consecutive seasons using three dates of planting. 
They concluded that earlier planting improved crisp colour at harvest Findlen (1964) 
reported that earlier planting generally resulted in lighter crisp colour at any one date of 
harvest, whilst Murphy & Goven (1967) found that delaying planting caused a darkening 
of crisps made from tubers harvested on 10 September. Akeley, Stevenson & Merriam 
(1955), using similar treatments to Salunke et al. over the same three seasons but at a 
different site, found that crisp colour was significantly darker from 5 May planting 
compared with 4 June planting. Crisp colours from the two intermediate dates of planting 
were not significantly different from the earliest planting. However, unlike the other 
groups of workers who harvested all dates of planting at the same time, Akeley et al. 
allowed each date of planting to "grow until maturity or until the first light frost 
occurred, usually about the middle of September". Many other workers have reported 
harvesting when the foliage reached a subjective stage of 'maturity'. Harvesting all dates 
of planting on the same day will also eliminate any effects caused by changes in late
season temperatures where late dates of planting have yet to be harvested. Miller et al. 
(1975) attributed the deterioration in crisp colour at a late harvest to the cool, wet weather 
prevalent immediately prior to harvest. Cold soil temperatures appear to induce a similar 
change in tuber sugar composition to that which occurs when tubers are stored at low 
temperatures (Section 1.5.4.1). Yamaguchi et al. (1959), Murphy & Goven (1967) and 
Walkof (1970) indicated that changes in crisp colour appeared to be due primarily to 
changes in soil temperature. Findlen (1964) could not establish a precise relationship 
between crisp colour and air or soil temperature but, in general, the greater the cumulative 
number of day-degrees the soil temperature was below 10°C, the darker was the colour of 
the crisps made at harvest. 

The literature reveals many reports of the effect of date of harvest on crisp colour but 
problems exist in eliminating the confounding effects of soil temperature and other 
factors. Sweetman (1930) confounded date of harvest and site by taking tubers from a 
northern site 'harvested green', while those from a southern site were harvested after 
haulm senescence. Similarly, Yamaguchi et al. (1959) experimenting at a cold site and a 
warm site, attributed poor processing quality from the cold site directly to temperature, 
assuming that other effects of site were . negligible in their effect on fry colour. Carlsson 
(1970) found that crisp colour improved as the season progressed, and that the optimum 
length of growing season was around 120-140 days in Sweden. Kabira, Saint-Hilaire & 
Nout (1981), working at high altitude (2100m) with the variety Kenya Baraka at Limuru, 
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Kenya, found that crisp colour improved until 75 days after planting, whereupon further 
delay in harvest had no beneficial effect on processing quality. This contrasts with an 
earlier study at lower altitude (Kabira, 1980), where crisp colour was found to improve up 
to 155 days after planting, and the results of Murphy & Goven (1967) in Maine, USA, 
who found that lighter crisps were produced from a longer growing season. Hope et al. 
(1960) showed that early harvesting resulted in higher RS concentrations, but no 
correlation was found betw~en crisp colour and date of harvest. Yamaguchi et al. (1966) 
found that premature haulm death by harvest or defoliation was detrimental to the sugar 
status and subsequent processing quality of the tuber. It was suggested that haulm 
removal might prevent the translocation of some growth-regulating substance from haulm 
to tuber, and that without this substance the metabolism of sugars does not shift towards 
starch synthesis and a consequent improvement in crisping quality. Findlen (1964) 
concluded that crisp colour was usually poorer when the haulm was killed well in 
advance of harvest than when it was removed just prior to harvest. 

It can be concluded that date of harvest, through its effect on the attainment of a 
certain stage of development of the intracellular sugar pool, and the soil temperatures to 
which the tuber is subjected to prior to harvest, is likely to have a big influence on 
processing quality. Although other factors such as date of planting, physiological age of 
seed, and soil moisture and nutrient status will influence the magnitude of any effect 
caused by a change in date of harvest, the manipulation of date of harvest by growers 
appears to offer the greatest chance of implementing some degree of control over the 
subsequent processing quality of a particular crop. Analysis of the environmental 
conditions experienced by this crop, as determined by the husbandry imposed upon it, 
should allow some predictions to be made on the pertinent components of site and season 

. that affect processing quality, and also indicate the likely magnitude of these effects. 
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1.6 Effects of site and season on processing and storage quality 

The effects of agronomic treatments in many cases appear to be neglected once tubers 
enter store. Differences in processing quality which occur between samples after storage 
are often therefore attributed to the peculiarities of a particular site or season. Murphy & 
Goven (1967) commented that site had an important effect on processing quality, and 
emphasized that each of their sites had received similar cultural techniques. Perusal of the 
literature reveals the general awareness of avoiding the confounding of site with other 
husbandry factors, but in many cases, the length of the growing season differed. The 
workers attributed the date of natural vine senescence and therefore 'maturity' as an 
expression of site on the crop, but as previously shown, date of harvest has a large effect 
on processing quality. Many of the investigations into site and season have utilized 
samples from commercial stores or from crops which have received undocumented 
husbandry (e.g. Sweetman, 1930; Akeley et al., 1954; Burton, 1965; Burton & Wilson, 
1970; 1978; Carlsson, 1970; Nelson & Sowokinos, 1983). On every occasion, 
confounding of site and season with husbandry was evident, yet direct site/season effects 
were purported. Gould, Hair & Baroudi (1979) ascribed variation in chip colour to 
"cultural practices, soil types and other locational characteristics" without direct reference 
to site. Even so, this statement gives little insight into the true causes of differences in 
processing quality. Husbandry regimes which result in exposure of the crop to cold 
temperatures during the autumn may a cause a detrimental change in crisp colour, and 
therefore to alter these regimes confounds site with husbandry. Oegg & Chapman 
(1962a), by imposing the same husbandry at each of their sites, could make a genuine 
statement that processing quality did not differ between sites, and that date of harvest had 
a significant effect. Again no explanation as to the causes of differences in fry colour was 
provided . . Site, season and husbandry factors which alter the environment to which the 
crop is exposed are likely to have large effects on processing quality: separating these 
components requires rigid control of cultural practices, which has not been evident in 
many reports. Burton & Wilson (1970), investigating the apparent effect of latitude of site 
of cultivation on tuber sugar content, unjustly reported that northern sites were inferior to 
southern locations in terms of producing processable tubers. Their samples were selected 
and delivered from various commercial and research farms around the UK, which had 
experienced different agronomic treatments. The authors stated that they made an effort to 
acquire the husbandry details for each sample, but these were not actually presented in the 
report. The confounding of site and husbandry was still not resolved in a later report 
(Burton & Wilson, 1978), and the inference was that sites at northern latitudes produced 
higher tuber sugar concentrations. Even allowing for the non-existence of a direct link 
between fry colour and sugar content (Section 1.5.2), such statements about the effect of 
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site on processing quality have been taken up by growers and processors alike in the 
belief that research has confirmed their long-held views. Burton & Wilson (1970) even 
concluded that ''the tendency for the crop to be unacceptable was thus greater in the 
north, but potatoes grown in the north were not uniformly unacceptable, an observation 
which has been borne out by commercial practice''. By concluding that site and/or season 
influence processing quality without providing further details of the characteristics of the 
sites or seasons in question, many authors have failed to refute the view that effects of 
site and season are large and inexplicable, and certainly the situation is considerably less 
clear than that involving the effects of site and season on tuber yield. 
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1.7 Objectives of the study 

The literature review has demonstrated that reported site effects on tuber yield can be 
explained by variations in the amount of radiation intercepted, and that this linear 
relationship should remain unaltered unless the efficiency of conversion is reduced by 
environmental stress. If differences between site and season are apparent, then an 
examination of the environmental factors influencing crop growth should establish the 
cause of the reduced efficiency. Water stress appears to have a marked ·influence on 
canopy growth rates and the timing of senescence, and will therefore be expected to alter 
radiation interception. The establishment of a direct link between tuber dry matter yield 
and water use (evapotranspiration) should permit further insight into possible decreases in 
the efficiency of light use. Water availability differs from site to site, mainly as a 
consequence of the available water holding capacity of the soil. Cultivation and husbandry 
practices which encourage deep root penetration and ramification will increase the soil 
water reservoir available to the plant, and in the absence of irrigation, allow canopy 
growth to continue unhindered by insufficient water uptake. Increased water availability 
via a dense root network will consequently permit greater rates of nutrient uptake. 

By maintaining similar husbandry regimes at a number of locations over a period of 
years, a statistical comparison of site and/or season should ascertain whether sites do vary. 
A more detailed examination of the growth processes at each site would elucidate the 
possible causes of any differences. Likewise, by examining the processing and storage 
potential of these crops subjected to very similar husbandry, it can be determined whether 
site/season effects on crop growth in the field are transferred when the tubers are 
harvested and stored for varying periods. The series of experiments described in the 
following chapter was designed to permit such an analysis. 
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2. MATERIALS AND METHODS 

2.1 Experimental treatments and design 

Experiments were conducted at three sites (Cambridge University Farm { CUF}, 
Gleadthorpe Experimental Husbandry Farm and Terrington Experimental Husbandry 
Farm) over four years (1985-1988). The design of the experiments permitted ·investigation 
into the effects of intra-site husbandry on growth, development, yield, and processing 
quality at harvest and after storage, and allowed a wider comparison to be made between 
sites and seasons. All experiments involved four replicates and treatment details are given 
in Tables 2.1-2.3. At all sites, the treatments in each experiment were maintained at 
similar levels to allow an investigation of interaction between site, season and husbandry. 
Although the main effects of site or season could not be tested due to the absence of a 
variance ratio, the statistical significance of any interactions between husbandry and site 
and/or season was calculable. Additionally, the magnitude of the effects of husbandry 
within a particular site or season could be determined, and a measure of the effect of site 
or season could be obtained by a comparison of the magnitude of the residual mean 
square term in relation to that of husbandry alone. In 1989, an experiment was conducted 
under two polythene tunnels (Polybuild Ltd., Tewkesbury) at CUF in order to investigate 
the effect of controlled water supply on number of tubers (CW89). 
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Experiment Date of 
/year code planting 

CS85 

CS86 

CS87 

29 April 

4 May 

6 May 

Table 2.1: 
Experimental details at CUF. 

Date of 
harvest 

Field treatments 
All combinations of 

See treatments 2 dates of haivest 

See treatments 2 dates of harvest 

See treatments 2 dates of harvest 

2 physiological ages 
(day0 >4°C) 

CW87 See treatments 22 September 2 dates of planting 

CS88 6 May 

2 physiological ages 
2 irrigation regimes 

See treatments 2 dates of harvest 

2 physiological ages 
CW88 See treatments 20 September 2 dates of planting 

2 physiological ages 

Designt 

18 September RB 
9 October 

24 September RB 
15 October 

22 September RB 
8 October 

0 
330 

15 April SP 
6 May with irrigation 

As CS87 regime as 
30mm @ 40mm main plot 

SMD (Late) 
No irrigation 

('.Zero) 

20 September 
6 October 
As CS87 
8 April 
6 May 

As CS87 

RB 

RB 

2 irrigation regimes 15mm @ 20mm SMD 

CW89 6 April 2 September 3 irrigation regimes 

tRB = Randomized block; SP = Split plot 
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for 4 weeks after 
TI, then 30mm@ 

40mm SMD (Early) 
30mm @ 40mm SMD 

from 10-13mm 
tubers (Late) 
No irrigation 

(Dry) 
15mm @ 20mm SMD 

for 4 weeks after 
TI, then 30mm @ 

40mm SMD (Moist) 
<lOmm SMD (Wet) 

RB 



Table 2.2: 
Experimental details at Gleadthorpe. 

Experiment Date of Date of Field treatments Design 
/year code planting harvest All combinations of 

GS85 29 April See treatments 2 dates of harvest 18 September RB 
9 October 

GW85 See treatments 18 September 2 dates of planting 4 April SP 
29 April irrigation regime 

2 physiological ages 0 x date of planting 
(dayo >4oC) 300 as main plot 

2 irrigation regimes 15mm @ 20mm SMD 
for 4 weeks after 

TI, then 25mm @ 
35mm SMD (Early) 

25mm @ 35mm SMD 
from 10-13mrn 
tubers (Late) 

GS86 4 May See treatments 2 dates of harvest 24 September RB 
15 October 

GW86 See treatments 24 September 2 dates of planting 26 March SP 
29 April As GW85 

2 physiological ages As GW85 
2 irrigation regimes As GW85 

GS87 5 May See treatments 2 dates of harvest 22 September RB 
8 October 

2 physiological ages 0 
(day0 >4°C) 330 

GW87 See treatments 22 September 2 dates of planting 6 April SP 
5 May As GW85 

2 physiological ages As GS87 
2 irrigation regimes As GW85 

GS88 5 May See treatments 2 dates of harvest 20 September RB 
6 October 

2 physiological ages As GS87 
GW88 See treatments 20 September 2 dates of planting 11 April SP 

5 May As GW85 
2 physiological ages As GS87 
2 irrigation regimes As GW85 
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Table 2.3: 
Experimental details at Terrington. 

Experiment Date of Date of Field treatments Design 
/year code planting haivest All combinations of 

T85 29 April See treatments 2 dates of haivest 18 September RB 
9 October 

T86 4 May See treatments 2 dates of haivest 24 September RB 
15 October 

T87 5 May See treatments 2 dates of haivest 22 September RB 
14 Octobert 

2 physiological ages 0 
(dayo >4oC) 330 

T88 6 May See treatments 2 dates of haivest 20 September RB 
6 October 

2 physiological ages As T87 

t Anticipated haivest delayed by 6 days due to rain 

2.2 Field crop husbandry 

2.2.1 Seed tubers 

'Seed' tubers used in all experiments were Scottish Elite grade, 30-40rnm, supplied by 
Smith's Crisps and stored at Lord's Ground Fann, courtesy of Green's of Soham Ltd. 
until December, when they were moved to CUF. Storage continued in an ambient
temperature barn with frost protection and supplementary white fluorescent lighting until 
tubers were trayed up. In 1985-86, seed for haivest rows was weight-graded 35-45g, and 
in 1987-89, 30-40g, and transferred to wooden chitting trays. In experiments including 
physiological age as a treatment, tubers were placed rose-end uppennost to pennit 
unhindered sprout growth. At the early planting, seed was moved to a controlled
environment cabinet set at 4 °C to maintain the same physiological age between different 
dates of planting. All 'discard' tubers for guard rows were tipped randomly into chitting 
trays 2-3 layers thick and kept at ambient temperature until planting. 

Seed which was aged physiologically was allowed to remain at ambient temperature 
until 50% of the tubers possessed at least one sprout 2:3mm in length ('dormancy break'), 
except in 1987 when the cold weather necessitated transfer to I0°C storage to encourage 
dormancy break. After dormancy break, half the seed was maintained at 4°C, whilst the 
other half was physiologically-aged to 300day0 (1985-86) or 330day0 (1987-88) >4°C in a 
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cabinet at I0°C. Temperatures were recorded at floor level and at the top of the stack of 
trays, and the stacks rearranged every 10-14 days to ensure evenness of sprout growth. 
Once the desired number of day0 had been accumulated, aged seed was placed at 4°C 
with the unaged seed until planting. In 1987-88 all seed destined to be planted at 
Gleadthorpe was transported to this site on 15/16 March and stored under the same 
conditions as at CUF. 

2.2.2 Soil type and previous cropping 

Details of soil type and previous cropping are presented in Table 2.4. In 1987-88, the 
available water holding capacity (water held between 0.05 and 15bar suction, A WHC) of 
the soils at each site was determined using sand table and pressure membrane apparatus 
(Salter & Williams, 1963 and Smith & Thomasson, 1974), for each different textural 
horizon. At CUF, the subsoil was variable, ranging from gault clay to gravel, therefore 
the proportion of these two textural extremes governed the AWHC of the rooting zone. 
Table 2.5 shows the A WHC separately for the topsoil and subsoil. 

Experiment 

CS85 
·CS86 

CS/CW87 
CS/CW88 

CW89 

GS85/88 
GW85-88 
GS86/87 

T85/88 
T86/87 

Table 2.4: 
Soil type and previous cropping. 

Soil type 

Gravelly clay loam, Milton Series 
Gravelly clay loam, Milton Series 
Gravelly clay loam, Milton Series 
Gravelly clay loam, Milton Series 
Gravelly clay loam, Milton Series 

Sandy loam, Cuckney Series 
Sandy loam, Cuckney Series 
Loamy sand, Cuckney Series 

Silt loam, Newchurch Series 
Silt loam, Agney Series 
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Previous cropping 

Grass ley 
Winter wheat 
Winter wheat 
Winter barley 

Fallow 

Spring barley 
Spring barley 
Spring barley 

Winter wheat 
Winter wheat 



Table 2.5: 
Available water holding capacity (AWHC) of topsoils and subsoils, 1987-1988. 

Site 

CUF 

Gleadthorpe 

Terrington 

Year 

1987 
1988 

1987 
1988 

1987 
1988 

AWHC (mm/lOOmm soil) 

Topsoil 
23.1 
20.9 · 

18.8 
19.1 

23.5 
23.0 

Subsoil 
5.3-16.1 t 
6.0-16.3t 

16.2 
16.9 

21.0 
20.9 

tLower and upper limits refer to gravel and clay respectively. 

2.2.3 Cultivations and planting 

The experimental areas at CUF and Terrington were all autumn-ploughed, and a 
variable number of passes made with a spring-tine harrow just prior to planting, 
depending on depth and structure of soil tilth. Fertilizer (see 2.2.4) was applied 
immediately in advance of the last cultivation before planting. At Gleadthorpe, the soil 
was ploughed and furrow-pressed in March, followed by basal fertilizer application. 
Spring tine harrows were used to incorporate the fertilizer and remove spreader wheel 
marks, and 'twin-row' beds formed using deep ridging bodies. Within 1-4 days the beds 
were stone-separated. At all sites, ridges were drawn up in pairs just prior to planting to 
avoid ridge erosion and capping by rainfall. Seed tubers were planted directly into ridges 
using wedge dibbers, care being taken to maintain the depth of planting so that the tip of 
the sprouts were 10cm below the ridge apex. Re-ridging and backfilling the dibber holes 
were accomplished by hand rakes in 1987-1988 to avoid excessive depth of soil coverage 
which occurred when tractor-mounted ridging bodies were employed at Gleadthorpe and 
Terrington in 1985-86. In CW89, the area was rotavated twice to a depth of 20cm with 
an additional subsoil tine at 30cm. Fertilizer was spread by hand and incorporated during 
the third rotavation when the subsoil tine was replaced with a single ridging body. 
Planting and re-ridging procedures were the same as in 1987-88. 



2.2.4 Fertilizer 

Fertilizer application was accomplished using tractor-mounted pneumatic or oscillating
spout distributors, except in CW89. At CUF and Terrington, and at Gleadthorpe in 1988, 
all fertilizer was applied during seedbed cultivation. In 1985-87 at Gleadthorpe, nitrogen 
application was split 50 : 50 planting : top dressing at tuber initiation. However, in 1987, 
severe scorching of the April plantings occurred when the crop was top-dressed whilst 
wet, and in 1988 all nitrogen was applied to the seedbed to prevent this problem. Split 
nitrogen applications are usual husbandry practice at Gleadthorpe, where heavy spring 
rainfall may result in the leaching of nitrogen through the coarse-textured soils. Rates of 
application at all sites were calculated to raise major element content to similar levels of 
availability, based on previous cropping, soil characteristics and the ratios present in 
currently-available commercial fertilizer compounds (Table 2.6). 

Table 2.6: 
Rates of fertilizer application (kg element/ha). 

Experiment 

CS85 
CS86 

CS/CW87 
CS/CW88 

CW89 

GS/GW85 
GS/GW86 
GS/GW87 
GS/GW88 

T85-88 

N 
(as NH4N03) 

100 
120 
120 
136 
140 

125/125 
125/125 
126/130 

255 

250 

p 

(as P2o5) 

88 
96 
52 
60 
109 

82 
82 
82 
82 

109 

2.2.5 Seed rate and spatial arrangement 

K Mg 
(as K20) (as MgO) 

207 27 
232 33 
127 33 
170 36 
249 40 

261 0 
261 0 
261 0 
261 0 

208 0 

A seed population of 50,000 sets/ha (1 985-86) or 54,300 sets/ha (1987-88) was planted 
based on an individual seed weight of 35-45g (1985-86) or 30-40g (1987-88) at a ratio of 
2 : 1 cost of seed : value of ware (Ministry of Agriculture, Fisheries & Food, 1982b). As 
row width differed between sites, intra-row spacing was adjusted to maintain the desired 
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plant density (fable 2. 7). In CW89, seed tubers were spaced at 30cm within the rows to 
match the spacing between trickle emitters in the irrigation pipes. This necessitated 
cultivating rows at a centre-to-centre spacing of 67cm to maintain a plant population of 
50,000/ha based on 35-45g seed. Seed tuber spacing in harvest rows was maintained by 
the use of planting strings marked at intervals corresponding to the required intra-row 
spacing. Perpendicular strings at one end of the plot ensured that the first tuber in the plot 
was planted in the same position in all rows. Guard rows were planted by eye, using the 
dibber marks created in the harvest rows as guides. 

Site 

CUF 
Gleadthorpe 
Terrington 

Table 2.7: 
Spatial arrangement of plants. 

Row width 
(cm) 

71 
86 
91 

Intra-row spacing (cm) 
1985-86 1987-88 

28.2 
23.3 
22.0 

25.9 
21.4 
20.2 

Plot dimensions varied at each site, depending on the number of samples taken into 
store, the shape of the area under the linear-move irrigator at Gleadthorpe, or the number 
of rows between sprayer wheelings. In all cases, there was at least one guard row either 
side of 2, 3 or 4 harvest rows, and plot areas varied from 11.7 to 18.2m2. All 
experiments were blocked to take account of variations in soil characteristics, and sprayer 
wheelings enabled pesticide or irrigation application without damage to the plots. 

2.2.6 Pesticides 

2.2.6.1 J{erbicides 

The choice of residual herbicide was governed by the weed spectrum, and soil texture 
and chemical composition. Applying the same chemicals at all sites would have created a 
risk of crop damage from high concentrations of the active ingredient on some soils. At 
CUF in all seasons, and at Terrington in 1987-88, a pre-emergence application of 
terbutryne and terbuthylazine (Opogard 500FW)1 and paraquat (Gramoxone I00L)2 at rates 
of 3.41/ha and 5.01/ha respectively, was applied in 2001 water/ha with a knapsack sprayer 
with a single wide-angle nozzle. In 1985-86, Sencorex WG3 at a rate of 1.5kg/ha in 2001 

2 

3 

Registered Trade Mark of CIBA-GEIGY Ltd. 
Trade Mark of Imperial Chemical Industries PLC 
Registered Trade Mark of Bayer AG 
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water/ha was applied post-emergence at Terrington. At Gleadthorpe, in 1985, 1986 and 
1988, a pre-emergence application of l.4I/ha Linuron 4L4 and l.4I/ha paraquat (Scythe)5 

in 3301 water/ha was made. In 1987, the herbicide applied was a tank-mix of 2.3I/ha 
Opogard 500FW and 1.4I/ha Gramoxone lOOL in 1801 water/ha. 

2 .2 .6.2 Aphicides and fungicides 

Rates of application and spray intervals conformed to manufacturers' instructions, and 
details of the chemicals and their dates of application are given in Table 2.8. 

Metasystox 55 is a Registered Trade Mark of Bayer AG; Patafol Plus is a Trade Mark 
of the Chevron Chemical Co.; Super Tin is a Trade Mark of Chiltern Farm Chemicals; 
Fubol 58WP and Fubol 75WP are Registered Trade Marks of CIBA-GEIGY Ltd.; Brestan 
60 is a Registered Trade Mark of Hoechst; Aphox is a Trade Mark of Imperial Chemicals 
Industries PLC; Dithane 945 is a Trade Mark of Rohm & Haas Ltd. 

4 

s 
Trade Mark of Du Pont UK Ltd. 
Registered Trade Mark of Cyanamid of Great Britain Ltd. 
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Table 2.8: 
Aphicide and fungicide applications. 

Season Site Chemical Application dates 
Active ingredient(s) Trade name 1 2 3 4 5 6 7 

1985 CUF pirimicarb Aphox 15vi lvii 18vii 31 vii 
metalaxyl+mancozeb Fubol 58WP 15vi lvii 18vii 31vii 14viii 
fentin acetate+maneb Fenite A 28viii 

Gleadthorpe metalaxyl+mancozeb Fubol 58WP 14vi lvii 23vii ?viii 
fentin acetate+maneb Brestan 60 29viii 

Terrington pirimicarb Aphox lOvii 
ofurace+manganese zinc Patafol Plus 15vi 28vi 4vii lOvii 19vii lviii 14viii 

ethylenebisdithiocarbamate 
fentin acetate+maneb Brestan 60 29viii 

1986 CUF pirimicarb Aphox lvii 15vii 4viii 
metalaxyl+mancozeb Fubol 58WP 17vi lvii 15vii 4viii 

mancozeb Dithane 945 18viii lix 
Gleadthorpe metalaxyl+mancozeb Fubol 58WP 23vi 11 vii 24vii 

fentin hydroxide Super Tin 4viii 13viii 
Terrington pirimicarb Aphox 22vii 

ofurace+manganese zinc Patafol Plus 26vi 9vii 22vii lviii 14viii 
ethylenebisdithiocarbamate 

fen tin acetate+maneb Brestan 60 29viii 
1987 CUF pirimicarb Aphox 26vi 13vii 

demeton-s-methyl Metasystox 55 23vii 8viii 
metalaxyl+mancozeb Fubol 75WP lOvi 26vi 13vii 23vii 8viii 

mancozeb Dithane 945 22viii 
Gleadthorpe metalaxyl+mancozeb Fubol 75WP 8vi 30vi 16vii 

fentin hydroxide Super Tin 28vii 12viii27viii 
Terrington pirimicarb Aphox 9vii 

ofurace+manganese zinc Patafol Plus 18vi 30vi 9vii 26vii 6viii 
ethy lenebisdi thi ocarbam ate 

fentin acetate+maneb Brestan 60 19viii 31 viii 
1988 CUF pirimicarb Aphox 3vi 16vi 2vii 15vii lviii 14viii 

metalaxyl+mancozeb Fubol 75WP 3vi 16vi 2vii 15vii lviii 
mancozeb Dithane 945 I6viii 

Gleadthorpe pirimicarb Aphox 28vi 
metalaxyl+mancozeb Fubol 75WP 27v 16vi 28vi I2vii 22vii 

fentin hydroxide Super Tin 2viii 16viii 30viii 
Terrington pirimicarb Aphox 29vi 

ofurace+manganese zinc Patafol Plus 14vi 29vi l lvii 
ethylenebisdithiocarbamate 

fentin acetate+maneb Brestan 60 25vii lviii 8viii I5viii22viii29viii 
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2.2.7 Environmental monitoring 

In 1987-88, plots at CUF and Gleadthorpe were instrumented with solarimeters and 
thermistors to monitor light receipts and temperature respectively. Only one replicate per 
treatment was monitored owing to the cost of equipment and the limited number of 
channels available on the loggers. Additionally, meteorological data (e.g. rainfall, screen air 
and soil temperatures) were collected daily by staff at each of the sites (Appendices A.1-
A.XXIV). At Terrington, plots were not monitored directly, but soil and screen air 
temperatures from the farm meteorological station were utilized. In 1987, the site was 
approximately 11cm from the recording station, whilst in 1988 it was less than 80m away. 
Global radiation data were provided by the Meteorological Office from their monitoring 
station at Denver Sluice, approximately 20km to the south. 

2.2.7.1 Temperature 

Grant Instruments Type-U thermistors were placed horizontally in the soil at a depth of 
10cm below the ridge apex, or shrouded in a 20mm diameter white polythene tube 
supported vertically level with the top of the crop canopy, which gave a better indication 
of leaf surface temperature than screen data recorded by the meteorological stations. Equal 
cable lengths to the logger avoided problems with external resistance changes. 

2.2.7.2 Incident radiation . 

Tube solarimeters (Delta-T Devices TSL) with a sensitivity of 15mV/kW/m2 and a 
waveband range of 0.35-2.Sµm, and similar to those used by Szeicz, Monteith & Dos 
Santos (1964), were wired serially in pairs and placed at right-angles to the ridge 
orientation and level with the ridge apex. Spatial heterogenity was reduced by offsetting the 
solarimeters so that one of the pair was central to the ridge apex, and the other spanned the 
furrow (Monteith et al., 1981). Readings were taken automatically at hourly intexvals and, 
at CUF, compared with a Moll-Gorsynski thermopile manufactured by Kipp & Zonen, 
Holland (Type CMIO, sensitivity 4.81xI0-3mV/W/m2). A pair of reference solarimeters 
were calibrated against the Kipp and then placed at Gleadthorpe, where an additional 
calibration was performed against the plot solarimeters prior to emergence. 

2.2.7.3 Logging instruments 

At CUF, a Schlumberger Solatron 3530 Orion data logger was used, and data 
discharged periodically onto floppy discs via a dedicated BBC Microcomputer. Owing to 
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lightning strikes, power failure and disc overload, some periods of logging were lost in 
1987, which were replaced by data obtained from a small meteorological station 
approximately 200m from the site. At Gleadthorpe in 1987-88 and in the polythene tunnel 
experiment, a Delta-T Devices Deltalogger was utilized. However, persistent failure during 
1987 and theft of the logger in 1988, resulted in several gaps in the data. The farm weather 
station and Grant Instruments Squirrel loggers provided temperature data, but global 
radiation figures had to be obtained from RAF Finningley, approximately 30km to the 
north-north-east. 

2.2.8 Water measurement 

Rainfall was recorded at each site on a daily basis, and raingauges were placed in all 
plots whilst they were being irrigated. A Soil Moisture Neutron Probe Type IH II (Didcot 
Instrument Co. Ltd.) was used to calculate soil moisture deficits directly. The basic theory, 
design features, operational procedures and access tube construction and insertion were as 
described by Bell (1987). Access tubes were inserted centrally in the ridge equi-distant 
between two adjacent plants to depths of 1.0 or 1.2m (CUF and Gleadthorpe respectively), 
leaving 10cm protruding on which to position and support the probe housing. The first 
reading was made at 10cm below the ridge apex and subsequently at 10cm increments to 
the base of the access tube. Count integration period was 16 seconds and recordings were 
made every 7 days, unless the plots were being irrigated or it was raining heavily. Once a 
week, the probe was calibrated in an 'infinite' volume of water {a barrel 80cm x 70cm0 
(Bell, 1987)} to account for the slow aging of components. 

During access tube installation, notes were made on the texture and stone content of 
each 10cm horizon, which identified tubes installed in similar soil profiles. At Gleadthorpe, 
this was actually unnecessary since the soil profile was remarkably uniform throughout the 
experimental area. However, at CUF, the soil profiles of neighbouring plots were often 
very different, but by combining tubes inserted in similar soil profiles, the number of soil 
water content calibrations was reduced. For each different soil profile, the calibration 
involved taking cylindrical cores of 10cm x 3.81cm0 at 10cm increments in four positions 
close around the access tube, and drying the soil at I05°C for 2 days. The loss in weight 
of the cores and their dry bulk density gave the moisture volume content (Bell, 1987). 
Precise count rates (64 seconds) were made at each depth immediately prior to taking the 
cores, and a linear regression of moisture volume content against water-calibrated count 
rate calculated for each horizon. Since this . procedure was destructive, calibrations could 
only be performed at the end of the season. This poses problems of establishing the 
relationship over a narrow range of moisture content, but the slopes of the calibration lines 
for the different soil profiles were similar to the 'standard' Institute of Hydrology 
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calibrations based on soil textural classes. Since changes in soil water content and not 
absolute values were used to calculate soil moisture deficits, the different intercepts of the 
calibration lines were not important (Bell, 1987). A theoretical calibration, based on 
geometrical principles was derived for the 10 and 20cm horizons, since the density of the 
'cloud' of thermal neutrons which is in dynamic equilibrium with the surrounding soil is 
affected by the probe approaching the ridge surface, where there is a loss of fast and 
thermal neutrons from the soil system. The extreme difference in count rate between these 
two media means that as the probe is brought near to the surface a negative error is 
introduced, which rises to a significant level (1 %) about 20cm below the surface in wet 
soil and 30cm in dry soil. The calibration involved calculating the proportion of fast and 
thermal neutrons 'lost' from the ridge surface at various count rates (Vachaud, Royer & 
Cooper, 1977). 

Access tubes were installed in early April, and the assumption made that probe readings 
taken 48 hours after light rainfall would indicate field capacity moisture content. This was 
checked on several occasions prior to crop emergence. On the occasions when it was not 
possible to obtain a meaningful field capacity, it was thought that this was due to poor 
access tube installation and the results for that tube were discarded. 

2.2.9 Irrigation 

Throughout the series of experiments, no irrigation was applied at Terrington. 
Experiment CS85 was also not irrigated. In CS86, and the first irrigation in CW87, plots 
were watered using an oscillating spray line (Evenshower, Evenproducts Ltd.). In 1987-88 
at CUF, a boom irrigator manufactured by RST Irrigation and driven by a Perrot Minimatic 
50/250 hose-reel was used to irrigate the crops. At Gleadthorpe, two systems were in use. 
All the experiments involving irrigation treatments were watered by a Valley linear-move 
irrigator. Unless the storage experiments were sited in the same field as the linear-move 
irrigator, they were irrigated by a larger version of the boom/hose-reel system at CUF 
(Valley/Bauer). All irrigation scheduling at Gleadthorpe and at CUF in 1987-88 was based 
on pre-release and commercial versions of 'Irriguide' (Agricultural Development and 
Advisory Service); -a computer-based model using local meteorological data to calculate 
potential evapotranspiration, with an adjustment factor for potatoes. Soil water holding 
capacities and trigger deficits were entered at the beginning of the season, and periodic 
updates of ground cover made to realign the model's predictions. All experiments at 
Gleadthorpe, except those involving irrigation treatments, were irrigated with the same 
regime as for commercial crops: 15mm water at 20mm SMD during tuber initiation 
(common scab control period), thereafter 25mm at 35mm SMD. In GW86, the linear-move 
irrigator was inoperative during June-July, and its replacement could not differentially 
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calibrations based on soil textural classes. Since changes in soil water content and not 
absolute values were used to calculate soil moisture deficits, the different intercepts of the 
calibration lines were not important (Bell, 1987). A theoretical calibration, based on 
geometrical principles was derived for the 10 and 20cm horizons, since the density of the 
'cloud' of thermal neutrons which is in dynamic equilibrium with the surrounding soil is 
affected by the probe approaching the ridge surf ace, where there is a loss of fast and 
thermal neutrons from the soil system. The extreme difference in count rate between these 
two media means that as the probe is brought near to the surface a negative error is 
introduced, which rises to a significant level (1 %) about 20cm below the surface in wet 
soil and 30cm in dry soil. The calibration involved calculating the proportion of fast and 
thermal neutrons 'lost' from the ridge surface at various count rates (Vachaud, Royer & 
Cooper, 1977). 

Access tubes were installed in early April, and the assumption made that probe readings 
taken 48 hours after light rainfall would indicate field capacity moisture content. This was 
checked on several occasions prior to crop emergence. On the occasions when it was not 
possible to obtain a meaningful field capacity, it was thought that this was due to poor 
access tube installation and the results for that tube were discarded. 

2.2.9 Irrigation 

Throughout the series of experiments, no irrigation was applied at Terrington. 
Experiment CS85 was also not irrigated. In CS86, and the first irrigation in CW87, plots 
were watered using an oscillating spray line (Evenshower, Evenproducts Ltd.). In 1987-88 
at CUF, a boom irrigator manufactured by RST Irrigation and driven by a Perrot Minimatic 
50/250 hose-reel was used to irrigate the crops. At Gleadthorpe, two systems were in use. 
All the experiments involving irrigation treatments were watered by a Valley linear-move 
irrigator. Unless the storage experiments were sited in the same field as the linear-move 
irrigator, they were irrigated by a larger version of the boom/hose-reel system at CUF 
(Valley/Bauer). All irrigation scheduling at Gleadthorpe and at CUF in 1987-88 was based 
on pre-release and commercial versions of 'Irriguide' (Agricultural Development and 
Advisory Service), - a computer-based model using local meteorological data to calculate 
potential evapotranspiration, with an adjustment factor for potatoes. Soil water holding 
capacities and trigger deficits were entered at the beginning of the season, and periodic 
updates of ground cover made to realign the model's predictions. All experiments at 
Gleadthorpe, except those involving irrigation treatments, were irrigated with the same 
regime as for commercial crops: 15mm water at 20mm SMD during tuber initiation 
(common scab control period), thereafter 25mm at 35mm SMD. In GW86, the linear-move 
irrigator was inoperative during June-July, and its replacement could not differentially 
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irrigate the experimental plots. All treatments therefore received the same irrigation during 
this period. In CW87, rainfall removed the possibility of implementing the 'early' irrigation 
regime, therefore it was decided to withhold irrigation completely as one irrigation 
treatment, and irrigate the other treatment with 35mm at 40mm SMD, corresponding to the 
'late' irrigation regime at Gleadthorpe. The storage experiments CS87 and CS88 were 
irrigated on the same 'late' basis. Tables 2.9 and 2.10 show the dates of application and 
amounts of irrigation applied. 

Experiment 

CS86 

CS87 

CW87 

CS88 
CW88 

Table 2.9: 
Dates of application and amounts of irrigation at CUF. 

Date of 
planting 

8iv 

Irrigation 
regime 

Late 

Early 

Late 
6v Early 

Late 

Date Amount (mm) 

28vii 15 
13viii 24 
9vii 28 

23viii 29 
9vii 28 

23viii 29 
17viii 30 
16vi 22 
23vi 20 

17viii 28 
17viii 28 
23vi 20 

17viii 28 
l 7viii 28 

In CW89, plots were irrigated using mains-supplied trickle pipes (Access Irrigation Ltd.) 
with an emitter (Type T.B.2L/H) spacing of 30cm. The pipes were secured to the apex of 
the ridge with tent pegs. Application rates were measured with an in-line flowmeter. 
Irrigation was scheduled on SMD's calculated from probe readings (Section 2.2.8). For the 
wet treatments, plots were irrigated every 2 days until 1 June, thereafter evapotranspiration 
was replaced on a daily basis. Total irrigation applied from planting was 606mm. For the 
moist treatments, irrigation was withheld until tuber initiation. Whilst the critical deficit 
was 20mm, irrigation was applied every 2 days, from 1 July every 4 days until the crop 
had begun to senesce rapidly, thereafter the irrigation interval increased as crop 
transpiration declined. Total amount of water applied was 615mm. On 7/8 July, 35mm of 
rain fell , which ran off the covers, infiltrated the soil very close to the outside edge of the 
plots and percolated sideways into the plots. An estimate of the amount of water reaching 
the centre rows of the plots was approximately 15mm. Water application was adjusted on 
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Table 2.10: 
Dates of application and amounts of irrigation at Gleadthorpe. 

Experiment Date of Irrigation Date 
planting regime (Amount, mm) 

1 2 3 4 5 6 7 8 9 

GS85 28vi '5vii 11 vii 12vii 25vii 2viii 22viii 
(22) (13) (14) (15) (22) (23) (21) 

GW85 4iv Early 2v 4vi 28vi 5vii llvii 12vii 25vii 2viii 22viii 
(10) (18) (22) (13) (14) (15) (22) (23) (21) 

Late As GS85 
29vi Early As GS85 except 4vi 

(10) 
Late As GS85 

GS86 18vi 6vii 13vii 18vii 30vii 8viii 
(25) (25) (24) (25) (20) (25) 

GW86 lvii 8vii lOvii 17vii 28vii 6viii 17viii 22viii 
(18) (18) (18) (19) (24) (25) (27) (20) 

GS87 ?vii 14vii 11 viii 
(29) (27) (25) 

GW87 6iv Early 24iv lv lvi ?vii lOvii 16vii 6viii 
(14) (14) (16) (17) (16) (16) (28) 

Late 9vii ?viii 17viii 
(23) (23) (23) 

5v Early 6v ?vii lOvii 16vii 6viii 
(15) (17) (16) (16) (26) 

Late 9vii ?viii 21 viii 
(23) (22) (24) 

GS88 21vi lvii 5viii 15viii 26viii 
(23) (21) (26) (28) (26) 

GW88 · 1 liv Early 19v 15vi 21vi 5viii 
(16) (15) (24) (26) 

Late 23vi 5viii 
(24) (26) 

5v Early 25v 21vi 5viii 15viii 
(14) (23) (26) (27) 

Late lvii 5viii 15viii 
(24) (26) (27) 

the irrigated plots, but the 'dry' plots received an unscheduled irrigation. 
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2.2.10 Sprout measurements 

After seed had been physiologically-aged, 100 tubers were selected at random from 
each age treatment and the number and length of sprouts > Imm recorded for each tuber. 

2.2.11 Emergence 

Detailed counts of plant emergence in harvest rows were taken at 2- or 3~day intervals 
until ~5% of the plants had emerged. Graphical inteipolation enabled 50% emergence to 
be calculated for each plot. 

2.2.12 Ground cover 

Initial ground cover estimates were made using the grid method proposed by Burstall & 
Harris (1983). Grid dimensions varied with spatial arrangement, but were the same width 
as the inter-row spacing and three times as long as the inter-plant distance (Section 2.2.5), 
and contained 100 equal rectangles. Ground cover percentage was calculated from the 
number of squares more than half-filled by foliage when the grid was placed just above the 
top of the canopy and viewed from directly above without movement of the head. Two 
replicate estimates were made per plot: one with the grid directly above the centre of the 
ridge, and another with the grid centrally-placed over the furrow. At 45-50%, ground cover 
was additionally estimated by visual assessment There was a tendency for the grid method 
to slightly over-estimate ground cover compared with visual assessment. Grid counts were 
discontinued after ground cover had reached 50%, since visual assessment permitted the 
entire plot to be sampled and allow for any effects of lodging or spatial heterogenity. 

2.2.13 Leaf appearance 

In 1987 at CUF and Gleadthorpe, at 50% plant emergence a typical stem was selected 
from each of three plants which had just emerged, and 'tagged' with a circle of coloured 
plastic-coated wire, ·and the plant position marked with a 20cm white plastic stake. Care 
was taken to ensure that all tagged stems had emerged on the same day for each treatment 
combination. The number of above-ground leaves was recorded at 2- or 3-day intervals (a 
leaf was adjudged to have 'appeared' when it attained a length of ~mm and had begun to 
'unfurl', i.e. part of the upper lamina was visible). When the leaf was of sufficient size to 
support a tag without damage, the 5th, 10th, 15th and 20th leaves were marked with 
different coloured wire loops to aid subsequent counting. When the embryonic buds 
became visible between subtending leaves, flower position in relation to the number of 
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above-ground leaves was detennined. Leaf counts ceased 52-53 days after the tagging 
programme commenced since the rate of leaf appearance was very slow at this stage. The 
'final' number of leaves was recorded on 17 August in 1987 and 15 August in 1988. In 
1988, a systematic approach was adopted, whereby the three sterns were selected from 
three adjacent harvest rows, and 1 metre from the end of the plot. This reduced the amount 
of trampling damage whilst searching for tagged plants compared with 1987. 

2.2.14 Growth analysis throughout the season 

Tuber initiation was judged to have occurred when both plants in a two-plant sample 
had visible tubers on two consecutive samplings. The period between samplings was 2 
days. A tuber was defined as a swelling at least twice the diameter of the attaclunent 
stolon. After tuber initiation, a four-plant sample was dug up with a hand fork at 
fortnightly intervals until defoliation. At Gleadthorpe in 1987, insufficient plants from the 
first date of planting were available for the final growth analysis (at least 20 were required 
for the final yield determination). Two undamaged and disease-free plants were taken from 
two adjacent harvest rows with at least 1 discard plant left between successive samplings. 
All tubers were carefully dug up and as much of the haulrn as possible recovered and 
placed in labelled plastic fertilizer bags. No attempt was made to recover any of the root 
material detached from the plant during digging. All soil adhering to tubers and haulrn was 
removed by washing and samples were stored at 4 °C until immediately prior to analysis. 

2.2.14.1 Haulm analysis 

The number of main and secondary sterns was counted and the total · sample fresh 
weight determined. A four-stern sub-sample was analysed when the four-plant sample 
became too large to handle efficiently. Above-ground length to the terminal apex of four 
sterns was measured. All branches greater than 5cm in length were counted, removed and 
kept separate from the mainstern material for the rest of the analysis. Leaf laminre were 
stripped from the petioles and 50 discs of 2.54crn2 area cut from the branch and rnainstern 
leaves using a cylindrical cork borer placed centrally to include a portion of the midrib. 
These were dried and leaf area index derived from the method of Watson & Watson (1953) 
as modified by Bremner & Taha (1966). Stern, attached root material and stolons, petiole 
and leaf laminre with greater than 50% surface area with yellow colouration were bulked 
together and dried in linen bags separately from the branch and rnainstern leaf material. All 
drying took place in a fan-assisted oven at 90°C for 48 hours. 

At the first growth analysis for each date of planting, the length of stern from mother 
tuber attaclunent point to ground level was recorded to detect variations in depth of 
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planting. The number of below-ground nodes and total number of nodes to the first flower 
on the three tagged stems (Section 2.2.13) were recorded at the penultimate growth analysis 
in August when intemodal separation permitted easier identification than earlier in the 
season. 

2.2.14.2 Tuber analysis 

All tubers from the four-plant sample were detached from their stolons, · hand-graded 
and the number and weight in each size grade recorded. Grades increased in 10mm 
increments, with an additional 65mm grade to allow the processing grade ( 40-65mm) to be 
computed. Tuber dry matter was estimated by taking a representative subsample ( ::::500g) of 
tubers in proportion to the contribution of each grade to total yield, chipping the tubers and 
drying for 48 hours at 90°C in aluminium foil trays. 

2.2.15 Root analysis 

At 50% plant emergence, 2 plants per plot were dug up carefully and the number of 
root initials present on the stem bases counted. In 1987-88, at CUF and Gleadthorpe, 4 soil 
pits were dug perpendicular to the ridges at each site corresponding to the four date of 
planting x irrigation regime combinations. At Terrington only 1 pit was dug. The depth of 
the pit depended on the maximum depth of rooting and/or the presence of a water table. In 
1987, a smooth vertical wall spanning two harvest rows was prepared with a saw blade 
directly below the plants. The soil was carefully washed and brushed away to expose the 
roots, a transparent perspex sheet (5mm) marked with a grid of 5cm squares placed over 
the profile face, and the number of roots within each square marked on a thiri plastic sheet 
attached to the grid. A further profile wall was then prepared below the next two plants in 
the row and replicate counts made. Maximum depth of rooting was also recorded and note 
made of the oxidation states of any iron compounds indicating the presence or absence of 
anaerobic or water-logged horizons. By integrating each of the horizontal layers marked on 
the grid, the proportion of the total number of roots present in a particular depth of soil 
could be determined. Boone et al. (1978) and Van Loon & Bouma (1978) used a similar 
method to relate 'effective' rooting depth to foliage growth patterns. 

In 1988, at the time the profile pits were dug, core samples were taken at 10cm 
increments to a depth of 1 metre to determine root length distributions with depth. The 
intention was to perform the same profile wall counts of the number of roots as in 1987, 
but the time involved with the root core sampling and analysis precluded comprehensive 
analysis of the profile wall. In order to permit comparison between the two methods, one 
profile wall was prepared at Gleadthorpe (April-planted, early-irrigated), and the grid data 
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compared with the root length density measurements recorded via core samples taken from 
two adjacent plants. The corer used was similar to that designed by Welbank et al. (1974). 
To facilitate the removal of cores, perspex liners were used. The throat diameter of the 
cutting tip (38.1mm), which determined the cross-section of the core, was slightly less than 
the inside diameter of the liners in situ in the coring tube to permit the soil core to enter 
the liner freely. The corer was driven in to a depth of 20cm with a sledgehammer and 
removed by twisting and lifting with a 'tommy bar'. The liners were removed and the soil 
cores transferred to sealed plastic bags. The process was repeated until the maximum depth 
of the corer had been reached, care being taken to ensure that no soil dropped down the 
hole when the corer was withdrawn which would have contaminated subsequent horizons. 
Cores were taken from 7 positions: 

1 -- Directly below the plant (after removal of the mother tuber). 
2 & 3 -- Half-way between the two neighbouring plants in the same ridge. 
4 & 5 -- In the furrow bottom either side of the plant. 

6 & 7 -- Half-way between 1 and 4/5 in the flanks of the ridge. 
A similar spatial sampling technique was used by Lesczynski & Tanner (1976). 

In the laboratory, fine roots were separated from soil material using a modified hydro
elutriation system (Cahoon & Morton, 1961; Smucker, McBumey & Srivastava, 1982). 
Following the recommendation of Bohrn (1979), and after initial tests, 0.5 and 0.2mm sieve 
meshes were used to collect all roots, which were floated off or extracted with tweezers. 
Root length in each sample was estimated using a modified grid-line intercept technique 
(Marsh, 1971; Tennant, 1975) formulated by Newman (1966). At least 500 intersections 

I were used for each root length determination, which was replicated twice. Root cores were 
taken from both irrigation treatments in the April plantings at CUF and Gleadthorpe, but 
only from the late-irrigated May plantings, and only from unaged seed at all three sites. 
Owing to the time involved in analysis, only two plant replicates per treatment could be 
attempted. In CW89 maximum depth of rooting was estimated from soil cores and no 
profile pits were dug. 

2.2.16 Soil nitrogen analysis 

Measurements of soil nitrate and ammonium nitrogen were taken in the autumns of 
1987 and 1988, and the spring of 1988 after fertilizer application. A screw auger was used 
to collect samples at depths down to 1.2m at 20cm increments. Two replicate samples were 
frozen at -20°C in sealed polythene bags until analysis could take place. The samples were 
thawed, 50g of soil shaken with 200ml of 2M KCl (Analytical) solution for 2 hours and 
filtered through a Whatman No. 40 filter paper, discarding the first 10ml of filtrate. The 
filtrate was analysed for Nol- and NH4 + concentration by the method of Keeney & 
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Nelson (1982) at the Analytical Chemistry Department, Agricultural Development and 
Advisory Seivice, Brook.lands Avenue, Cambridge. 

2.2.17 Defoliation 

Three weeks prior to each date of haivest, plots were defoliated by tractor-mounted 
rotary mower or flail, or where plot size and tractor manreuvrability were limited, by hand 
scythe. In CW89, there was only a 3-day inteival between defoliation and haivest. 

2.2.18 Final harvests 

At each site, a tractor-drawn elevator digger lifted tubers onto the soil surface. All 
tubers > 10mm were detached from stolons and placed in hessian or paper sacks. Plots were 
kicked over to ensure no tubers remained buried. The number of plants haivested depended 
on the number of samples being transferred to store (Table 2.11), but was never less than 
20 when samples were not destined for storage. Discard plants and those at the end of 
rows were removed prior to haivest. Samples were then graded in the same size grades as 
for the growth analyses (2.2.14.2) using Lingarden graders, and the number and weight in 
each grade recorded. Samples for storage were hand-selected from the 40-65mm grade, any 
cut, deformed, diseased or green tubers being avoided, and placed carefully in paper sacks 
for transport to Sutton Bridge. Journey times were approximately lh 45min from 
Gleadthorpe, lh 15min from CUF and 15min from Terrington. A 500g sample from the 
40-65mm grade was washed, chipped and dried to determine tuber dry matter percentage. 

2.2..19 Analysis of data 

Data were analysed by analysis of variance using GENST AT IV and V statistical 
packages on an IBM 3084 mainframe computer. Prior to analysis, percentage ground cover 
and emergence figures were angularly transformed. Where a treatment effect is reported as 
significant, it is at the 5% probability level. All error bars in Figures are 1 standard error in 
length. For all regression analysis of variance, the percentage variation accounted for by the 
regression coefficients was calculated thus: 

% V AR = 1 OO(Total MS - Residual MS)/fotal MS 
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2.3 Storage and processing 

2.3.1 Intake 

All storage and processing was conducted by staff at the Potato Marketing Board 
Experimental Station, Sutton Bridge, Lincolnshire. At intake, samples were tipped into a 
hopper, loaded into pre-weighed, numbered wooden boxes and the weight of box + sample 

-recorded. In order to reduce the amount of potatoes transported to Sutton Bridge, the boxes 
only contained approximately 4kg in 1987-88, whereas in 1985-86 the box subsample 
weight was 6kg. For each field plot, one subsample was analysed immediately, whilst the 
remainder were placed at 15°C and 95% relative humidity for two weeks (the 'curing 
period') in order to facilitate wound-healing and periderrn thickening. Intake samples were 
normally processed in the afternoon of the day of harvest, but some experiments from 
Gleadthorpe could not be analysed until the following morning. In these cases, samples 
were stored overnight at 10°C in their paper sacks. In some experiments, after one week of 
curing and at the end of curing, boxes were extracted for sampling (Section 2.3.2). After 
curing, the remaining boxes were placed in a sealed cabinet maintained at 10°c and 95% 
relative humidity. To inhibit sprout growth, CIPC granules (5% a.i.) were applied at a rate 
of 0.5kg/t a further 2 weeks after curing. 

2.3.2 Storage treatments 

Limited storage space at harvest reduced the number of dates of sampling in some 
experiments (Table 2.11 ). 

Experiment 

CS85, GS85, T85 
CS86, GS86, T86 
CS87, GS87, T87 
CS88, GS88, T88 

Table 2.11: 
Storage treatments. 

Duration of storage (weeks) 

1, 2,4, 8, 20, 28, 36, 40 
1, 2, 3, 4, 8, 12, 20, 28, 36, 40 
2t ,4, 8, 20 
1, 2, 4, 8, 12, 16, 20, 28, 36 

tFor the 8 October harvest, data from the sample at the end of curing was 
recorded under the wrong box code numbers and had to be discarded. 

All samples were analysed after a specific number of weeks from harvest, and since 
date of harvest was a field treatment, the two dates of sampling for a given period in store 
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were separated by the time difference between harvests. As Hogge (1989) explained, this 
method of analysis confounds actual date of sampling with storage duration. Limited 
storage space and laboratory time did not allow separation of these effects on processing 
quality. 

2.3.3 Processing 

2.3.3.1 Sample preparation 

On the scheduled day of sampling, the relevant boxes were removed from store and 
weighed to calculate percentage weight loss from intake. Any sprouted tubers were 
removed and the weight of detached sprouts recorded. Tubers were then transferred to a 
rotating drum washer (Peter Cox (Marketing) Ltd.) where they remained for 3-5 minutes. 
An 81b sample (3.629kg±2g) was loaded into a wire mesh basket and attached to a Zeal 
hydrometer calibrated to read tuber dry matter percentage. This was lowered into a barrel 
of water and 1 minute allowed for the hydrometer to equilibrate before reading the scale. 
The sample was then peeled (2-3 minutes) in an abrasively-lined Hobart rumble peeler, 
thereafter remaining submerged under water until slicing. Tubers were sliced to a thickness 
of 1.25mm using a Hobart rotary food processor and returned to water. Excess water was 
removed from a sample of the sliced material and 200g was liquidized together with 100ml 
of distilled water for 60 seconds. The sap solution was allowed to stand for approximately 
10 minutes and 1.5ml of the supernatent liquor were added to a sample tube containing 
0.3ml 85mM potassium ferrocyanide and 0.3ml 0.25mM zinc acetate solutions to prevent 
further sugar synthesis or denaturing, and to aid clarification of the extract. This was 
diluted to 10ml with distilled water, and after centrifuging at 2000rpm for 10 minutes, the 
clear sap was frozen at -20°C until sugar analysis was performed. 

2.3.3.2 Frying 

Approximately 30 slices were randomly selected and excess water removed using 
absorbant paper. Material was then fried for 3 minutes in Crisp 'n' Dry maize oil or until 
the fat had ceased to bubble. Immersion temperature of the oil was 185°C and sufficient 
volume was used to prevent a drop in temperature of >20°C when the slices were 
immersed. Oil was renewed after 100 samples. After a short period of drainage in the wire 
basket, crisps were placed on absorbant paper and allowed to cool before colour analysis. 
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2.3.3.3 Crisp colour analysis 

Two methods were used to detennine fry colour. From the fried sample the colour of 
15 randomly-selected crisps was individually assessed in accordance with the United States 
Department of Agriculture (USDA) colour chart in a cabinet illuminated with white light. 
The overall colour intensity of the whole, uncrushed fried sample was then measured on an 
Agtron M35 Colour Quality Meter (Magnusson ·corporation, Reno, Nevada) calibrated to 0 
and 100 units using black and white discs respectively. In 1985-86, only two readings were 
taken if they were within 0.5 units, otherwise three readings were taken. In subsequent 
years, three separate readings were taken irrespective of the closeness of the first two 
recordings. The sample was randomly rearranged between readings. 

2.3.3.4 Sugar analysis 

Sugar analysis of the sap extracts was perfonned on a Tecnicon Auto-analysis AA2 and 
spectrophotometer system manufactured by Boehringer Mannheim GmbH. The basic 
chemical principles for individual sugar detennination were as follows. Glucose and 
fructose in the sample solution were phosphorylated to glucose-6-phosphate (G-6-P) and 
fructose-6-phosphate (F-6-P) by the enzyme hexokinase and adenosine-5'-triphosphate at a 
temperature of 26°C. In the presence of the enzyme glucose-6-phosphate dehydrogenase, 
G-6-P was oxidized by nicotinamide-adenine dinucleotide phosphate (NADP) to gluconate-
6-phosphate with the fonnation of reduced nicotinamide-adenine dinucleotide phosphate 
(NADPH). The amount of NADPH formed in this reaction is stoichiometric with the 
amount of glucose, and it was NADPH which was measured by the increase in absorbance 
at 340nm wavelength by the spectrophotometer. Following the complete oxidation of G-6-
P, F-6-P was converted to G-6-P by phosphoglucose isomerase (PGI). Again, G-6-P reacted 
with NADP with the formation of NADPH, the amount of which was stoichiometric with 
the amount of fructose in the sample. Subtracting the amount of glucose present prior to 
the addition of PGI from the final amount gave the amount of fructose present in the 
sample. Every 20 samples, a calibration run of standard sugar solutions and blanks was 
perfonned. For sucrose determinations, sucrose was cleaved into glucose and fructose with 
invertase at 35°C, the concentration of glucose determined as above and corrected for the 
original amount of glucose present in the sap sample. The amount of glucose obtained in 
this manner, when multiplied by the proportion of glucose : fructose in sucrose (1.899), 
gave the concentration of sucrose present in the sap sample. Tuber sugar concentrations 
were expressed on a fresh weight basis after correcting for tuber dry matter percentage and 
the dilution factor. 
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3. FIELD RESULTS 

3.1 Plant growth and development 

3.1.1 Sprout development 

Sprout growth in 1987 was retarded by the cold temperatures experienced during 
January, which necessitated transfer to 10°C storage in order to encourage the tubers to 
break dormancy. This caused more sprouts to grow than in 1988 (Table 3.1). A similar 
effect has been observed by Toosey (1964), Allen et al. (1979), Wurr (1979) and Gillison, 
Jenkins & Hayes (1987), which almost certainly results from an increased gibberellin 
activity and reduced inhibitor activity following cold storage (Thomas & Wurr, 1976). In 
1987 apical dominance was less apparent and the variation in sprout lengths on each tuber 
was less than in 1988, which resulted in slower individual sprout growth rates, and 
extended the period between the first tubers exhibiting a 3mm sprout and later ones. The 
effect of physiologically aging the seed was to increase both the length of the longest 
sprout and average sprout length, although the increases were greater in 1988 than in 
1987. The total sprout length per tuber was greater in 1987 because of the greater number 
of sprouts produced in that year. Mean total sprout length of the unaged seed in 1988 was 
significantly less than aged seed. 

Table 3.1: 
Sprout parameters of aged and unaged seed in 1987 and 1988. 

Season 
1987 1988 

Physiological age 
(day0 >4°C) 0 330 SE 0 330 SE 

Number of sprouts 5.6 5.2 0.15 3.5 3.6 0.18 
(> 1mm) per tuber 
Length of longest 6.9 9.2 0.21 3.0 8.9 0.19 
sprout (mm) 
Average sprout 4.1 4.8 0.15 2.1 5.0 0.18 
length (mm) 
Total sprout 22.6 24.4 0.72 7.2 16.8 0.55 
length (mm) 

In 1988, after the old seed had accumulated 330day0
, seed stored for planting at CUF 

and Terrington was exposed to a period of higher temperatures when the controlled-
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environment cabinet malfunctioned. Considerable sprout growth occurred during this 
period (Table 3.2), and may have been a source of variation in the rate of emergence 
from seed of the 'same' age at Gleadthorpe compared with CUF and Terrington. 

Table 3.2: 
Length of the longest sprout (mm) on two dates in 1988. 

Seed age 
(day0 >4°C) 

CUF/ferrington 
0 330 

Date of measurement 
2iii 
7v 

3.0 
9.8 

3 .1.2 P !ant emergence 

8.9 
15.0 

Cabinet 
Gleadthorpe 
0 330 

3.0 
3.1 

8.9 
8.9 

SE 

0.19 
0.62 

Although many of the effects of physiological age were statistically significant at the 
5% level, differences in the time to 50% emergence were small compared with the 
magnitude of the effect of date of planting. In CW88 and GW87 there was an interaction 
between date of planting and physiological age. Early planting with aged seed slightly 
reduced the time taken to reach 50% emergence, but physiological age had no effect on 
rate of emergence when planting was delayed (Table 3.3). Aging the seed increased the 
rate of emergence in CW87 and GW88. In T87 and T88 physiologically old seed emerged 
more rapidly than young seed (Table 3.4). In CW88, GW87 and GW88, delaying planting 
increased the rate of emergence considerably. Soil temperatures between planting and 
emergence . appear to explain many of the differences in rate of emergence (Appendices 
A.I-A.XII). The number of day0 (>0°C) from planting to emergence was remarkably 
consistent for each particular physiological age of seed (369day0 and 349day0

; SE = 
17.5day0 for unaged and aged, respectively). D. Firman (personal communication) 
calculated a figure . of 382day0 for the variety Estima from planting to 50% emergence at 
CUF in 1987, but ·owing to differences in depth of planting, such comparisons should 
strictly be based on the rate of sprout elongation with respect to thermal time. The 
similarity in rates of emergence for the two ages of seed and the consistency of the 
values for different experiments suggests that rate of emergence is linear with respect to 
temperature over a wide range. These findings are in agreement with Sale (1979), who 
concluded that time to emergence was entirely dependent on the soil temperature at seed 
depth. The exceptions to this view were the April plantings in GW87 and CW88. In 
CW88, the ridge was formed from coarse blocky aggregates which resulted in insufficient 
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soil-tuber interface area for adequate water uptake. This was compounded by the lack of 
measurable rainfall in the 9 days following the April planting. 

Table 3.3: 
Days from planting to 50% plant emergence in CW87, CW88, GW87 and GW88. 

Experiment Date of planting Physiological age SE 

CW87 15iv 0 27 0.2 
330 25 

6v 0 27 
330 26 

CW88 8iv 0 38 0.4 
330 36 

6v 0 25 
330 25 

GW87 6iv 0 42 0.8 
330 38 (0.7)t 

5v 0 29 
330 29 

GW88 1 liv 0 37 0.3 
330 35 (0.3) 

5v 0 29 
330 27 

tFigures in parentheses refer to SE when comparing means with same date of planting. 
Figures are means of two irrigation regimes. 

Table 3.4: 
Days from planting to 50% plant emergence in T87 and T88. 

Experiment 

T87 

T88 

Physiological age 

0 
330 

0 
330 

90 

30 
28 

27 
25 

SE 

0.1 

0.3 



3.J.3 Number of above-ground stems 

Owing to the small sample size examined in all growth analyses, errors were large and 
significant effects difficult to detect. In all experiments a general decline was observed in 
the number of above-ground stems throughout the season following a peak mid-way 
through the period of tuber initiation. Variation in the number of stems with time has also 
been reported by Bleasdale (1965), Wurr (1971) and Ifenkwe (1975). In CW87 and 
GW87, physiologically old seed produced more stems for the May plantings, but there 
was no effect of age for the April plantings (Table 3.5). The increases observed were due 
to more secondary stems as the number of mainstems was not influenced by either date of 
planting or physiological age .. 

Table 3.5: 
Number of above-ground stems in CW87 and GW87 ('OOO/ha). 

Date of sampling 
Expt. Date of Physiological llvi 26vi lOvii 31viii Season mean 

planting age (excluding 
first sampling) 

CW87 15iv 0 141 193 163 136 144 
330 143 207 173 105 155 

6v 0 177 190 126 147 
330 208 221 227 211 

SE 18.3 15.4 18.0 11.6 17.0 

GW87 6iv 0 121 166 134 134 
330 163 165 137 144 

5v 0 190 156 153 154 
330 227 188 187 200 

SE 13.3 9.38 14.7 
(10. l)t (14.4) (9.83) (6.72) (13.3) 

tFigures in parentheses refer to SE when comparing means with same date of planting. 
Figures are means of two irrigation regimes. 

In CW88, older seed produced more above-ground stems, the effect being mediated by 
an increased number of secondary stems (Table 3.6). This increase in the number of 
stems with physiological aging is of significance in relation to the initial rate of leaf cover 
(Section 3.1.5.1). 

A similar effect of physiological age was observed in GW88, where planting older 
seed increased the number of secondary stems with no corresponding increase in the total 
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Table 3.6: 
Number of above-ground (and secondary) stems in CW88 ('OOO/ha) . 

Date of sampling 
Date of Physiological 6vi 20vi 4vii 29viii Season mean 
planting age (excluding 

first sampling) 
8iv 0 132 146 153 139 

(27.0)t (24.0) (41.0) (24.0) _ 
330 182 187 183 163 

(104) (112) (75.0) (74.8) 

6v 0 170 170 136 148 
(54.0) (68.0) (33.9) (42.8) 

330 204 214 163 186 
(106) (119) (74.7) (93.6) 

SE 14.5 19.3 27.2 9.19 17.3 
(10.0) (21.4) (27.0) (11.0) (17.0) 

tFigures in parentheses refer to secondary stems. 

number of alx>ve-ground stems (Table 3. 7), for there was an inversely proportional change 
in the number of mainstems which counteracted the increase in secondary stem production 
from old seed. 

Table 3.7: 
Number of secondary and mainstems in GW88 ('OOO/ha). 

Date of sampling 
Physiological Stem type 20vi 4vii 29viii Season 

age mean 
0 Secondary 36.0 27.2 10.2 22.6 

Main 131 132 139 139 
330 Secondary 109 76.3 61.1 79.9 

Main 105 109 88.3 97.3 

SE Secondary 16.8 22.1 4.54 19.8 
Main 9.27 10.1 4.60 12.4 

Figures are means of two dates of planting. 

In T87, older seed produced more above-ground stems, owing to a more prolific 
development of secondary stems (Table 3.8). There was no effect of age on type or 
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number of stems produced in T88 (145,000/ha; SE= 16,700/ha). 

Table 3.8: 
Nwnber of above-ground stems in T87 ('OOO/ha). 

Date of sampling 
Physiological lOvii 24vii 31 viii Season 

age mean 
0 190 163 163 168 

330 262 217 227 236 

SE 29.5 20.7 22.3 20.4 

Although sites and seasons cannot be compared statistically, the standard errors 
between treatments within sites were comparable with the differences between sites. All 
sites planted on 5/6 May were very similar in the total number of stems produced, 
although aged seed produced more stems in 1987 than in 1988. A possible explanation for 
this effect was put forward in 3.1. 1. 

3.1.4 Tuber initiation 

In CW87, earlier planting and aging of the seed reduced the time from planting to 
tuber initiation and, although the differences between treatments were smaller, from 50% 
plant emergence to tuber initiation (Table 3.9). 

Table 3.9: 
Days from planting and plant emergence to tuber initiation in CW87. 

Date of planting 
15iv 6v 

Physiological age 0 330 0 330 SE 

Planting to initiation 46 43 49 45 0.4 
Emergence to initiation 19 18 22 19 0.2 

Figures are means of two irrigation regimes. 

In GW87, increasing physiological age resulted in a reduction in the time from 
planting to tuber initiation for the early planting but not for the later planting (Table 
3.10). Delaying planting shortened the period from planting to tuber initiation. There was 
no effect of any treatment on the number of days from emergence to tuber initiation (23; 
SE= 0.5). 
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Physiological age 

0 
330 

Table 3.10: 
Days from planting to tuber initiation in GW87. 

Date of planting 
6iv 

65 
61 

5v 

52 
51 

SE 

0.8 
(0.7)t 

tFigure in parentheses refers to SE when comparing means with same date of planting. 
Figures are means of two irrigation regimes. 

In T87, increasing the age of seed reduced the time from both planting and emergence 
to tuber initiation (Table 3.11 ). In T88, the time from planting to tuber initiation was 
much shorter than in 1987, with increased physiological age causing a slight reduction in 
this period (Table 3.11). The interval from emergence to tuber initiation was the shortest 
for any of the sites in both 1987 and 1988. Planting to tuber initiation for similar dates of 
planting at Gleadthorpe and Terrington appeared to take longer than at CUF, which could 
not be completely explained by differences in the time to plant emergence. There 
appeared to be a significantly longer delay in tuberization after emergence at Terrington 
than at CUF, although the differences between Gleadthorpe and the other two sites were 
probably not large enough to be real. 

Table 3.11: 
Days from planting and plant emergence to tuber initiation in T87 and T88. 

Experiment 
T87 T88 

Physiological age 0 330 SE 0 330 SE 

Planting to initiation 56 53 0.3 42 41 0.2 
Emergence to initiation 27 24 0.2 15 16 0.4 

In CW88, aging the seed reduced the time from planting to tuber initiation for the 
April planting, but increased the time from emergence to tuber initiation (Table 3.12). 
Increased physiological age reduced the time from emergence to tuber initiation for the 
May planting. Delaying planting reduced the time from both planting and emergence to 
initiation, a result in agreement with Bremner & Radley (1966). 

In GW88, delayed planting and older seed both caused a reduction in the time from 
planting to tuber initiation (Table 3.13). Physiological age had no effect on time from 
emergence to tuber initiation for the later planting, but older seed reduced the duration of 
this period for the April planting. Delaying planting shortened the time from emergence to 
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Table 3.12: 
Days from planting and plant emergence to tuber initiation in CW88. 

8iv 
Physiological age 0 

Planting to initiation 61 
Emergence to initiation 23 

Date of planting 

330 

59 
25 

0 

43 
19 

Figures are means of two irrigation regimes. 

6v 

330 

43 
17 

SE 

0.5 
0.4 

tuber initiation. There were no effects of early irrigation on time to tuber initiation in 
GW87, GW88 or CW88, which supports the conclusions of Carr (1984) and Ministry of 
Agriculture, Fisheries & Food (1984a) that there appears no evidence that the water status 
of most soils used in commercial production in the UK under normal circumstances 
(excluding sands) would be limiting at tuber initiation. 

Table 3.13: 
Days from planting and plant emergence to tuber initiation in GW88. 

Date of planting 
lliv 5v 

Physiological age 0 330 0 330 SE 

Planting to initiation 61 58 48 46 0.4 (0.3)t 
Emergence to initiation 24 23 20 19 0.6 (0.6) 

tFigures in parentheses refer to SE when comparing means with same date of planting. 
Figures are means of two irrigation regimes. 

In these experiments, soil temperature appeared to have no consistent effect on the 
period between emergence and initiation (fable 3.14). In CW87 and CW88, higher 
temperatures appeared to delay tuber initiation but the effect was very much greater in 
1988. Soil temperatures were slightly higher, and the time from emergence to initiation 
very much longer, in T87 than in T88. In GW87, there appeared to be no direct effect of 
temperature on the time between emergence and tuber initiation, although this could have 
been partly caused by the nitrogen scorch suffered by the earlier planting. In GW88, soil 
temperatures for the second date of planting were higher than for the first, but there was a 
shorter period between emergence and initiation. 

However, it is tenable that some possible effects of temperature on time of tuber 
initiation between different dates of planting, sites and seasons were offset by alterations 
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Table 3.14: 
Average soil temperatures (°C) at 10cm depth from emergence to tuber initiation. 

Experiment Date of planting Temperature 

CW87 15iv 12.4 
6v 14.1 

CW88 8iv 13.7 
6v 13.5 

GW87 6iv 11.6 
5v 13.0 

GW88 lliv 13.4 
5v 15.4 

T87 5v 14.0 
T88 6v 13.7 

in light intensity. Borah & Milthorpe (1962) showed that time to initiation decreased at 
higher temperatures as intensity of incident radiation increased, and Sale (1976), 
Demagante & Van der Zaag (1988a) and Thomas (1988) observed that decreasing 
photoradiation input by shading delayed tuber initiation. Increased photoperiod has also 
been implicated in the inhibition of tuber initiation (Bodlrender, 1963; Demagante & Van 
der Zaag, 1988a). These authors' findings partially explain why there was no effect of 
date of planting on time from emergence to tuber initiation in GW87. Higher soil 
temperatures for the May planting, which would have tended to delay initiation, were 
counterbalanced by increased radiation input (Section 3.1.7.2 and Appendices A.I-A.XII). 
However, neither temperature nor radiation data appear to directly explain the reduction in 
the period from emergence to tuber initiation with delayed planting in CW8_8 and GW88. 

The effect of physiologically aging the seed was to induce earlier tuber initiation, a 
conclusion in agreement with the results of O'Brien et al. (1983; 1986). The effects of 
age were not confined to the period between planting and emergence as found by Hogge 
(1989), for old seed generally slightly shortened the period from emergence to tuber 
initiation as well. 
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Table 3.14: 
Average soil temperatures (°C) at 10cm depth from emergence to tuber initiation. 

Experiment Date of planting Temperature 

CW87 15iv 12.4 
6v 14.1 

CW88 8iv 13.7 
6v 13.5 

GW87 6iv 11.6 
5v 13.0 

GW88 lliv 13.4 
5v 15.4 

T87 5v 14.0 
T88 6v 13.7 

in light intensity. Borah & Milthorpe (1962) showed that time to initiation decreased at 
higher temperatures as intensity of incident radiation increased, and Sale (1976), 
Demagante & Van der Zaag (1988a) and Thomas (1988) obseived that decreasing 
photoradiation input by shading delayed tuber initiation. Increased photoperiod has also 
been implicated in the inhibition of tuber initiation (Bodlrender, 1963; Demagante & Van 
der Zaag, 1988a). These authors' findings partially explain why there was no effect of 
date of planting on time from emergence to tuber initiation in GW87. Higher soil 
temperatures for the May planting, which would have tended to delay initiation, were 
counterbalanced by increased radiation input (Section 3.1. 7 .2 and Appendices A.I-A.XII). 
However, .neither temperature nor radiation data appear to directly explain the reduction in 
the period from emergence to tuber initiation with delayed planting in CW88 and GW88. 

The effect of physiologically aging the seed was to induce earlier tuber initiation, a 
conclusion in agreement with the results of O'Brien et al. (1983; 1986). The effects of 
age were not confined to the period between planting and emergence as found by Hogge 
(1989), for old seed generally slightly shortened the period from emergence to tuber 
initiation as well. 
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3.1.5 Ground cover 

In CW87, all treatments achieved a ground cover (GC) of at least 95%. Ground cover 
development of the later planting did not exceed that of the April planting until around 
11-13 July. However, the duration of the period at which GC was 2:90% (GC90) was 
longer for the May planting (Figure 3.1). For both dates of planting, GC produced from 
aged seed was greater until around peak canopy cover, after which GC decreased earlier 
than for physiologically young seed. Application of 28mm irrigation on 9 July resulted in 
a decrease in GC for the first date of planting, which remained lower than the unirrigated 
treatments for nearly 4 weeks. Although no satisfactory reason can be suggested for this 
decrease, the canopy cover was declining at the time of irrigation as the high air 
temperature was causing leaf wilting. However, the irrigated crops did not appear to 
recover leaf turgidity following the rainfall over the period July 16-22 to the extent of the 
unirrigated crops. There was no effect of irrigation regime on GC for the May planting. 

In CW88, the magnitudes of peak GC were almost identical to 1987, but the 
persistence of this peak was very much greater for the early planting in 1988 (Figure 3.2). 
ac90 was shorter for the May planting in 1988 than for the corresponding planting in 
1987. With early planting, GC produced from old seed was greater until the canopies 
began to senesce. Young seed produced a slightly smaller peak GC and, in conjunction 
with the time lag in ground cover development, resulted in both ages of seed commencing 
senescence at the same time, with GC declining at a similar rate until defoliation. For the 
second date of planting, the two ages of seed did not differ in GC until around 7 weeks 
post-planting. After this time GC was greater for old seed, and this superiority was 
maintained until both crops began to senesce at the same time. The rate of decline in GC 
for the old seed was greater towards the end of the season. The GC at defoliation was 
lower in CW88 than in CW87. The early-irrigated crops received a total of 42mm of 
water, split between two applications on 16 and 23 June, which promoted haulm growth. 
Consequently, GC was greater for these treatments for a period of 12-13 days after the 
first irrigation. During mid-July, there was no difference in GC between the two irrigation 
regimes for the early planting, which were at, or close to, their peak GC. The larger GC's 
of the early-irrigated May plantings persisted until the end of July. After this time the 
early-irrigated treatments exhibited lower GC's than those where irrigation was withheld 
until later in the season. This apparent shift in the leaf growth curves between early and 
late irrigation regimes has been reported by several authors (e.g. Llewelyn, 1967; Scott, 
1972; Bean, 1981; Carr, 1984; Allen & O'Brien, 1985). 

In GW87, the first date of planting suffered nitrogen scorch when the crop was top
dressed on 1 June whilst the leaves were wet. The granules lodged in the stem apices and 
prevented subsequent leaf growth on the mainstem axis. Leaf growth continued several 
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Figure 3.1 Effect of date of planting and irrigation regime on ground 
cover percentage in CW87 
a) Unaged seed 
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Figure 3.2 Effect of date of planting and irrigation regime on ground cover percentage in CW88 
a) Unaged seed 
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days later on branches initiated after the scorching had occurred. Consequently, the 
maximum GC attained was only 76%, and the May planting reached a higher peak GC 
(Figure 3.3). There was no effect of physiological age until peak GC had been achieved, 
when old seed senesced more rapidly. At the beginning of July, the early-irrigated April 
plantings began to increase their rate of GC production and attained a higher peak GC 
than the corresponding late-irrigated treatments. The GC's of both irrigation regimes 
began to decline at the same time, although at a slower rate for late irrigation. There was 
no effect of irrigation regime on GC for the May plantings. 

In GW88 all treatments attained a peak GC of :::::98% (Figure 3.4). There was an 
interaction between date of planting, physiological age and irrigation regime. GC's of the 
early-irrigated April plantings began to decline at an earlier date than the late-irrigated 
treatments and remained significantly lower throughout senescence. Peak canopy 
persistence, G~0• of the April planting was longer for old seed and where irrigation was 
delayed. For the second date of planting, early irrigation increased G~0• but there was 
no effect of physiological age. As a general effect, physiologically old seed always had a 
higher GC at any point in time up to peak GC, and the decline in canopy cover 
commenced at an earlier date. Although young seed maintained greater canopy cover than 
old seed during senescence, the difference was not significant. In spite of differences in 
the time course and magnitudes of canopy development, similar dates of planting had the 
same GC at defoliation in 1988 as in 1987. 

In T87, physiologically old seed had a higher GC until peak canopy cover, and when 
visible senescence began it proceeded at a faster rate than for young seed (Figure 3.5). In 
T88 old seed again had an advantage in GC until maximum canopy cover, but there was 
no difference between the two physiological ages during senescence (Figure 3.6). Peak 
canopy cover was lower and maintained for a shorter duration than in 1987. · 

3.1.5.1 Rate of ground cover production 

In order to make some comparison between the initial rates of production of GC, 
linear regression lines with respect to time were fitted to the data from each plot over the 
period of 33 days after 50% plant emergence. The duration of this period was chosen to 
ensure that the increase in GC in every experiment did not deviate significantly from a 
positive linear function, since the complete GC curves were more closely fitted with a 
parabolic function rather than two straight lines. Other experimenters have used similar 
periods (Firman, 1987; Fowler, 1988; Hogge, 1989). Gose-fitting relationships were 
derived, as demonstrated by the high percentage variance accounted for by the equations, 
and the slopes were compared using analysis of variance. In order to establish whether 
temperature was a rate determining factor in GC development, regressions based on 
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Figure 3.3 Effect of date of planting and irrigation regime on ground 
cover percentage in GW87 
a) Unaged seed 
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Figure 3.4 Effect of date of planting and irrigation regime on ground 
cover percentage in GW88 
a) Unaged seed 
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Figure 3.5 Effect of physiological age on ground cover percentage in T87 
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Figure 3.6 Effect of physiological age on ground cover percentage in T88 
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thennal time (day0 >0°C) as the independent variable were also calculated. 

In all experiments thennal time improved the degree of fit slightly (Tables 3.15-3.17). 
However, if air temperature was the sole driving force, it would be expected that the rates 
of GC production would be the same for different dates of planting (and possibly similar 
between sites where the temperature differential was large). In the experiments where date 
of planting occurred as a treatment, only in CW88 were the rates of GC development 
based on thermal time similar between the April and May plantings (Table 3.17). In all 
other cases, thermal time did not unify rate of GC development over contrasting dates of 
planting. In 1987, delayed planting increased rate of GC production, but in 1988 the 
earlier plantings had faster rates of GC production. The magnitudes of the rates in 1987 at 
all three sites were similar to those in Pentland Dell (Hogge, 1989). 

Table 3.15: 
Chronological and thermal rates of ground cover production in CW87, GW87 and T87. 

Experiment Physiological age 
%/day 
CW87 0 

GW87 

T87 

%/day°C 
CW87 

GW87 

T87 

330 

0 
330 

0 
330 

0 
330 

0 
330 

0 
330 

Date of planting 
6iv 15iv 5/6v 

1.14 
1.13 

2.12 2.52 
2.28 2.78 

1.58 
1.69 

2.09 
2.63 

0.173 0.186 
0.198 0.216 

SE 

0.040 

0.046 
(0.026):j: 

0.044 

0.0034 

0.097 
0.096 

0.126 0.0039 
0.134 (0.0021):j: 

0.166 
0.208 

0.0035 

tPercentage variation accounted for by equation. 
:j:SE for comparing means with same date of planting. 
Figures for CW87 and GW87 are means of two irrigation regimes. 

%VARt 

91.3 

93.0 

89.3 

. 93.9 

94.4 

90.7 

In all experiments except for T88 (Table 3.16) and the first date of planting in GW87 
(Table 3.15), physiologically aging the seed increased the initial rate of GC development 
with respect to time. In GW87, the retarded development of the first date of planting 
owing to nitrogen scorch negated any possible effects of physiological age on rate of GC 
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thermal time (day0 >0°C) as the independent variable were also calculated. 
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0 
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In all experiments except for T88 (Table 3.16) and the first date of planting in GW87 

(Table 3.15), physiologically aging the seed increased the initial rate of GC development 

with respect to time. In GW87, the retarded development of the first date of planting 

owing to nitrogen scorch negated any possible effects of physiological age on rate of GC 
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Table 3.16: 
Chronological and thermal rates of ground cover production in GW88 and T88. 

Experiment Physiological age Date of planting SE %VAR 
%/day lliv 5/6v 
GW88 0 2.41 2.03 0.044 94.8 

330 2.70 2.47 (0.033)t 

T88 0 1.80 0.025 97.6 
330 1.86 

%/day°C 
GW88 0 0.184 0.138 0.0032 95.6 

330 0.206 0.167 (0.0023) 

T88 0 0.125 0.0018 98.4 
330 0.129 

tFigures in parentheses refer to SE when comparing means with same date of planting. 
Figures for GW88 are means of two irrigation regimes. 

Table 3.17: 
Chronological and thermal rates of ground cover production in CW88. 

Date of planting Physiological age Irrigation regime %/day %/day°C 
8iv 0 Early 2.24 0.164 

Late 2.18 0.159 
330 Early 2.45 0.180 

Late 2.49 0.182 
6v 0 Early 2.73 0.1 80 

Late 2.26 0.148 
330 Early 2.69 0.182 

Late 2.45 0.166 
Time Thermal time 

SE 0.073 0.0054 
%VAR 95.9 96.6 

development (Table 3.15). Rates of GC development in GW87 were slow compared with 
all other experiments, which can perhaps be attributed to the leaching of nitrogen to 
horizons below the current rooting depth as a result of the high rainfall in June (149mm). 
However, the symptoms of magnesium deficiency observed in the field where GS87 was 
sited were not apparent in GW87 and therefore cannot be postulated as an explanation. It 
is possible that an endemic blackleg (Erwinia carotovora var. atroseptica) infection in the 
field may have produced sub-clinical symptoms. Certainly, several plants were killed by 
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the infection, but the disease may have invisibly expressed itself on many more. The 
yield-suppressing effects of such infections are currently being studied by the National 
Institute of Agricultural Botany using a range of sites and cultivars (P. Gans, personal 
communication). 

In GW88, early planting increased the rate of GC development (Table 3.16), in 
contrast to CW87 and CW88 where the April plantings had a slower rate of GC 
production than the May plantings. In CW88, early irrigation increased the rate of GC 
production for the second date of planting, but the application made to the April planting 
was too late to have any effect on initial rate of GC development (Table 3.17). 

3.1 .6 Leaf area index 

As was expected, leaf area index (LAI) development demonstrated a similar trend to 
that of ground cover (Figures 3.7-3.12). Date of planting and physiological age had no 
consistent effect on peak LAI, but merely shifted the developmental patterns. Old seed 
possessed similar or larger LAI's up to the peak, whereafter young seed had a slower 
decline. In CW87 and GW88, the April plantings produced a higher peak LAI, whereas it 
was the later plantings in CW88 and GW87 which gave an increased peak LAI. Although 
no statistical significance can be attached to the results, it is possible to compare sites 
with the same date of planting. In 1987, Terrington produced the highest peak LAI with 
CUF intermediate and Gleadthorpe the lowest. In 1988, CUF produced the largest 
maximum LAI, Terrington the smallest and Gleadthorpe in-between. However, except for 
the crops in GW87, all treattnents produced LAI's greatly in excess of 3, which results in 
interception of most of the incident radiation (Bremner & Taha, 1966; Allen & Scott, 
1980; Burstall & Harris, 1983; Firman & Allen, 1989). 

The partitioning of leaf material into its branch and mainstem components permitted 
detailed examination of LAI distribution. In CW87, old seed produced a higher mainstem 
LAI during the earlier samplings than young seed, after which there was no sigp.ificant 
difference (Table 3.18). The first date of planting had more branch LAI than the May 
planting until the last sampling. The later planting had a higher ratio of mainstem : 
branch LAI at a particular total LAI than the April planting. In GW87, the effect of the 
nitrogen scorch was to produce rapid branch proliferation in the April planting, a result of 
the removal of apical dominancy (Table 3.18). However, both dates of planting had very 
low LAI's carried on branches. In T87, aged seed generally produced more mainstem LAI 
than unaged seed at any given date of sampling, whilst branch LAI was higher for young 
seed (Table 3.18). 

In T88 there was no effect of physiological age on the partitioning of LAI (Table 
3.19). In CW88, at the peak LAI there was generally a higher proportion of the LAI 
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Figure 3.7 Effect of date of planting on leaf area index in CW87 a) Unaged seed 
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Figure 3.8 Effect of date of planting on leaf area index in CW88 
a) Unaged seed 
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Figure 3.9 Effect of date of planting on leaf area index in GW87 
a) Unaged seed 
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Figure 3.10 Effect of date of planting on leaf area index in GW88 
a) Unaged seed 
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Figure 3.11 Effect of physiological age on leaf area index in T87 
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Figure 3.12 Effect of physiological age on leaf area index in T88 
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Table 3.18: 
Components of leaf area index in 1987. 

Date of sampling 
Expt. Date of Phys. Component llvi 26vi lOvii 24vii 3viii 17viii 31 viii 

planting age 

CW87 15iv 0 Mainstem 1.42 2.80 2.95 2.31 1.27 0 
Branch 0 1.36 2.25 2.47 1.77 3.45 

330 Mainstem 1.61 2.90 3.18 2.26 1.57 0 
Branch 0 1.86 2.05 2.09 1.84 2.98 

6v 0 Mainstem 1.26 2.62 3.10 2.01 2.31 0.99 
Branch 0 0.71 1.00 2.13 2.75 1.90 

330 Mainstem 1.60 2.98 3.59 2.50 2.60 1.25 
Branch 0 0.36 0.99 1.76 2.01 1.33 

SE Mainstem 0.072 0.132 0.128 0.318 0.136 0.355 0.126 
Branch 0.099 0.290 0.266 0.216 0.297 0.204 

GW87 6iv 0 Mainstem 0.67 1.15 1.64 1.63 1.71 1.30 
Branch 0 0.41 0.68 1.43 0.72 0.30 

330 Mainstem 0.66 1.07 1.47 1.55 1.17 0.96 
Branch 0 0.38 0.82 1.22 0.57 0.21 

5v 0 Mainstem 1.00 2.03 3.10 2.57 2.11 2.21 
Branch 0 0.39 0.38 0.37 0.33 0.28 

330 Mainstem 1.07 1.97 3.14 2.70 2.37 1.71 

I 
Branch 0 0.20 0.38 0.10 0.24 0.80 I 

SE Mainstem 0.082 0.118 0.188 0.173 0.282 I 

(0.073)t (0.099) (0.122) (0.199) (0.139) (0.227) (0.139) 
Branch 0.078 0.134 0.164 0.126 0.073 

(0) (0.059) (0.163) (0.164) (0.115) (0.062) (0.263) 

T87 5v 0 Mainstem 2.49 3.62 3.32 2.70 1.65 
Branch 0.09 1.67 1.76 3.50 2.02 

330 Mainstem 3.42 4.57 3.31 3.99 1.35 
Branch 0.17 0.91 1.07 2.33 1.59 

SE Mainstem 0.080 0.313 0.154 0.449 0.315 
Branch 0.053 0.175 0.147 0.324 0.112 

tFigures in parentheses refer to SE when comparing means with same date of planting. 
Figures for CW87 and GW87 are means of two irrigation regimes. 

comprised of mainstem leaves for old seed compared with unaged seed, whilst the peak 
branch LAI was higher for the May planting than for the April planting (Table 3.19). In 
GW88, after mid-July there was no effect of any treatment on branch LAI (Table 3.19). 
Increased physiological age of seed resulted in a more rapid development of mainstem 
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LAI. Both dates of planting had similar mainstem LAI's from mid-July until the earlier 
senescence of the April planting. 

Table 3.19: 
Components of leaf area index in 1988. 

Date of sampling 
Expt. Date of Phys. Component 6vi 20vi 4vii 18vii 1 viii 15viii 29viii 

planting age 

CW88 8iv 0 Mainstem 0.74 2.31 3.36 2.91 2.57 2.07 
Branch 0 0.61 1.40 2.68 1.78 1.44 

330 Mainstem 1.19 2.57 3.73 3.13 2.65 1.41 
Branch 0 1.43 2.24 2.19 1.39 0.84 

6v 0 Mainstem 0.98 2.30 3.27 3.15 2.20 1.96 
Branch 0 0.76 1.97 3.16 2.14 1.39 

330 Mainstem 1.01 2.33 3.43 4.52 2.98 1.47 
Branch 0 0.78 2.01 1.69 2.70 1.21 

SE Mainstem 0.074 0.056 0.434 0.330 0.471 0.389 0.259 
Branch 0 0.120 0.319 0.538 0.492 0.330 0.178 

GW88 lliv 0 Mainstem 0.83 2.61 3.95 3.98 4.42 2.69 
Branch 0 0.67 2.06 2.00 1.33 1.20 

330 Mainstem 0.98 3.05 5.00 4.85 3.90 1.95 
Branch 0 0.72 0.97 2.00 1.99 1.63 

5v 0 Mainstem 0.81 1.78 3.13 3.35 2.60 2.90 
Branch 0 0.25 1.76 1.88 2.28 1.72 

330 Mainstem 1.19 2.63 4.17 3.64 2.52 2.16 
Branch 0 0.65 1.33 2.24 1.94 1.46 

SE Mainstem 0.134 0.488 0.314 0.537 0.308 
(0.014)t (0.159) (0.295) (0.307) (0.508) (0.277) (0.174) 

Branch 0.156 0.159 0.313 0.308 0.316 
(-) (0.085) (0.124) (0.302) (0.300) (0.223) (0.135) 

T88 6v 0 Mainstem 0.60 1.63 2.66 3.20 3.36 2.37 
Branch 0 0 0.68 1.77 1.80 0.95 

330 Mainstem 0.69 1.46 2.94 3.25 3.12 2.20 
Branch 0 0 0.53 1.30 0.78 0.74 

SE Mainstem 0.062 0.141 0.224 0.229 0.375 0.323 
Branch 0 0 0.096 0.192 0.259 0.240 

tFigures in parentheses refer to SE when comparing means with same date of planting. 
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3.1.7 Light interception 

Comprehensive light interception (LI) data were available for experiments CW88 and 
GW88. Unfortunately, direct measurement of the total amount of light intercepted by 
different treatments over the duration of the 1987 season was not possible, and had to be 
calculated from other sources (Section 2.2.7.3). Percentage GC measurements have been 
used by a number of authors . to estimate LI, and it has been commonly assumed that 
100% GC corresponds to complete LI. As mentioned in the literature review (1.2.2), this 
assumption introduces inaccuracies because GC's approaching 100% may correspond with 
a LI of only 80%, although with very dense canopies radiation interception figures of 
close to 100% may be achieved (Finnan & Allen, 1989). The difference in the LI of 
crops with similar GC, but of contrasting LAI, may lead to apparent differences in the 
calculated efficiency of dry matter production if this is determined using GC data. In view 
of the missing data from the Gleadthorpe site in 1987 and the lack of recorded 
solarimeter data at Terrington in both seasons, it was felt prudent to try and establish a 
relationship between LI and GC. This would allow some prediction to be made as to the 
efficiency of dry matter production in the experiments where solarimeter data was 
deficient or considered suspect during senescence, and also establish the effect of a dense 
canopy on LI. 

3.1.7.1 Relationship between light interception and canopy cover 

Light interception data were compared with GC and LAI measurements from the time 
leaves first started to cover the solarimeters until maximum canopy mass was achieved in 
order to avoid the influence of low GC's with apparent LI values of zero, and lodged 
plants and dead leaves during senescence. Only GC and LAI figures from the plots 
containing solarimeters, rather than treatment means, were used to formulate the 
relationships. 

Linear regression of LI against GC gave a very close degree of fit, and no statistical 
significance could be attached to the use of a more complex quadratic relationship. 
However, a greater degree of scatter around the formulated lines was obvious at high 
GC's (Figures 3.13-3.16).The poorest relationships (in terms of the percentage variation 
accounted for) and the shallowest slopes of the fitted lines were established in GW87 
(Figure 3.15), where there was a deficiency in tiering of the leaf canopy as indicated by 
the low LAl's. In all other experiments, LAl's were high (cf. Finnan, 1987) and LI 
percentage varied between 0.90-0.98 x GC%, which is in agreement with the data of 
Burstall & Harris (1983) and close to the 1 : 1 relationship between LI and GC adopted 
by Burstall & Harris (1986), Haverkort & Harris (1986) and Millard & Marshall (1986). 
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Figure 3.13 Effect of date of planting on the relationship between 
light interception and ground cover in CW87 
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Figure 3.14 Effect of date of planting on the relationship between 
light interception and ground cover in CW88 
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Figure 3.15 Effect of date of planting on the relationship between 
light interception and ground cover in GW87 
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Figure 3.16 Effect of date of planting on the relationship between 
light interception and ground cover in GW88 
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Light penetration through such dense canopies is minimal, and an examination of the 
efficiency of dry matter production in relation to light interception should indicate any 
advantages or disadvantages in the development and maintenance of canopies with such 
high LAI's (Section 3.3.2). 

In CW88 the slope of the relationship was higher for the first date of planting, whilst 
in GW88 the slope for the May planting was greater than the April planting, but the 
differences were small (Figures 3.14 and 3.16). In CW87, intercepted radiation data from 
solarimeters was lost over the period 13-27 July, during which the GC -of the May 
planting increased from 78-98%. The loss of data near complete canopy cover biased the 
relationship towards the early-season readings, where errors in LI recorded by solarimeters 
may be higher due to greater spatial heterogenity than at high GC. Correspondingly, the 
slope of the relationship was somewhat greater than unity (Figure 3.13). Burstall & Harris 
(1983) biased their relationship between LI and GC by utilizing a number of values of 
0% LI when the plants had not reached solarimeter height, thus forcing a negative 
intercept and increasing the slope. In view of the negative intercept obtained in the 
majority of the relationships, the equations were reformulated by forcing the line through 
the origin, thereby reducing the degree of fit but making the relationship theoretically 
more correct. When comparing the transformed relationships (Table 3.20), there existed 
little or no difference between treatments, except where the relationship was based on 
limited periods of observation (CW87). 

Table 3.20: 
Slopes of regressions of percentage light interception against percentage ground cover. 

Experiment Date of planting Slope SE %VAR 

CW87 15iv 0.883 0.0132 96.5 
6vt 0.930 0.0162 93.8 

CW88 8iv 0.890 0.0098 95.6 
6v 0.919 0.0076 97.4 

GW87 6iv 0.781 0.0176 87.5 
5v 0.822 0.0207 90.3 

GW88 1 liv 0.921 0.0087 97.7 
5v 0.921 0.0116 96.9 

tCalculated using ground cover values ~78% only. 
Figures are means of two irrigation regimes and two physiological ages. 

Between-site variation in the magnitude of the slope was low and, accordingly, a 
general relationship was established in order to estimate LI at the Terrington site from 
percentage GC, 
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LI= 0.904GC 

SE= 0.0060 %VAR = 94.7 

Burstall & Harris (1983) fitted an inverse polynomial to their data of LI and LAI 
which indicated an increase in LI with an increase in LAI up to 8. However, Khurana & 
McLaren (1982) found that LI was not increased significantly by LAI's >3 in the variety 
Record, whilst Firman & Allen (1989) produced a similar conclusion using the cultivars 
Estirna and Pentland Crown. Owing to the infrequent destructive plant analyses and the 
problems already referred to concerning the accuracy of solarimeter data during 
senescence, only a combined relationship involving all the treatments at the CUF and 
Gleadthorpe sites could be established between LI and LAI (Figure 3.17). As LI was not 
increased significantly by LAI's >4.7, and in view of the high degree of fit of the general 
relationship between GC and LI, it was felt that the use of a relationship based on GC to 
estimate total LI was justified. Certainly, this avoided the serious inaccuracies involved in 
the calculation of efficiencies of dry matter production when assuming a 1 : 1 relationship 
exists between LI and GC. 

3.1.7.2 Total light interception 

The crops intercepted more radiation in 1988 than in 1987, which was partly due to 
the greater amounts of incident radiation in 1988. Over the two seasons, Terrington 
received the most radiation during the period June-August, Gleadthorpe the least and CUF 
intermediate. The 1987 season at Gleadthorpe was particularly dull, with cloudy, overcast 
conditions persisting throughout June and much of August. Table 3.21 shows that 
radiation receipts in July were not greatly different between seasons except at 
Gleadthorpe, but there was a large increase in incident radiation during June 1988 and an 
even greater differential for August 1988 than the respective months in 1987. Canopies 
which developed rapidly in 1988 would have been capable of intercepting a large 
proportion of the increased light receipts during June. However, crops which maintained 
canopy cover during August would have been able to intercept very much greater 
amounts of radiation in 1988 than in 1987. 
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Figure 3.17 Relationship between light interception and leaf area index 
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Table 3.21: 
Global radiation receipts at the three sites during 1987 and 1988 (Ml!~). 

Month Total 
Experiment June July August June-August 

CW87 424 479 377 1280 
CW88 473 464 480 1417 
GW87 376 392 342 1110 
GW88 478 441 440 1359 

T87 436 473 380 1289 
T88 492 457 500 1449 

In CW87, there was probably no real effect of physiological age or irrigation regime 
on the amount of radiation intercepted (Table 3.22). In CW88, withholding irrigation 
completely appeared to reduce light interception for young seed at the April planting, but 
increase it for old seed. Old seed intercepted more light than young seed. For the later 
planting, the use of old seed and irrigating early caused a significant reduction in light 
interception, although the differences between the other treatments were probably not real, 
which is supported by GC data (Figure 3.2b). For the early planting, the increased 
radiation interception by old seed can also be explained by its greater GC during June and 
July compared with young seed, since the GC's during August were not sufficiently 
different to favour light interception by the canopies produced from young seed (Section 
3.1.5). The large differences between the two irrigation regimes for old seed can also be 
explained in terms of GC development. However, there was insufficient difference 
between the GC curves of the two irrigation regimes involving April-planted young seed 
to explain the discrepancy in light interception. It is possible that the LAI's of the early
irrigated plots were higher than those of the late-irrigated, thereby preventing light 
penetration to ground level. However, this suggestion cannot be substantiated. since 
destructive plant sampling was not performed on the late-irrigated plots. Since the 
radiation receipts for the months of June, July and August were very similar in 1988 at 
CUF, the shift in leaf growth patterns due to physiological age might be expected to have 
negligible effect. This would not be the situation in a more 'average' season where light 
receipts ate higher in June and July than in August. 

In GW87, partial defoliation of the first date of planting by nitrogen scorch curtailed 
GC development (Figure 3.3) and LI was similar to crops planted in May, even though 
the growing season was one month longer. The later planting also failed to attain 
complete GC (maxima 86-89%) and interception capacity was reduced. In conjunction 
with the very low levels of incident radiation (Table 3.21), this resulted in all crops 
intercepting substantially less radiation than at either of the other sites or at the same site 
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Table 3.22: 
Total light interception in CW87, CW88, GW87 and GW88 (MJ!m2 ). 

Experiment Date of planting Physiological age Irrigation regime 

CW87 15iv 0 Late 858 
Zero 861 

330 Late 863 
Zero 862 

6v 0 Late 788 
Zero 785 

330 Late 801 
Zero 798 

CW88 8iv 0 Early 1000 
Late 960 

330 Early 1041 
Late 1099 

6v 0 Early 903 
Late 893 

330 Early 834 
Late 890 

GW87 6iv 0 Early 486 
Late 463 

330 Early 467 
Late 438 

5v 0 Early 479 
Late 490 

330 Early 478 
Late 495 

GW88 1 liv 0 Early 956 
Late 899 

330 Early 957 
Late 1015 

5v 0 Early 770 
Late 797 

330 Early 856 
Late 766 

in 1988. For the second date of planting, all treatments intercepted similar amounts of 
radiation, with the late-irrigated treatments intercepting slightly more radiation than the 
early-irrigated crops (Table 3.22). For the first date of planting, physiologically aging the 
seed and withholding irrigation caused a reduction in the amount of light intercepted. 
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In GW88, there was again an interaction between the three treatments. For the April 
planting there was no effect of age on LI with early irrigation (Table 3.22). Where 
irrigation was delayed, more light was intercepted with physiologically old seed. This 
effect is not in agreement with GC development where there was little difference between 
irrigation regimes (Figure 3.4). For the second date of planting, there was no effect of 
physiological age on LI with late irrigation, but old seed intercepted more light than 
young seed where irrigation was applied early. If LI were directly related to GC, it should 
be expected that increased physiological age of seed would have resulted in greater LI for 
both irrigation regimes. The apparent discrepancies between LI and GC in this and the 
other experiments may have been due to the inaccuracy of measurement of LI with tube 
solarimeters previously mentioned in the literature review (1.2.2). Since cost frequently 
precludes extensive replication, such problems are likely to persist. In 1988, the April 
plantings at CUF and Gleadthorpe intercepted more radiation than the May plantings 
(Table 3.22). In 1987 at CUF, the differential between the amount of light intercepted by 
the two dates of planting was smaller, whilst in GW87 the May planting intercepted more 
radiation. 

In T87 and T88, LI interception was estimated from GC data and, therefore, LI curves 
throughout the season appear identical to those of GC development (Figures 3.5 and 3.6). 
In both experiments, use of old seed increased LI, but the effect was greater in 1987 
(Table 3.23). When compared with the same date of planting at the other two sites, the 
crops at Terrington were found to intercept less radiation in both 1987 and 1988. In view 
of the higher global radiation receipts at Terrington, there appears considerable scope for 
improving the proportion of light intercepted. However, the method of calculating LI 
throughout the entire season using a generalized relationship with GC may be suspect 
when comparisons are made with direct LI data from solarimeters at other sites. 

Table 3.23: 
Total light interception in T87 and T88 (MJ/m2) . 

Experiment Date of planting Physiological age 

T87 5v 

T88 6v 

0 
330 

0 
330 
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704 

766 

774 
798 



3.1.8 Stem length 

Above-ground length of stem was measured to the terminal apex. Once the first flower 
had emerged, plant extension continued via elongation of the branch produced in the axil 
of the node at which the first flower formed. For some of the May plantings, stem length 
continued to increase until defoliation occurred even though ground cover percentage was 
declining. Rate of leaf appearance was very slow during August (3.1.11.1.2), and the 
increase in stem length merely increased the distance between older leaves rather than 
between recently-appeared leaves. This internodal elongation was also instrumental in 
causing lodging of the stems, especially with early irrigation. 

In CW87, there was no effect of physiological age on maximum length of stem for the 
first date of planting, but older seed reduced stem length with later planting (Table 3.24). 

Table 3.24: 
Stem length (cm) in CW87 on two dates of sampling. 

Date of planting Physiological age Date of sampling 
3viii 31 viii 

15iv 0 60.8 57.3 
330 63.8 57.8 

6v 0 61.6 66.8 
330 56.0 59.4 

SE 1.77 2.00 

Figures are means of two irrigation regimes. 

In GW87, internode extension of the April planting was greatly reduced by the 
nitrogen scorching and stems were significantly shorter than from May planting (Table 
3.25). Increased age of seed reduced stem length. The May plantings in GW87 were very 
much shorter than the other two sites, possibly due to the factors which caused a 
reduction in the rate of ground cover development (Section 3.1.5.1). In T87 there was no 
effect of physiological age, and plants reached a length comparable with, or slightly 
longer than, those planted on a similar date in CW87 (Table 3.25). 

In CW88, there was no effect of age on stern length for the second date of planting, 
but with earlier planting, old seed reduced stem length (Table 3.26). 

In GW88, in contrast to the other experiments, use of physiologically old seed 
increased stern length (Table 3.27). There was no effect of date of planting on stem 
length. In T88, old seed decreased stem length (Table 3.27), and the plants were shorter 
than those planted on a similar date at the other sites, and those at the same site in 1987. 
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Table 3.25: 
Stem length (cm) in GW87 and T87 on 3 August. 

Experiment Date of planting Physiological age 
GW87 6iv 0 33.2 

330 28.5 
5v 0 48.3 

330 42.2 
SE 2.14 

(1.62)t 

T87 5v 0 69.9 
330 71.2 

SE 1.65 

tFigure in parentheses refers to SE when comparing means with same date of planting. 
Figures for GW87 are means of two irrigation regimes. 

Table 3.26: 
Stem length (cm) in CW88 on two dates of sampling. 

Date of planting Physiological age 

8iv 0 
330 

6v 0 
330 

SE 

Date of sampling 
15viii 
71.2 
62.9 
65.8 
67.6 
2.43 

29viii 

72.5 
73.9 
2.03 



Table 3.27: 
Stem length ( cm) in GW88 and T88 on 15 August. 

Experiment 
GW88 

T88 

Date of planting 
lliv 

5v 

SE 

5v 

SE 

Physiological age 
0 

330 
0 

330 

0 
330 

77.6 
83.8 
73.1 
79.3 
2.56 

(2.13)t 

65.8 
57.6 
1.90 

tFigure in parentheses refers to SE when comparing means with same date of planting. 

3.1.9 Number of nodes 

Node counts were made on the three tagged stems used to record leaf appearance at 
the penultimate growth analysis in August, by which time intemodal extension permitted 
easier identification of the nodes below the first flower. Delaying planting increased the 
total number of nodes to the first flower in both seasons. Firman et al. (unpublished) 
demonstrated that prolonged storage even at low temperatures (c. 2°C) resulted in more 
nodes to the first flower. In CW87 and CW88 the increase in the total number of nodes 
was due to more below-ground nodes, whereas in GW87 and GW88 the increase was due 
to more above-ground nodes (Tables 3.28 and 3.29). This effect cannot be explained by 
differences in depth of planting, since there were generally no significant differences 
between dates of planting at the same site. In GW87, the first planting was planted deeper 
and therefore it might have been expected that more subterranean nodes would have 
developed than for the later planting, however, the two dates of planting had a similar 
number of below-ground nodes (Table 3.28). 

In GW87 and GW88 and the first planting in CW88, physiologically aging the seed 
produced more below-ground nodes, which increased the total number of nodes (Tables 
3.28 and 3.29). These findings are in agreement with the conclusions of Fischnich & 
Krug (1963). Firman et al. (unpublished) also found more nodes with aged seed of a 
number of cultivars. Hogge (1989) found a similar increase in the number of below
ground nodes using Pentland Dell aged with O and 300day0

• For the first planting in 
GW88, older seed had significantly fewer above-ground nodes than unaged seed. For the 
May planting in CW87, older seed produced more above-ground nodes. There was no 

112 



Table 3.28: 
Number of nodes per mainstem in 1987 (sampled 17 August). 

Experiment Date of planting Physiological age Below- Above- Totalt 
ground groundt 

CW87 15iv 0 6.2 16.6 22.8 
330 6.4 16.8 23.2 

6v 0 7.9 17.2 25.1 
330 8.0 18.2 26.2 

SE 0.27 0.22 0.15 

GW87 6iv 0 8.7 15.5 24.2 
330 9.5 15.5 25.0 

5v 0 8.9 16.7 25.6 
330 9.8 17.0 26.8 

SE 0.28 0.34 0.29 
(0.28):j: (0.36) (0.24) 

T87 5v 0 7.8 17.4 25.2 
330 8.1 17.7 25.8 

SE 0.29 0.15 0.30 

tTo first flower. 
:j:Figures in parentheses refer to SE when comparing means with same date of planting. 
Figures for CW87 and GW87 are means of two irrigation regimes. 

effect of physiological age on the number or distribution of nodes in T87, T88, the April 
planting in CW87 and the May planting in CW88, possibly because the differential 
between the two ages was comparatively small (Tables 3.28 and 3.29). 
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Table 3.29: 
Number of nodes per mainstem in 1988 (sampled 15 August). 

Experiment Date of planting Physiological age Below- Above- Totalt 
ground groundt 

CW88 8iv 0 8.1 17.0 25.1 
330 8.8 17.0 25.8 

6v 0 9.9 17.5 27.4 
330 9.8 17.3 27.0 

SE 0.21 0.19 0.23 

GW88 lliv 0 8.1 17.2 25.3 
330 10.3 15.9 26.2 

5v 0 8.1 18.4 26.5 
330 10.2 17.7 27.9 

SE 0.28 0.35 0.36 
(0.24):j: (0.39) (0.31) 

T88 6v 0 9.3 16.9 26.2 
330 9.8 17.1 26.8 

SE 0.33 0.17 0.41 

tTo first flower. 
+Figures in parentheses refer to SE when comparing means with same date of planting. 

3.1.10 Number of branches 

Owing to the plasticity of plant response to competition for resources, neighbouring 
plants compensate for a plant which produces few branches. This effect drastically 
increased · the measured variability when utilizing a small, four-plant sample for 
destructive analysis. However, with the exception of the branch produced in the axil of 
the first flower, branch initials were developed early in the season and peak number of 
branches greater than 5cm in length was observed during late July or early August for 
both plantings, Which was followed by a slight decline as the lowermost branches 
senesced. 

In GW87, there were very few branches formed, although there were more branches 
on the early plantings which suffered nitrogen scorch with the consequent inhibition of 
apical dominancy (Table 3.30). Younger seed produced fewer branches than older seed in 
GW87 and GW88. There was no effect of date of planting in GW88 (Table 3.31). In 
CW87, young seed produced more branches than older seed, but physiological age had no 
effect in CW88. (Tables 3.30 and 3.31). In CW87 date of planting had no effect on the 
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maximum number of branches per mainstem, but early planting increased the number of 
branches produced in CW88. Fowler (1988) also observed that delayed planting caused a 
reduction in the number of branches per stem, which contrasts to the work of Jones & 
Allen (1983), who found that delayed planting increased the number of branches. The 
latter authors attributed the increase to the higher temperatures experienced by late 
plantings, since Borah & Milthorpe (1962) had found axillary branching to be more 
prolific with increase in temperature. In T87, physiologically aging the seed caused fewer 
branches to develop, but this effect was reversed in T88 (Tables 3.30 and 3.31). 

Table 3.30: 
Number of branches per stem on three dates of sampling in 1987. 

Experiment Date of planting Physiological age Date of sampling 
24vii 3viii 31 viii 

CW87 15iv 0 4.1 5.6 4.1 
330 4.6 3.8 3.8 

6v 0 3.1 5.5 4.1 
330 4.3 4.5 3.1 

SE 0.37 0.36 0.49 

GW87 6iv 0 3.7 2.4 
330 2.6 1.9 

5v 0 2.9 2.2 1.9 
330 2.1 1.6 2.1 

SE 0.32 0.33 
(0.28)t (0.29) (0.44) 

T87 5v 0 4.5 3.7 3.7 
330 3.0 3.6 2.9 

SE 0.46 0.52 0.25 

tFigures in parentheses refer to SE when comparing means with same date of planting. 
Figures for CW87 and GW87 are means of two irrigation regimes. 

The differences . between sites in the number of branches per stem cannot be explained 
by the variation in row width. Fowler (1988) found that increasing row width either 
reduced or had no effect on branch production, whilst Ifenkwe & Allen (1978) showed 
that the effect of widening row width was to reduce the number of axillary branches per 
plant. It might be expected that crops at sites possessing wide row widths (Gleadthorpe 
and Terrington) would have fewer branches than at CUF. As can be seen by comparing 
treatments with the same date of planting, this was not the case in 1988, but in 1987 
there were fewer branches formed at Terrington and Gleadthorpe (Tables 3.30 and 3.31), 



Table 3.31: 
Number of branches per stem on three dates of sampling in 1988. 

Experiment Date of planting Physiological age Date of sampling 
18vii 1 viii 29viii 

CW88 8iv 0 5.8 3.8 3.8 
330 5.5 4.3 3.3 

6v 0 4.1 4.8 3.8 
330 4.8 4.3 4.0 

SE 0.54 0.39 0.17 

GW88 1 liv 0 6.4 3.6 4.0 
330 5.2 4.8 4.2 

5v 0 6.6 5.3 5.1 
330 5.3 4.8 4.7 

SE 0.49 0.41 0.21 
(0.42)t (0.36) (0.14) 

T88 6v 0 3.6 4.2 3.0 
330 3.1 5.4 3.1 

SE 0.44 0.43 0.40 

tFigures in parentheses refer to SE when comparing means with same date of planting. 

although no statistical inference can be made as to the significance of such results. 

3.1 .11 Leaf growth 

3.1 .II .1 Number of leaves per stem 

3.1.11.1.1 Number of leaves at emergence 

The number of leaves per stem was counted on the day the leaf tagging programmes 
commenced at CUF and Gleadthorpe. A leaf was adjudged to have 'appeared' when it 
attained a length of 5mm and had begun to unfurl so that part of the upper lamina was 
visible. This definition was similar to the one used by Hogge (1989). The critical length 
of leaf was selected as 5mm as longer leaf lengths must necessarily involve a greater 
degree of leaf expansion in the term 'appearance'. The processes of leaf initiation and leaf 
expansion may have different responses to environmental factors (Section 1.2.1.1 ). In 
1988, the number of leaves at emergence might be expected to be slightly greater than in 
1987 owing to the change in sampling technique (Section 2.2.12). 

116 

\
\I 

I I 



In CW87, earlier planting and increased physiological age of seed resulted in more 
leaves per stem at emergence (Table 3.32). In GW87, young seed had fewer leaves at 
emergence for the second date of planting, but there was no effect of age for the April 
planting. Earlier plantings had fewer leaves at emergence (Table 3.32). 

Table 3.32: 
Number of/eaves per stem at emergence in CW87 and GW87. 

Experiment Date of planting Physiological age 
CW87 15iv 0 5.2 

330 6.2 
6v 0 4.1 

330 5.2 
SE 0.24 

GW87 6iv 0 3.7 
330 3.8 

5v 0 6.2 
330 6.7 

SE 0.23 (0.21)t 

tFigure in parentheses refers to SE when comparing means with same date of planting. 
Figures are means of two irrigation regimes. 

In CW88 and GW88, physiologically old seed had more leaves per stem at emergence, 
although the effect was not significant at CUF (Table 3.33). There was no effect of date 
of planting at either site. 

Experiment 
CW88 

GW88 

Table 3.33: 
Number of leaves per stem at emergence in CW88 and GW88. 

Physiological age 
0 5.8 

330 6.2 
SE 0.18 

0 5.8 
330 7.0 
SE 0.18 

Figures are means of two dates of planting and two irrigation regimes. 



3.1.11.1.2 Final number of leaves 

Rate of leaf appearance declined in both seasons during July until a new leaf was only 
appearing every 10-12 days in the first half of August (Figures 3.18-3.21). The 'final' 
number of leaves was therefore counted on 17 August in 1987 and 15 August in 1988. In 
CW87, there was no effect of any treatment on the final number of leaves (Table 3.34). 
In GW87, the tagging programme was discontinued for the first date of planting after it 
was realized that nitrogen scorch had caused necrosis of the terminal apex. For the May 
planting, there were more leaves produced from young seed (Table 3.34). 

Experiment 
CW87 

GW87 

Table 3.34: 
Final number of leaves per stem in CW87 and GW87. 

Physiological age 
0 23.4 

330 23.0 
SE 0.21 

0 23.5 
330 22.7 
SE 0.26 

Figures are means of two dates of planting (5 May planting only in GW87) 
and two irrigation regimes. 

In CW88 and GW88, later planting resulted in more leaves per stem (Table 3.35). 
There was no effect of physiological age or irrigation regime on the final number of 
leaves per stem. 

Experiment 
CW88 

GW88 

Table 3.35: 
Final number of leaves per stem in CW88 and GW88. 

Date of planting 
8iv 24.1 
6v 25.0 
SE 0.25 

1 liv 24.5 
5v 25.7 
SE 0.40 

Figures are means of two physiological ages and two irrigation regimes. 
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Figure 3.18 Effect of date of planting on number of leaves per stem 
in CW87 
a) Unaged seed 
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Figure 3.19 Effect of date of planting on number of leaves per stem 
in CW88 
a) Unaged seed 
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Figure 3.20 Effect of physiological age on number of leaves per stem 
in GW87 (May planting only) 
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Figure 3.21 Effect of date of planting on number of leaves per stem 
in GW88 
a) Unaged seed 
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3.1.11.2 Rate of leaf appearance 

The number of leaves per stem was linearly regressed against both chronological and 
thermal time using data from individual plots, and close relationships were found. The 
slopes were compared using analysis of variance of the constants. In most cases, thermal 
time explained slightly less of the variation in rate of leaf appearance than a relationship 
based purely on chronological time. Since rate of leaf appearance began to decline at 
around the time of flowering (Figures 3.18-3.21), regressions were perfoimed on the 
appearance of leaves below the first flower and over the entirety of the tagging program 
(52-53 days). 

In CW87, physiologically young seed had a faster rate of leaf appearance to the first 
flower and overall than old seed when planted in May. There was no effect of 
physiological age for the April planting (Table 3.36). When based on thermal time, the 
overall rate of leaf appearance was lower for the later planting whereas it was higher 
when based on chronological time. Using the same dates of planting and very similar ages 
of seed, Hogge (1989) recorded slower rates of leaf appearance up to the first flower in 
Pentland Dell than in these experiments, but rates to the second flower were greater in 
Pentland Dell than in Record. This can be seen as an artifact of the more determinate 
nature of the latter variety. 

In GW87, the April planting was not examined, and there was no effect of 
physiological age or irrigation regime on rate of leaf appearance for the May planting 
(Table 3.37). 

In GW88, younger seed had a faster rate of leaf appearance than older seed, both to 
the first flower and overall. However, the effect was greater for the second date of 
planting (Table 3.38). When based on thermal time, the rate of leaf appearance to the first 
flower from old seed was faster for the April planting, but there was no effect of date of 
planting for young seed. When taken to the end of the tagging programme, thermal rate 
of leaf appearance was slower for young seed with April planting. Date of planting had 
no effect with old seed. 

In CW88, younger seed had a faster rate of leaf appearance to the first flower and 
overall than older -seed when planted in April. There was no effect of physiological age 
on rate of leaf appearance for the second date of planting (Table 3.39). Crops planted in 
May had a faster rate of leaf appearance than those planted in April. When based on 
thermal time, there was no effect of date of planting on rate of leaf appearance from 
physiologically young seed. With older seed, earlier planting reduced the rate of leaf 
appearance, both to the first flower and overall. 

From the high percentage variance accounted for by the linear relationships established 
between leaf appearance and time, it appears that rate of leaf appearance can be 
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Table 3.36: 
Chronological and thermal rates of leaf appearance in CW87. 

Date of planting Physiological age 
Leaves/day 
To first flower 

Overall 

Leaves/day0 (>0°C) 

To first flower 

Overall 

15iv 
6v 
SE 

15iv 
6v 
SE 

15iv 
6v 
SE 

15iv 
6v 
SE 

0 
0.399 (98.5)t 
0.414 (97.8) 

0.337 (97 .8) 
0.365 (98.0) 

0.0077 

0.0052 

330 
0.395 (96.1) 
0.382 (98.2) 

0.321 (96.1) 
0.328 (97.8) 

0.0331 (98.5) 0.0331 (98.3) 
0.0321 (97.8) 0.0295 (98.2) 

0.00061 
0.0259 (96.0) 0.0247 (94.1) 
0.0237 (95.6) 0.0213 (95.2) 

0.00038 

Mean temperature 
for period (°C) 

11.5 
13.4 

13.0 
15.0 

tFigures in parentheses refer to mean percentage variance accounted for by regressions. 
Figures are means of two irrigation regimes. 

Table 3.37: 
Chronological and thermal rates of leaf appearance in GW87 (planted 5 May). 

Leaves/day 
To first flower 
Overall 
Leaves/day0 (>0°C) 

To first flower 
Overall 

Physiological age 
0 330 

0.365 
0.336 

0.354 
0.310 

SE 

0.0101 
0.0103 

0.0285 
0.0227 

0.0277 0.00078 
0.0209 0.00071 

Figures are means of two irrigation regimes. 

%VAR 

98.8 
97.6 

Mean temperature 
for period (°C) 

98.7 12.9 
96.5 14.2 

adequately explained on a purely chronological time basis. If, by integrating time with 
respect to air temperature, a higher degree of fit were obtained and all rates of leaf 
appearance from like treatments were similar regardless of date of planting, it might be 
concluded that temperature was the major environmental variable gov~rning rate of leaf 
appearance. When considering rate of leaf appearance to the first flower, there did appear 
to be a unification of rates with respect to thermal time between different dates of 
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Table 3.38: 
Chronological and thermal rates of leaf appearance in GW88. 

Date of planting 
Leaves/day 
To first flower 

Overall 

Leaves/day0 (>0°C) 

To first flower 

Overall 

lliv 
5v 
SE 

lliv 
5v 
SE 

lliv 
5v 
SE 

1 liv 
5v 
SE 

Physiological age 
0 

0.456 (91.8)t 
0.521 (94.3) 

0.0276 
{0.0174 }:j: 

330 
0.417 (94.7) 
0.414 (98.4) 

0.373 (96.0) 0.352 (97.0) 
0.430 (97.5) 0.364 (98.2) 

0.0146 
{0.0131} 

0.0353 (91.0) 0.0323 (94.0) 
0.0352 (92.3) 0.0281 (97.5) 

0.00202 
{0.00122} 

0.0263 (94.6) 0.0248 (95.7) 
0.0293 (97.2) 0.0248 (98.3) 

0.00101 
{0.00092} 

Mean temperature 
for period (0 C) 

12.8 
14.5 

13.9 
14.4 

tFigures in parentheses refer to mean percentage variance accounted for by regressions. 
:j:Figures iii { } ref er to SE when comparing means with same date of planting. 
Figures are means of two irrigation regimes. 

planting for unaged seed, but not for old seed. This relationship persisted over both sites 
and seasons examined. When the period was extended beyond the appearance of the first 
flower, there was generally no consistency between the thermal rates of leaf appearance 
of different dates of planting, although again there was considerably more variation in the 
thermal rates of leaf appearance with old seed than with young. If only unaged seed is 
considered, there was a remarkable consistency between seasons at CUF in the thermal 
rates of leaf appearance, both up to the first flower and beyond, whereas at Gleadthorpe 
both chronological and thermal rates were lower in 1987 than in 1988. 
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Table 3.39: 
Chronological and thermal rates of leaf appearance in CW88. 

Leaves/day 
To first flower 

Overall 

Leaves/day0 (>0°C) 

To first flower 

Overall 

Date of planting 

8iv 
6v 
SE 
8iv 
6v 
SE 

8iv 
6v 
SE 
8iv 
6v 

SE 

Physiological age 
0 

0.439 (92.8)t 
0.484 (95.4) 

0.359 (96.0) 
0.385 (96.2) 

0.0172 

0.0118 

330 
0.375 (92.9) 
0.478 (94.8) 

0.302 (95.2) 
0.380 (96.1) 

0.0327 (92.5) 0.0279 (92.8) 
0.0326 (93.1) 0.0321 (92.7) 

0.00121 
0.0246 (94.7) 0.0207 (93.7) 
0.0249 (95.0) 0.0246 (95.1) 

0.00079 

Mean temperature 
for period (0 C) 

13.5 
14.7 

14.5 
15.1 

tFigures in parentheses refer to mean percentage variance accounted for by regressions. 
Figures are means of two irrigation regimes. 
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3.2 Rooting profiles and uptake of water and nitrogen 

3.2.1 Depth and density of rooting 

3.2.1 .1 Number of roots at emergence 

The number of primary root initials at emergence and the maximum depth of rooting 
in 1987 and 1988 are shown in Tables 3.40 and 3.41. 

Table 3.40: 
Number of roots and maximum depth of rooting in 1987. 

Experiment 
CW87 GW87 T87 

Date of planting 15iv 6v 6iv 5v 5v 
Irrigation regime Late Zero Late Zero SE Early Late Early Late SE SE 

Number of root 51 52 35 33 7.2 36 38 39 40 7.5 42 5.9 
initials/plant 
at emergence 
Maximum depth 90 87 87 88 1.2 59 71 93 106 8.8 117 12.1 
of rootingt(cm) 

tWater table at CUF restricted depth of rooting. 

Table 3.41: 
Number of roots and maximum depth of rooting in 1988. 

Experiment 
CW88 GW88 T88 

Date of planting 8iv 6v lliv 5v 6v 
Irrigation regime Early Late Early Late SE Early Late Early Late SE SE 

Number of root - 50 57 50 54 9.1 51 60 78 73 6.4 45 7.0 
initials/plant 
at emergence 
Maximum depth 89 88 88 90 0.8 105 127 100 102 9.2 109 8.9 
of rootingt(cm) 

tWater table at CUF restricted depth of rooting. 
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In 1987, there were no effects of treatment or site on the number of roots at 
emergence, except for the April planting in CW87 which initiated significantly more roots 
than any other treatment. The effects observed were not mediated by alterations in the 
number of stems (Section 3.1.3). In all treatments at CUF in 1988, there were a similar 
number of root initials present at emergence, whilst the number initiated was comparable 
with the April planting in 1987. There were considerably more roots initiated at 
Gleadthorpe in 1988 than in 1987, which suggests that part of the poor crop performance 
in 1987 could be attributed to environmental factors acting during the pre-emergence 
phase of the crop. It was much drier at both CUF and Gleadthorpe in 1987 over the 
period planting to emergence for the April plantings than for the May plantings 
(Appendices A.XV and A.XIX), but at CUF there were more roots initiated for the early 
planting. This disagrees with the observations made in 1989 at CUF that keeping the soil 
close to field capacity from planting increased the number of primary root initials · at 
emergence (Table 5.4). A very high number of roots were initiated by the late planting at 
Gleadthorpe in 1988, which may have been caused by the lower concentration of fertilizer 
salts around the mother tuber during pre-emergence growth. In 1988, all the nitrogen 
fertilizer was applied during seedbed cultivation and would have moved below planting 
depth in the 4 weeks between the two dates of planting, whereas in 1987 the crop was 
top-dressed with nitrogen just as the May planting was close to emerging, although prior 
to this application the nitrogen concentration might have been lower than in 1988 since 
only half the rate was applied to the seedbed. The error variation was large for the small 
(2-plant) samples used, and this was probably the cause of the apparent difference 
between the two irrigation regimes for the April planting in GW88, since the early
irrigated crop only received its first irrigation at emergence. At Terrington, there were 
similar numbers of roots initiated in both years. 

3.2.1.2 Maximum depth of rooting 

At all sites, horizontal root displacement was up to 50% of the maximum vertical 
depth of rooting. Root growth from neighbouring rows was observed below the ridge 
being examined. · With the method used, it was difficult to determine the extent of 
horizontal displacement from adjacent plants within the row, but tagging roots with wire 
markers before excavating the root system of the next plant in the row indicated that 
some roots at 60-?0cm emanated from the adjacent within-row plant. A considerable 
volume of soil was therefore exploited by an individual plant's root system. 

The maximum depth of rooting recorded at CUF in both season.s was similar and 
dependent on the depth of the water table (Tables 3.40 and 3.41). In 1988, the water table 
was slightly closer to the surface (88cm) than in 1987 (90cm), and it was observed that 
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some roots had penetrated the water table by up to 1.0cm, suggesting that there was some 
fluctuation in the level of the water table throughout the season. Grey, gleyed horizons 
and the presence of ferric (Fe2+) compounds in the gault layer immediately above the 
water level indicated prolonged water-logging earlier in the season. Considerable 
horizontal ramification in these layers suggested that maximum vertical rooting depth had 
been reached sometime prior to the soil pits being dug. 

In GW87, later planting resulted in deeper maximum root penetration, and there was 
an indication that early irrigation may have discouraged vertical root penetration (Table 
3.40). The very shallow root system of the April planting in 1987 suggests that access to 
nitrogen would have been extremely limited owing to the considerable leaching which 
would have occurred during June (149mm rainfall). The reduced root growth could have 
been influenced by the nitrogen-scorch suffered by the canopy at tuber initiation. There 
was also a very thin (2-3mm) cemented layer at a depth of approximately 66-70cm which 
appeared to prevent root penetration in these plots. However, root growth was observed 
below this depth in nearby pits dug underneath late-planted crops, and the same silaceous 
pan was apparent in all soil profile pits. In GW88, maximum depth of rooting was 
recorded in excess of 100cm for all treatments (Table 3.41). However, significantly deeper 
rooting was achieved by withholding irrigation for the April planting. In both seasons at 
Terrington, root penetration considerably exceeded 100cm, which indicated a large soil 
water reservoir was available to the plant owing to the high A WHC of the silt loam soils 
(21.0mm/100mm in the subsoil). 

3.2.1.3 Population density of rooting 

In 1987, the number of roots observed at the face of the profile wall immediately 
underneath the plants was recorded on a grid of 5cm squares. The number of roots per 
cm2 of profile face was integrated for each 10cm horizon and the data are presented in 
Figures 3.22-3.24. Irrigation regime had no effect on the number of roots/cm2 in CW87 
(Figure 3.22). There was a greater density of rooting in the April planting at 40-50cm and 
70-80cm where the crop was irrigated, but the causes of these differences are hard to 
explain. The slight increase in population density between 80 and 90cm can be attributed 
to the horizontal ramification along the surface of the water table in response to the 
anaerobic conditions at greater depth. There was no significant effect of date of planting 
or irrigation regime on the effective root zone (ERZ), the depth of soil in which 90% of 
the total number of roots were present (Van Loon & Bouma, 1978). The first irrigation 
was not applied until 9 July, when the majority of root extension would have been 
completed, especially for the early planting. In GW87, the only significant effect of 
irrigation regime was on the maximum depth of rooting (Table 3.40), but there appeared 
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Figure 3.22 Effect of date of planting on root population density 
in CW87 
a) April planting 
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Figure 3.23 Effect of date of planting and irrigation regime on root 
population density in GW87 
a) April planting, early-irrigated 
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c) May planting, early-irrigated 
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Figure 3.24 Effect of depth on root population density in T87 
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to be a greater concentration of roots in the top 30cm where the crop was irrigated early 
(Figure 3.23). The root population density in the plough layer was very much more 
unifonn than at CUF, where root density decreased dramatically with depth in the top soil 
as the soil became more compacted, until the maximum penetration resistance was 
encountered at around 25cm. There was a large increase in ERZ with delayed planting in 
GW87, probably because of the severe nitrogen scorch suffered by the April planting, 
which appeared to curtail root as well as haulm growth. At Terrington, the ERZ was 
comparable with the May plantings at the other two sites, but there was -a marginally 
greater density of rooting in the very deep horizons (Figure 3.24). 

3.2.1 .4 Length density of rooting 

In 1988, the length density of rooting (cm root/cm3 of soil) was determined as this 
provided a more direct comparison with other authors' data, and enabled a quantitative 
estimate of the total root length per unit area of soil surface to be calculated. To allow 
some comparison to be made between the different methods adopted in 1987 and 1988, a 
profile wall was prepared at Gleadthorpe, and both population and length density 
determined from within this plot. Linear regression analysis produced the following 
equation: 

where LR = root length density (cm/cm3) and NR = root population density 
(number/cm2). The percentage variation accounted for by this equation was 86.7%. 
Kendall & Moran (1963) derived a theoretical relationship between the number of roots 
intersecting a single plane of known area and the probable total root length per unit 
volume of soil using the principles of geometrical probability: 

Melhuish & Lang -(1968) pointed out that this equation was not correct if roots were not 
randomly orientated but were distributed with preferred directions. Where roots are 
preferentially orientated in a vertical direction, as would be expected for root axes below 
about 50cm in these experiments, values of NR determined solely in a vertical plane will 
underestimate the true length of roots (Baldwin, Tinker & Marriot, 1971). Conversely, in 
the shallower horizons, axes are likely to show preferential orientation in a horizontal 
plane and so be over estimated by NR. Because of the difficulties in dealing with marked 
changes in root orientation near the soil surface, in their experiments with wheat Drew & 
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Saker (1977) omitted values obtained close to the soil surface. Since this was where the 
greatest concentration of roots was to be found in these experiments, no suitable 
relationship could be derived relating the population density figures of 1987 and the 
length density recordings in 1988. 

An effective rooting zone based on 90% of the total length of the root system was 
considerably shallower than that calculated from 90% of the total number of roots, and 
therefore comparisons between seasons could not be achieved by this method either. In 
1988, the total length of root per unit area of soil surface (RL) could be estimated, and 
this should provide the best indication of the absorbing potential of the root system 
(Bohm, 1979). 

In CW88, there was a greater concentration of roots at the 50-70cm depth for the late
irrigated April plantings compared with those irrigated earlier, but there was no significant 
effect of irrigation regime at any other depth. The May planting had a considerably 
greater length of roots in the 10-20cm horizon than the April plantings (Figure 3.25). 
There was also an indication that the 30-40cm horizon contained a greater length density 
of roots than the early plantings. The extensive ramification of roots in the 10-20cm 
horizon cannot be explained by the concentration of nitrate within this layer at the end of 
the season (Section 3.2.3), and it is most probable that nitrate would have been leached 
below this depth by the time the roots were sampled. The total length of the root system 
did not differ between the three treatments studied (13.5km/m2 of soil surface; SE = 
l.16km/m2), but it appeared to be shorter than at Gleadthorpe (14.2krn/m2; SE = 
l.20km/m2), although longer than at Terrington (12.8km/m2; SE = 0.93krn/m2). These 
figures are in close agreement with those published by Lesczynski & Tanner (1976), 
Asfary et al. (1983) and Parker et al. (1988). 

In GW88, early irrigation appeared to cause a slightly more superficial rooting system, 
with 72% of the total root length concentrated in the top 30cm compared with only 63% 
with late · irrigation (Figure 3.26). Delaying irrigation appeared to increase the 
concentration of roots in the 30-50cm horizon, although there was no effect of irrigation 
regime on root length density at greater depths. As at CUF, delaying planting appeared to 
shift the zone of maximum root activity to the 10-20cm horizon, rather than immediately 
underneath the seed tuber. Since the ridges were drawn up at the first date of planting, 
evaporation prior to the May planting could have been sufficient to cause a moisture 
deficit when rapid root growth was occurring. 

Owing to the late date of sampling (late July), net root production may have been 
decreasing in the uppermost horizons of the early plantings. The concentration of roots in 
these surface layers may have been greater earlier in the season. Lesczynski & Tanner 
(1976) observed that irrigation and fertilizer regime had a marked influence on the time 
after emergence when root senescence and death exceeded new root production in the top 
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Figure 3.25 Effect of date of planting and irrigation regime on 
root.length density in CW88 
a) April planting, early-irrigated 
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Figure 3.26 Effect of date of planting and irrigation regime on root length density in GW88 
a) April planting, early-irrigated 
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30cm of soil. Net root production in the plough layer began to decrease approximately 50 
days after emergence where the crops were irrigated frequently (every 3 days) and non
seedbed nitrogen applied via the irrigation water on 9 occasions throughout the season. 
Where nitrogen application was restricted to early season and the crop was irrigated less 
frequently (5-day intervals), net root turnover in the topsoil remained in equilibrium from 
33 days after emergence to 89 days after emergence. 

At Terrington, there was a significantly lower length density of rooting in the top 
20cm sampled than at the other two sites (Figure 3.27). This accounted for the shorter 
total length of root system, which could have restricted uptake potential, especially since 
ion transport to roots is very slow in these soils (Nye, 1966). 

There was no significant effect of sampling position within or between ridges on the 
root length density, although at Gleadthorpe there was an apparent shift to one side in the 
20-30cm horizon (Figures 3.28 and 3.29). The practice of stone-windrowing into alternate 
furrows could lead to a 10-15cm band of pebbles being deposited to one side of the ridge. 
Sampling was therefore impossible in places where stone content was high, and on 
observation, root growth was found to be very sparse in this layer. 

3.2.2 Soil moisture deficits and water uptake 

3.2.2.1 Total soil moisture deficits 

Figures 3.30-3.33 show the total soil moisture deficit (SMD) as calculated from 
weekly probe readings at CUF and Gleadthorpe. Although no SE's are presented owing to 
the loss of one of the tube replicates in some treatments, it is clear that there was little 
difference between any of the treatments in 1987 until towards the end of July. In CW87, 
the SMD was higher during the majority of August under the plots where irrigation was 
withheld, but the deficits were larger under the late plantings which were still close to 
complete ground cover, than under the April plantings which were at an advanced stage 
of senescence. The maximum SMD recorded was 34-42mm (Figure 3.30). During mid
June there was a period when negligible deficits existed, which would have equalized any 
earlier differences · in SMD between treatments. In CW88, SMD's were again not 
significantly different between treatments, except for a period mid-June to mld-July for 
the April plantings, and for a slightly extended period for the May plantings. During these 
periods, the late-irrigated treatments were not irrigated and developed larger SMD's than 
crops which were irrigated (Figure 3.31). The maximum SMD's were recorded in mid
August, and were greater for the May plantings (45-53mm) than for the April plantings 
(37-47mm), which were in a more advanced state of senescence and thereby had a lower 
transpiration demand. In both seasons, the rate of increase in SMD during periods without 
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Figure 3.27 Effect of depth on root length density in T88 
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Figure 3.28 Effect of sampling position on root length density (cm/cm"3) 
in CW88 
(April planting, early-irrigated). 
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Figure 3.29 Effect of sampling position on root length density (cm/cm" 3) 
in GW88 
(April planting, early-irrigated). 
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substantial rainfall or irrigation differed according to the stage of crop growth, although 
the expected similarity between patterns of SMD and GC development was not observed 
owing to the periods mid-way through the season when the soil was returned to field 
capacity. 

In GW87, there were very small differences between treatments in the total SMD 
during August (Figure 3.32), and these may not have been real owing to the inadequate 
replication of access tubes, but maximum SMD's never exceeded 30mm. In GW88, a 
considerably greater SMD developed during the latter half of June under the ·April-planted 
plots which did not receive irrigation until early in the tuber bulking phase than under the 
early-irrigated treatments, and all the May plantings (Figure 3.33). During this time, the 
root system would have been fairly restricted and water stress may have developed. The 
different SMD's between the treatments during August do not correspond with above
ground or tuber dry matter accumulation, but there did appear to be a lower deficit under 
physiologically old seed, although the canopies were in a similar state of senescence to 
those of unaged seed (Figure 3.4). For the later date of planting, real differences in SMD 
between irrigation regimes were probably not apparent until August. 

3.2.2.2 Water uptake 

Root growth was only sampled on two occasions: at emergence and when the crop 
canopy was at maximum ground cover, and therefore no direct measurements of rates of 
root penetration are available. The aim was to use neutron probe measurements of 
changes in soil water content with time to identify effective rooting depths in each 
treatment (McGowan & Williams, 1980a; b). In all treatments, the majority of water 
uptake occurred preferentially in the surface layers of soil (<40cm) which were frequently 
re-wetted during the growing season. A clearly-defined advance of the effective rooting 
depth down the profile identified by neutron probe measurements was therefore not 
observed, unlike in the polythene tunnel experiment (5.6.2). 

In CW87, water uptake from the 60-80cm horizon commenced earlier for the April 
planting than for the May planting. Maximum deficits recorded in CW87 indicated that 
water uptake from the 40-60cm and 60-80cm horizons was less than in CW88. In CW88, 
water uptake from the 40-60cm and 60-80cm horizons under the April plantings was 
observed sooner after emergence with old seed than with young, and where irrigation was 
delayed. No effect could be observed for the May planting. 

In GW87, withholding irrigation until . tuber bulking resulted in earlier water uptake 
from the 50-60cm horizon, and from the 60-80cm horizon but for the late plantings only. 
Root growth was not observed below 70cm in the April plantings, and therefore it is not 
surprising that little uptake from the 60-80cm horizon occurred. As expected from the 
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Figure 3.30 Effect of physiological age and irrigation regime on total 
soil moisture deficit in CW87 
a) Early planting 
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Figure 3.31 Effect of physiological age and irrigation regime on total 
soil moisture deficit in CW88 
a) Early planting 

Julian Day 

90 110 130 150 170 190 210 230 250 

...... ...... 

-5 

-15 

-25 

-35 

a -45 

-55 

b) Late planting 

90 

-5 

-i -15 

...., ...... 
u 

i.;:: -25 
a) 

"O 

~ 
a 
Vl -35 ...... 
~ ...... ...... 
0 

-45 Cl) 

-55 

11 0 130 150 170 190 210 230 250 

C 

• 
a 

0 

C 

a 

0 

AOW1 

AOW2 

A330W1 

A330W2 

AOW1 

AOW2 

A330W1 

A330W2 

1

1 

I 
I 

1111 I 

I 
1 I • 

, 11 

I 

I,, 
I 

I I I 



Figure 3.32 Effect of physiological age and irrigation regime on total 
soil moisture deficit in GW87 
a) Early planting 
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Figure 3.33 Effect of physiological age and irrigation regime on total 
soil moisture deficit in GW88 
a) Early planting 
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maximum depth of rooting (Section 3.2.1.1), little water uptake was observed from the 
deepest (80-lOOcm) horizon. In GW88, considerable water uptake by roots from the 40-
60cm horizon was observed earlier under old seed for both dates of planting, but the 
earlier uptake of water from the 60-80cm horizon by old seed was only observed for the 
May plantings. However, although there was no effect of physiological age on the 
maximum deficits recorded in the horizons below 40cm for the later planting, it was 
apparent that old seed suffered reduced water uptake from these horizons, inferring that 
maximum root extension was curtailed. Maximum rooting depths were nor recorded for 
old seed, but the probe data relating to water uptake does suggest that the depth of 
rooting early in the season may be advanced by physiologically aging the seed, in much 
the same manner that emergence and early leaf cover are advanced. Root water uptake 
from the deepest horizon monitored (80-lOOcm) was recorded by 21 June for the early 
plantings, but not until 1 month later for the May plantings. Water uptake from horizons 
below 60cm was significantly greater in 1988 than in 1987 at this site. 

3.2.3 Nitrogen uptake 

Soil nitrogen samples were taken in mid-September in both 1987 and 1988, and just 
after each date of planting in 1988. The ratio of nitrate nitrogen (NO?) : ammonium 
nitrogen (NH4 +) was dependent on time and depth of sampling. There was very little 
variation in the ratio at depths below 40cm, but there was a considerably greater 
proportion of total nitrogen as NH4 + in the. top 40cm soon after planting than at the end 
of the season. Nol- and NH4 + concentrations were therefore combined to give figures 
relating to total soil nitrogen. 

In CW87, there was very little variation in soil nitrogen concentration at the end of the 
season with depth of sampling for the April planting, but there was a relatively high 
concentration of nitrogen in the 60-80cm horizon (Figure 3.34). This could have arisen 
either from leaching of current fertilizer, or from the downwards movement of n.utrients 
from the previous crop. There was considerably more nitrogen retained in the soil profile 
under the May plantings than under the April plantings. 

In GW87, there was a high concentration of nitrogen in the 40-60cm horizon under the 
April planting when sampled in mid-September (Figure 3.35). Under the May planting, 
the nitrogen concentration was very low in the top 40cm of soil where root activity was 
greatest, but a comparison of the zone of maximum nitrogen concentration shows that this 
was considerably deeper for the late planting than for the early planting (Figure 3.35). If 
the amounts of nitrogen lost via percolation below sampling depth were similar between 
the two dates of planting, Figure 3.35 demonstrates that considerably more nitrogen was 
utilized by the later plantings. 
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Figure 3.34 Effect of date of planting on total soil nitrogen in CW87 
(sampled 17 September) 
a) April planting 
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Figure 3.34 Effect of date of planting on total soil nitrogen in CW87 
(sampled 17 September) 
a) April planting 
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Figure 3.35 Effect of date of planting on total soil nitrogen in GW87 
(sampled 18 September) 
a) April planting 
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In CW88, there was considerable depletion of the soil nitrogen between planting and 
harvest, with the greatest reduction occurring in the top 40cm (Figure 3.36). However, the 
April plantings appeared to take up more nitrogen from the horizons below 40cm than the 
late plantings. Although there were similar concentrations of nitrogen in the 0-20cm and 
20-40cm horizons at the end of the season under both dates of planting, the amount of 
nitrogen present in these horizons at planting was very much higher for the May planting. 
This suggests that considerable mineralization of soil organic matter nitrogen occurred in 
the topsoil between the two dates of planting. The concentration of NH4 + changed very 
little between the two plantings in the 0-40cm horizon, with the increase in total soil 
nitrogen resulting almost completely from an increase in soil Nol- levels. 

For the early plantings in GW88, there was a considerable depletion of soil nitrogen 
during the season in all horizons examined, with a greater proportion of that present at 
planting being absorbed as depth increased (Figure 3.37a). With the May plantings some 
horizons, notably the 0-20cm and 60-80cm, altered very little over the duration of the 
season, and considerably less nitrogen was taken up than by the April planting (Figure 
3.37b). Although the nitrogen concentration in the subsoil was comparable with CUF, 
there was considerably less Nol- nitrogen present in the topsoil at Gleadthorpe at 
planting. There was also no significant change between the April and May samplings in 
the level of Nol- in the top 40cm. 

At Terrington, approximately half of the nitrogen present at planting in the top 40cm 
was depleted by harvest (Figure 3.38), with considerably less nitrogen uptake occurring in 
the deep horizons. There was, however, a noticeable decrease in the nitrogen content of 
the 80-lOOcm horizon which was shallower than the maximum depth of rooting (since 
rooting depths were recorded from below the mother tuber not the ridge apex). This may 
indicate that root activity with respect to Nol- uptake was at its greatest in the region 
where root hairs still proliferated, some way behind the growing tip of the root. An 
alternative theory could be that leaching of Nol- residues from the preceding wheat 
crop were leached into the I00-120cm horizon, which exhibited a significant increase 
during the season . 
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Figure 3.36 Effect of date of planting and date of sampling on total soil nitrogen in CW88 
a) April planting 
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Figure 3.37 Effect of date of planting and date of sampling on total 
soil nitrogen in GW88 
a) April planting 
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Figure 3.38 Effect of date of sampling on total soil nitrogen in T88 
a) 7 May 
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3.3 Efficiency of dry matter production 

In the literature review emphasis was placed upon the importance of total dry matter 
(OM) production in the achievement of maximum tuber yield. OM production can be 
increased by manipulation of canopy development in order to achieve increased light 
interception, or by a change in the efficiency of conversion of intercepted light. Allen & 
Scott (1980) suggested that efficiency of conversion of intercepted light in potato did not 
alter unless the crop was stressed, and that light interception was the major determinant of 
OM production. However, the inevitable result of increased light interception by a more 
expansive canopy is increased water demand to satisfy transpiration requirements. Studies 
with potatoes have demonstrated that tuber fresh weight yields are proportional to 
accumulated evapotranspiration (Penman, 1970c) and that tuber OM yield per mm of 
actual water use after tuber initiation is similar in all varieties (Allen & O'Brien, 1985). 
This section examines the effects of site, season, and husbandry on the efficiency of OM 
production in relation to light interception and water use. 

3.3.1 Dry matter production 

The degree of senescence of the canopies at the final harvest differed for the various 
treatments (Section 3.1.5). It was therefore impossible to estimate total OM production 
accurately for several reasons. First, canopies in a more advanced state of senescence 
would have dropped much of their leaf surface onto the soil surface from where it was 
not collected during sampling. Secondly, senescence allows the resorption and 
redistribution of nutrient reserves from dying leaves to tubers. Therefore, it is possible 
that the loss of OM from leaf fall may have been partially compensated by assimilate 
translocation from these dying leaves to the tubers. Additionally, root OM is often 
neglected in the calculation of total OM yield, a compromise being made by including the 
mass of 'recoverable' root Sale (1973b) estimated the root system to account for some 
15% of the total maximum standing dry weight. Recoverable roots were combined with 
stern material in these experiments. 

Total DM production increased throughout the season, initially being composed 
predominantly of leaf and stem material, but by the final harvest tuber DM was the major 
fraction. In CW87, all treatments attained similar maximum above-ground DM yields 
(Figure 3.39), and increasing the age of seed advanced the attainment of this peak. Total 
DM yield at the final sampling was greater for the April planting than for the May 
planting. Tuber DM production from old seed was greater than from young seed 
throughout the season, but by the time of defoliation, the tuber OM yield of young seed 
was equal to, or exceeded that, from old seed. The ratio of tuber to total DM for young 
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seed was lower than, or equal to, that of old seed throughout the season (Table 3.42). On 
any particular date of sampling, the April plantings always had a higher ratio than later 
planting, which may be seen as purely an artifact of a displaced growth cycle. In GW87, 
delayed planting increased the investment of DM in leaf growth, and both tuber and total 
DM yields were higher for the May planting from mid-August onwards (Figure 3.40). The 
proportion of DM allocated to tubers was greater with early planting and physiologically 
old seed (Table 3.42). In T87, maximum above-ground and total DM yields were higher 
than similar dates of planting at the other two sites in 1987 (Figure 3.41). Physiologically 
aging the seed increased early DM production, but by the date of defoliation, younger 
seed had produced a greater quantity of DM. Older seed partitioned a greater fraction of 
its DM production towards tuber growth (Table 3.42). 

Table 3.42: 
Ratio of tuber dry weight to total plant dry weight in 1987. 

Expt. Date of planting Physiological age Date of sampling 
lOvii 24vii 3viii 17viii 31 viii 

CW87 15iv 0 0.63 0.74 0.78 0.84 0.84 
330 0.63 0.74 0.79 0.83 0.87 

6v 0 0.46 0.55 0.62 0.69 0.78 
330 0.46 0.59 0.62 0.75 0.81 

SE 0.019 0.014 0.022 0.008 0.012 

GW87 6iv 0 0.67 0.75 0.81 0.84 
330 0.65 0.80 0.83 0.86 

5v 0 0.45 0.60 0.68 0.78 0.82 
330 0.47 0.65 0.72 0.78 0.84 

SE 0.014 0.009 0.012 0.009 
(0.012)t (0.010) (0.011) (0.009) (0.009) 

T87 5v 0 0.41 0.56 0.57 0.67 0.76 
330 0.46 0.56 0.64 0.73 0.79 

SE 0.010 0.010 0.007 0.009 0.006 

tFigures in parentheses refer to SE when comparing means with same date of planting. 
Figures for CW87 and GW87 are means of two irrigation regimes. 

In CW88, physiologically old seed had an early advantage in DM production, but 
towards the end of the season young seed had produced more DM (Figure 3.42). There 
was no significant difference between the two physiological ages of seed in the ratio of 
tuber : total DM for the second date of planting. For the April planting, old seed had a 
higher percentage of tuber DM in the total DM than young seed, although the difference 
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Figure 3.39 Effect of date of planting and physiological age on dry 
matter accumulation in CW87 
a) Total 
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Figure 3.40 Effect of date of planting and physiological age on dry matter accumulation in GW87 
a) Total 
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Figure 3.41 Effect of physiological age on dry matter accumulation 
in T87 
a) Total 
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was not significant on 15 August and the haulm was not sampled on 29 August (Table 
3.43). In GW88, total and tuber OM production from the first date of planting was very 
high (Figure 3.43). For both dates of planting, older seed had a higher total DM 
production early in the season, but by the time of defoliation young seed had produced 
more total DM. There was no effect of physiological age on the partitioning of OM 
between haulm and tubers (Table 3.43). In T88, there were no consistent effects of 
physiological age on total or tuber DM production until defoliation, when crops from 
young seed had produced more OM (Figure 3.44). Partitioning of OM towards tuber 
production was higher for old seed early in the season, but by defoliation there was no 
difference between the two ages of seed (Table 3.43). 

Table 3.43: 
Ratio of tuber dry weight to total plant dry weight in 1988. 

Expt. Date of planting Physiological age Date of sampling 
4vii 18vii lviii 15viii 29viii 

CW88 8iv 0 0.57 0.72 0.76 0.85 
330 0.60 0.74 0.84 0.87 

6v 0 0.39 0.59 0.69 0.77 0.83 
330 0.32 0.56 0.67 0.76 0.82 

SE 0.041 0.026 0.025 0.012 0.007 

GW88 lliv 0 0.51 0.69 0.76 0.82 
330 0.51 0.70 0.75 0.83 

5v 0 0.15 0.41 0.61 0.74 0.79 
330 0.29 0.43 0.63 0.73 0.80 

SE 0.030 0.021 0.011 0.009 
(0.024)t (0.024) (0.013) (0.009) (0.004) 

T88 6v 0 0.38 0.55 0.62 0.74 0.84 
330 0.40 0.58 0.68 0.80 0.83 

SE 0.026 0.010 0.019 0.019 0.008 

tFigures in parentheses refer to SE when comparing means with same date of planting. 

3.3.2 Efficiency with respect to light interception 

For each growth analysis, the accumulated light interception was calculated as 
explained in 3.1.7.2, and both total and tuber DM production were regressed against it. 
Data from the final harvest was also included in the regression involving tuber OM. 
Regressions were performed on treatment means in each experiment as solarimeters were 
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Figure 3.42 Effect of date of planting and physiological age on dry 
matter accumulation in CW88 
a) Total 
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Figure 3.43 Effect of date of planting and physiological age on dry 
matter accumulation in GW88 
a) Total 
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Figure 3.44 Effect of physiological age on dry matter accumulation 
in T88 
a) Total 
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not replicated. The data from each experiment were pooled to form a single relationship 
encompassing site, season and within-site husbandry. There was no effect of site, season 
or husbandry on the efficiency of conversion of intercepted light to total DM since 
separate lines for each of these factors did not significantly improve the degree of fit 
compared with the overall linear relationship with the equation: 

DM = 1.75Lt + 37.0 

where DM = total dry matter (gfm2) and LI = intercepted light (MJ/m2), accounted for 
96.1 % of the variance in total plant dry weight with respect to light interception. The 
equation predicts that 37gJm2 of plant DM was present prior to the commencement of 
light interception. This may have been possible since mother tuber substrates would have 
contributed to early plant growth. Calculations suggest that there was approximately 45-
50g!m2 of DM contained in the seed tubers. However, in most cases, the mother tubers 
retained most of their pre-planting reserves, even when sampled in August. Prior to plants 
reaching sufficient height to cover the solarimeters, light interception would have been 
underestimated. However, as explained in 3.1.7.1, corrections using light interception 
calculated from ground cover were utilized during this period. It would be expected, 
therefore, that the regression line should pass closer to, if not actually through, the origin. 
Constraining the equation to have an intercept of zero, 95.9% of the variance in plant dry 
weight was accounted for by the general equation: 

DM = 1.81LI 

where DM and LI are as defined above. This figure for efficiency of intercepted light use 
is higher than that quoted by several authors (Sale, 1973a; Scott & Wilcockson, 1978; 
Bean, 1981; Haverkort & Harris, 1986; Millard & Marshall, 1986; Firman, 1987; Fowler, 
1988), but similar to those of Thomas (1988) and Hogge (1989). Khurana & McLaren 
(1982) found that the cultivar Record had a higher conversion efficiency of 
photosynthetically active radiation (PAR) than Pentland Crown early in the season. The 
high degree of fit of- the formulated equation supports the view that total DM yields are 
linearly related to light interception over a wide range of husbandry, and that the 
relationship does not vary between sites and seasons (Scott & Wilcockson, 1978; Allen & 
Scott, 1980). 

However, when tuber DM production was linearly regressed against cumulative light 
interception, it was found that fitting separate lines for each of the sites accounted for 
significantly more of the variation (% V AR = 96.9) in tuber DM than a single relationship 
encompassing all sites (% V AR = 93.2). It appeared that crops at Gleadthorpe in 1987 
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converted intercepted light to tuber DM with a higher efficiency than the other two sites 
(Figure 3.45). This difference in the efficiency of conversion was not evident in 1988 and 
cannot be explained by the methods of calculating light interception. The overall 
conversion efficiency (l.51g/m2MJ) was slightly lower than the published figure of 
1.6lg/m2MJ of Scott & Wilcockson (1978), as the partitioning ratio or 'harvest index' in 
these experiments was lower. Since there were no differences between sites in the 
efficiency of total DM production, this indicates that there must have been an alteration in 
the distribution of DM between haulm and tubers. However, no differences between sites 
in partitioning were evident, since Tables 3.42 and 3.43 demonstrated that the ratio of 
tuber : total DM was only influenced by date of planting, physiological age and the time 
of sampling. This effect was purely a manifestation of the stage of growth and 
development of the crop that resulted from an alteration in such factors. The conclusion to 
this anomalous situation appears to be that the error variation in the calculated efficiencies 
of tuber DM production most probably masked the small, but real, shift in partitioning. 

3.3.3 Efficiency with respect to water use 

Reports in the literature indicate that after tuber initiation, tuber DM production per 
mm of water used may be similar in all potato varieties under given environmental 
conditions, and it is prior to tuber initiation that differences in leaf growth patterns caused 
by varietal or husbandry changes alter transpiration requirements (Bean, 1981; Jones, 
1981; Allen & O'Brien, 1985). Therefore in order to detect any differences in water use 
efficiency (WUE) between sites, seasons or husbandry treatments, only tuber DM was 
considered. · WUE can be expressed per unit evapotranspiration (ET) or per unit 
transpiration. The water lost by soil evaporation has only indirect · physiological 
consequences, such as hastening water depletion in the upper root zone and modifying the 
local microdimate. The ET values calculated by Rijtema & Endrodi (1970) were in 
substantial agreement with soil water measurements (Endrodi & Rijtema, 1969). However, 
their ET estimates may have been underestimated because they accounted for water 
intercepted by leaves and stems. Their non-linear interception function predicts 1mm for 
3mm precipitation and 1.5mm for 10mm. In contrast, lysimeter measurements following 
18mm of irrigation (Tanner, 1981), demonstrated that evaporation during haulm drying 
never exceeded 0.5mm. Other authors have used actual precipitation figures recorded by 
raingauges or catchcans without correction in determining ET (Asfary et al., 1983; Wolfe 
et al., 1983). There were problems in estimating the proportion of time the leaf surface 
remained wet after precipitation without knowledge of the intensity and . duration of any 
rain. Therefore, it was decided to correct only irrigation application and known heavy, 
short duration rainfall according to the method of Endrodi & Rijtema (1969), with the 
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Figure 3.45 Effect of site and season on the relationship between 
tuber dry matter accumulation and light interception 
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view that the over-estimation of leaf surf ace evaporation calculated by this method would 
compensate for periods when the leaf surface was wet from low intensity precipitation. 
Corrected precipitation figures were used in conjunction with volumetric soil water 
content, as determined by neutron probe measurements, to calculate ET CAL- Drainage to 
horizons below measurement depth was estimated. Computer model estimates of ET 
(Section 2.2.9) were based on the Penman equation (Penman, 1962; 1970a), with a crop 
modification factor of 1.08 for potato (French, Long & Penman, 1973) to account for the 
greater height and roughness of the vegetation compared with short grass, which causes a 
more turbulent air flow and hence more efficient removal of water vapour from the crop 
(Thom & Oliver, 1977). These estimates were in very close agreement with ET CAL after 
the crop had reached 50% ground cover. The computer model greatly over-estimated bare 
soil evaporation, and therefore actual water use during early season when fractional 
ground cover was low. Asfary et al. (1983) found that the Penman equation only over
estimated water use on unirrigated crops, as expected from the constraints imposed in the 
formulation of the equation. 

Two important features emerged from an analysis of the slopes of the linear 
relationships between accumulation of tuber DM and ET CAL after tuber initiation. When 
individual sites and dates of planting were considered in 1987, delayed planting increased 
WUE (Figure 3.46a), although there are a cluster of points with high tuber DM values at 
CUF which appear to reduce the slope of the April planting somewhat. However, in 1988 
there was an interaction between site and date of planting. Whilst there was no difference 
in WUE at CUF and Gleadthorpe for the May plantings, the April planting at Gleadthorpe 
had a higher WUE than the comparable planting at CUF (Figure 3.46b), and higher than 
the May plantings at both sites, though not by much. WUE was higher in 1988 than in 
1987. The calculated WUE's are within the ranges found in the literature (Bean, 1981; 
[5.0g!m2/mm], Tanner, 1981; [4.2-6.3gfm2/mm], and Allen & O'Brien, 1985; [4.0-
4.4g!m2/mm]). In 1987, Gleadthorpe had a higher efficiency with respect to light 
interception compared with the other sites, but the same WUE. This seems to indicate that 
different factors were influencing the efficiency with which light and water were utilized 
tuber DM production. Although the plots where ET CAL was measured were frequently 
irrigated, some visible leaf wilting occurred during periods of high ET demand. Stomata! 
closure would have occurred sometime prior to the visible expression of water stress 
symptoms. 
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Figure 3.46 Effect of site, season and date of planting on the relationship between tuber dry matter accumulation and water use 
a) 1987 
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3.4 Number and yield of tubers 

3.4.1 Number of tubers 

3.4.1 .1 Number of tubers initiated 

In CW87, the maximum number of tubers initiated was greater for the second 
planting, with the peak occurring approximately 2 weeks after the onset of tuber initiation. 
However, the accuracy in determining this peak must be suspect since the inteival 
between dates of sampling was also 2 weeks. Number of tubers generally declined after 
this peak, and there was no difference between the dates of planting in the proportion of 
tubers resorbed by the final sampling (Figure 3.47). Physiological age did not influence 
number of tubers initiated. In GW87, the peak number of tubers was recorded at around 
the same time for both dates of planting, even though there was a 16- to 19-day 
difference between the time of onset of tuber initiation, indicating a more rapid period of 
tuber initiation with delayed planting. However, canopy production was severely curtailed 
by nitrogen scorch in the April planting. Later planting resulted in more tubers forming, 
but a greater proportion were resorbed by the final date of sampling than for the early 
planting (Figure 3.48). There was no effect of physiological age or irrigation regime on 
number of tubers initiated or resorbed. In T87, very large numbers of tubers were 
initiated, but a greater proportion of these were resorbed than at the other two sites, so 
that the differences in number of tubers between sites diminished as the season 
progressed. Although there was a general decline in number of tubers with time after the 
maximum number had been recorded, the increase obseived on the third date of sampling 
suggested that a second period of initiation may have occurred (Figure 3.49). 
Physiological age had no effect on number of tubers initiated, however, by the final 
sampling, younger seed had retained more tubers than older seed, although the difference 
was not significant 

In CW88, there was a trend for young seed to initiate more tubers than old seed, 
although the difference was not significant. There was no effect of date of planting on 
number of tubers - initiated and all treatments retained a similar proportion of the 
maximum number initiated (Figure 3.50). The young seed from the May planting seemed 
to have a delayed period of TI, with 5 weeks elapsing from the obseived onset of tuber 
initiation and the recording of the maximum number of tubers, but owing to the 
infrequency of sampling the actual peak may have been missed. More frequent sampling 
during tuber initiation would be required to accurately determine the maximum number of 
tubers initiated. In GW88, a very large number of tubers was initiated by the early 
planting, and although a large proportion (30-36%) of these were resorbed, the number 
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Figure 3.47 Effect of date of planting on total number of tubers in CW87 
a) Unaged seed 
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Figure 3.48 Effect of date of planting on total number of tubers in G\-V87 
a) Unaged seed 
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Figure 3.49 Effect of physiological age on total number of tubers in T87 
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retained until the final sampling was greater than any other experiment planted in April 

(Figure 3.51). Fewer tubers were initiated by the later planting and by young seed, 

although the standard errors were large and the difference between the two ages was not 

significant. In T88, the maximum number of tubers was recorded in late July, and was 

similar to the May plantings at the other two sites in 1988. There was no effect of 

physiological age on the number of tubers initiated or retained (Figure 3.52). 

3.4.1.2 Number of tubers at final harvest 

Final harvest sample size was larger than the fortnightly growth analyses in order to 

reduce the error variation, and tubers <lOmm diameter were discarded. In CW87, there 

was no effect of physiological age for the later planting on number of tubers at harvest, 

but for April planting old seed had fewer tubers than young seed (Table 3.44). Delaying 

planting increased both the total number of tubers at final harvest and the number within 

the processing grade ( 40-65mm). 

Table 3.44: 
Number of tubers at final harvest in CW87 and CW88 ('OOO/ha). 

Experiment Date of planting Physiological age Irrigation regime >lOmm 40-65mm 
CW87 15iv 0 Late 622 395 

2'.ero 622 391 
330 Late 532 371 

2'.ero 530 377 
6v 0 Late 699 409 

2'.ero 697 419 
330 Late 678 402 

2'.ero 704 391 
SE 23.4 13.3 

(21.0)t (10.7) 

CW88 8iv 0 Early 469 339 
Late 451 298 

330 Early 481 313 
Late 450 260 

6v 0 Early 472 340 
Late 458 279 

330 Early 445 305 
Late 494 348 

SE 26.1 15.2 

tFigures in parentheses refer to SE when comparing means with same irrigation regime. 
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Figure 3.50 Effect of date of planting on total number of tubers in CW88 
a) Unaged seed 
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Figure 3.51 Effect of date of planting on total number of tubers in GW88 
a) Unaged seed 
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Figure 3.52 Effect of physiological age on total number of tubers in T88 
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In CW88, there was no effect of any treatment on total number of tubers at final 
harvest For the April planting, early irrigation increased number of tubers in the 
processing grade. However, for the May plantings, early irrigation caused an increase in 
this number for young seed, but reduced it for old seed (Table 3.44). 

In GW85, there was no effect of physiological age on the final number of tubers for 
the early planting, but for the second date of planting old seed had fewer tubers than 
young seed (Table 3.45). · The riddle sizes used in GW85 did not allow the grade 40-
65mm to be computed. 

Table 3.45: 
Number of tubers at final harvest in GW85 and GW86 ('OOO/ha). 

Experiment Date of planting Physiological age Irrigation regime >lOmm 40-65mmt 
GW85 4iv 0 Early 714 

Late 751 
300 Early 763 

Late 774 
29iv 0 Early 688 

Late 708 
300 Early 553 

Late 593 
SE 24.8 

(26.5):j: (-) 

GW86 26iii 0 603 379 
300 660 398 

6v 0 561 365 
300 544 343 

SE 16.1 12.4 

tNot calculated for GW85. 
:j:Figures in parentheses refer to SE when comparing means with same date of planting 
and irrigation regime. 

In GW86, there was no effect of physiological age on total number of tubers for the 
second date of planting, but old seed produced more tubers than young seed for the April 
planting. Later planting decreased both total number and number of tubers within the 40-
65mm grade (Table 3.45). 

In GW87, there was no effect of irrigation regime on total number of tubers at final 
harvest for the May planting, but early irrigation increased number of tubers for the April 
planting. Delaying planting increased the final number of tubers (Table 3.46). Earlier 
planting and increased physiological age of seed both reduced the number of tubers of 
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acceptable size for processing. 

Table 3.46: 
Number of tubers at final harvest in GW87 and GW88 ('OOO/ha). 

Experiment Date of planting Physiological age Irrigation regime >lOmm 
GW87 6iv 0 Early 535 

Late 483 
330 Early 535 

Late 452 
5v 0 Early 647 

Late 617 
330 Early 559 

Late 632 
SE 36.2 

(40.7)t 

GW88 lliv 0 Early 804 
Late 668 

330 Early 732 
Late 789 

5v 0 Early 551 
Late 477 

330 Early 529 
Late 462 

SE 56.0 
(59.7)t 

tFigures in parentheses refer to SE for comparing means with same date of planting 
and irrigation regime. 

40-65mm 
333 
313 
298 
255 
436 
425 
338 
388 
23.4 

(28.9)t 

512 
425 
448 
491 
399 
330 
359 
295 
23.6 

(26.5)t 

In GW88, number of tubers in the processing grade was increased by early irrigation 
for both ages of seed with the May plantings, but for the April planting early irrigation 
only increased the number of processing tubers for physiologically young seed (Table 
3.46). Earlier planting increased both total and processing number of tubers at final 
harvest 

In T87, physiologically aging the seed and delaying harvest reduced total number of 
tubers. There was no effect of either treatment on the number of tubers within the 
processing grade (Table 3.47). 

In T88, delaying harvest increased total number of tubers, probably because a greater 
number of small tubers (<30mm) were detached from their stolons than when the crop 
was harvested 2 weeks earlier (Table 3.47). There was no effect of any treatment on 
number of tubers in the 40-65mm grade. 
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Table 3.47: 
Number of tubers at final harvest in T87 and T88 ('OOO/ha). 

Experiment Date of harvest Physiological age >10mm 40-65mm 
T87 22ix 0 696 413 

330 627 412 
14x 0 620 398 

330 568 366 
SE 16.3 17.1 

T88 20ix 0 439 306 
330 440 306 

6x 0 458 304 
330 476 303 

SE 10.3 8.6 

3.4.1.3 Effects of site and season on number of tubers at final harvest 

Further analysis of variance permitted an assessment of the interactions between 
husbandry treatment, site and season, and the main effects of site and season. Since the 
same date of planting, physiological age and irrigation treatments were not maintained at 
every site over the four years of the study (1985-88), the only common treatments at each 
site were the two dates of harvest. However, the later planting was always close to the 
beginning of May, and where physiological age was used as a treatment, only unaged 
treatments were selected for the analysis. Variance ratios for the main effects of site and 
season could not be calculated from such a design, but the magnitude of the mean squares 
indicates the amount of variation attributable to site and/or season, and the size of the 
effects compared with those caused by a change in date of harvest. Hogge (1989) 
performed the same type of analysis using Pentland Dell grown at the same three sites in 
the same four seasons. 

There was a consistent effect of delayed harvest to reduce total number of tubers at 
CUF and Gleadthorpe, but total number of tubers did not alter significantly between the 
two harvests at Terrington (Tables 3.48 and 3.49). 

This observation disagrees with the previously-stated conclusion of Burstall et al. 
(1987) and the results of the fortnightly growth analyses that the number of tubers 
>lOmm remains constant after July. Obviously, some resorption of tubers >lOmm 
occurred between the two dates of defoliation at CUF and Gleadthorpe, but not at 
Terrington. There was an interaction between site and season, the main · cause being the 
large variation in the number of tubers at Gleadthorpe. Crops planted on comparable dates 
at CUF and Terrington produced a similar number of tubers within each season, with the 
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Table 3.48: 
Analysis of variance, total number of tubers >10mm, all sites and seasons, 

two dates of harvest. 

Source of variation Degrees of freedom Mean square 

Site 2 13879 
Season 3 428971 
Site x Season 6 242204 
Total 11 685054 

Date of harvest 1 18704 
Site x Date of harvest 2 11126 
Season x Date of harvest 3 4915 
Site x Season x Date of harvest 6 3108 
Residual 72 120141 
Total 84 157995 

Grand total 95 

Table 3.49: 
Total number of tubers >lOmm, all sites and seasons, two dates of harvest ('OOO/ha). 

Site Mean date of harvest Season 
1985 1986 1987 1988 

CUF 21ix 676 539 697 464 
lOx 615 474 629 440 

Gleadthorpe 2Iix 622 670 560 519 
lOx 581 611 534 490 

Terrington 2lix 640 459 660 444 
llx 623 447 656 453 

SE 20.4 
Effects of site and/or season cannot be compared. 

relationship persisting even though the range in the number of tubers was large (Table 
3.49). In seasons where the number of tubers produced at CUF and Terrington was high, 
crops at Gleadthorpe produced few tubers, and vica versa. Examination of the size of the 
mean square terms indicated that site, per se, had little effect on total number of tubers, 
whereas the influence of season was large. 

There was no consistent effect of date of harvest on number of tubers within the 
processing grade, and the same site x season interaction observed with total number of 
tubers was evident (Tables 3.50 and 3.51). 
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Table 3.50: 
Analysis of variance, number of tubers 40-65mm, all sites and seasons, 

two dates of harvest. 

Source of variation Degrees of freedom Mean square 

Site 2 5880.3 
Season 3 141488.7 
Site x Season 6 72544.9 
Total 11 219913.8 

Date of harvest 1 600.0 
Site x Date of harvest 2 698.3 
Season x Date of harvest 3 1811.2 
Site x Season x Date of harvest 6 1145.2 
Residual 72 49512.0 
Total 84 53766.7 

Grand total 95 

Table 3.51: 
Number of tubers 40-65mm, all sites and seasons ('OOO/ha). 

Site Season 
1985 1986 1987 

CUF 407 308 421 
Gleadthorpe 393 394 359 
Terrington 417 304 413 

Effects of site and/or season cannot be compared. 
Figures are means of two dates of harvest. 

1988 
292 
353 
305 

The mean square term for season was very large, indicating the importance of this 
factor in determining the proportion of total yield which is of acceptable size to 
processors. As with _total number, site had little consistent influence on number of tubers 
within the processing grade. Changes in total number of tubers were reflected in similar 
changes in the number within the 40-65mm grade, since the proportion of the total 
number which fulfilled the processors' size requirements was remarkably constant (64.8%; 
SE = 2.49%). However, graded numbers are influenced by yield and the total number of 
tubers, and the same relationship did not hold between total yield and processing yield 
(Section 3.4.2.3). 
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3.4.2 Tuber yields 

3.4.2.1 Yield development 

In CW87, delaying planting did not alter the initial rate of increase in tuber fresh 
weight yield. However, with April planting the rate of yield increase decreased around the 
beginning of August, whereas for the May planting it still appeared to be at its maximum 
rate when defoliation occurred (Figure 3.53). Physiologically old seed initiated tubers 
earlier than young seed, and therefore had a higher tuber yield on any given date of 
sampling, although the differences were not significant. In GW87, the curtailment of 
canopy growth on the mainstem of the April planting owing to nitrogen scorch delayed 
the onset of the rapid phase of bulking. The rate of increase during this phase did not 
differ from that of the later planting, although the duration was very much shorter than 
for the late planting (Figure 3.54). This observation is consistent with the amount of 
radiation intercepted by the two dates of planting over this period (Section 3.1.7.2). The 
increase in tuber fresh weight yield with time for the May planting did not deviate 
significantly from the linear throughout the period from tuber initiation to defoliation. 
Physiological age had no significant effect throughout the period of sampling, however, it 
appeared that older seed had an early advantage in tuber yield due to the earlier initiation 
of tubers, but by the end of the season younger seed had produced a higher yield. In T87, 
physiologically aging the seed generally increased the yield on any particular date of 
sampling until defoliation, when the difference between the two ages of seed was not 
significant (Figure 3.55). Although the rate of increase in tuber yield during August was 
similar to the May plantings at the other two sites, there was a more rapid increase during 
July owing to the longer period between emergence and tuber initiation than at CUF and 
Gleadthorpe, which resulted in a greater canopy size at tuber initiation, and therefore a 
greater capacity to intercept radiation. 

In CW88, a delay in planting merely shifted the curves of tuber yield increase to the 
right by the number of days elapsing between the times of tuber initiation of the two 
dates of planting (Figure 3.56). Physiological age had no significant effect on tuber yield, 
except for a brief period for the April planting after tuber initiation had occurred when 
older seed had a greater tuber yield. However, there appeared to be a decline in the rate 
of yield increase for late-planted old seed during August which was not apparent for the 
same treatments planted in April. In GW88, initial tuber bulking rates for the first 
planting were very high, although after mid-July the rate of increase was similar to the 
rate of increase of the May plantings (Figure 3.57). There was no significant effect of 
physiological age on tuber yield, although for the later planting, old seed always had a 
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Figure 3.53 Effect of date of planting on total tuber yield in C\V87 
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Figure 3.54 Effect of date of planting on total tuber yield in GW87 
a) Unaged seed 
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Figure 3.55 Effect of physiological age on total tuber yield in T87 
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Figure 3.56 Effect of date of planting on total tuber yield in CW88 
a) Unaged seed 
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Figure 3.57 Effect of date of planting on total tuber yield in GW88 
a) Unaged seed 
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Figure 3.58 Effect of physiological age on total tuber yield in T88 
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higher yield than young seed. In T88, tuber bulking rates began to decline during mid
August in conjunction with the observed decline in canopy cover (Figure 3.58). 
Physiological age had no effect on the increase in tuber yield. 

3.4.2.2 Tuber yields at final harvest 

In CW87, delaying planting reduced the total yield of tubers >lOmm at final harvest. 
There was no effect of physiological age or irrigation regime on final · tuber yield, 
although there was an indication that withholding water reduced yield for the April 
planting. Delayed planting reduced processing yield (Table 3.52). 

Table 3.52: 
Tuber yields at final harvest in CW87 and CW88 (tlha) . 

Experiment Date of planting Physiological age Irrigation regime >10mm 40-65mm 
CW87 15iv 0 Late 57.1 43.9 

Zero 54.4 43.2 
330 Late 60.5 43.7 

Zero 53.0 43.9 
6v 0 Late 47.1 39.6 

Zero 45.8 39.5 
330 Late 45.9 38.2 

Zero 46.1 36.7 

SE 2.07 1.29 
(2.2l)t (1.45) 

CW88 8iv 0 Early 52.5 39.1 
Late 50.4 34.9 

330 Early 58.7 36.3 
Late 61.3 31.9 

6v 0 Early 52.6 38.9 
Late 53.8 31.7 

330 Early 49.4 34.8 
Late 52.5 39.1 

SE 2.20 1.59 

tFigures in parentheses refer to SE when comparing means with same irrigation regime. 

In CW88, there was an interaction between date of planting and physiological age. For 
the April planting, old seed produced a higher total yield than young seed, but there was 
no effect of physiological age for the later date of planting. Irrigation regime had no 
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effect on total yield, but with early planting, delaying irrigation reduced processing yield. 
For the May planting, however, late irrigation reduced processing yield for young seed, 
but increased it for old seed. 

In GW85, earlier planting and physiologically aging the seed increased total tuber 
yield. Irrigation regime had no effect on total tuber yield (Table 3.53). In GW86, delayed 
planting reduced total and processing yield. There was no effect of any other treatment on 
tuber yield (Table 3.53). 

Table 3.53: 
Tuber yields at final harvest in GW85 and GW86 (tlha) . 

Experiment Date of planting Physiological age Irrigation regime >lOmm 40-65mmt 
GW85 4iv 0 Early 52.4 

Late 53.1 
300 Early 64.3 

Late 63.2 
29iv 0 Early 41.9 

Late 39.8 
300 Early 48.9 

Late 49.9 
SE 2.18 

(2.02):j: (-) 

GW86 26iii 0 48.4 35.3 
300 50.1 36.9 

6v 0 41.4 32.6 
300 44.5 34.1 

SE 1.45 1.24 

tProcessing yield could not be calculated for GW85. 
+Figures in parentheses refer to SE when comparing means with same date of planting 
and irrigation regime. 

In GW87, early irrigation increased total tuber yield for the April planting, but 
irrigation regime had . no effect for the later planting (Table 3.54). The April planting 
suffered nitrogen scorch and yielded less than the May planting. Delaying irrigation 
increased the yield in the 40-65mm grade for the later planting, but irrigation regime had 
no effect for the early planting. Delayed planting and physiologically young seed 
produced higher processing yields at final harvest. In GW88, there was a three-factor 
interaction. For the April planting, delaying irrigation reduced total yield with young seed, 
but increased yield with old seed. There was no effect of irrigation regime or 
physiological age on total yield for later planting (Table 3.54). Some of these effects are 
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difficult to explain, for although there was little effect of irrigation regime on ground 
cover for the May plantings, delaying irrigation resulted in a slower rate of decline in 
ground cover for both ages of seed in the April plantings, which would have intercepted 
more radiation during August than early-irrigated crops, thereby increasing yield. Total 
and processing yields for the early planting were greater than for the May planting, and 
were the highest achieved during the four years of field experiments. These very high 
yields were associated with the very rapid initial rate of tuber growth, coupled with the 
retention of adequate canopy cover which maintained high bulking rates throughout 
August until the crop was defoliated. 

In T87 and T88, delaying final harvest increased total yield but had no effect on 
processing yield (fable 3.55). 

Table 3.54: 
Tuber yields at final harvest in GW87 and GW88 (t!ha). 

Experiment Date of planting Physiological age Irrigation regime >lOmm 40-65mm 
GW87 6iv 0 Early 39.3 31.4 

Late 35.9 30.1 
330 Early 37.3 28.8 

Late 32.9 26.6 
5v 0 Early 44.4 36.7 

Late 45.4 38.3 
330 Early 40.7 31.1 

Late 44.0 35.8 
SE 2.34 2.06 

(2.4l)t (2.23) 

GW88 1 liv 0 Early 77.9 55.8 
Late 66.9 48.5 

330 Early 68.2 49.4 
Late 75.0 54.6 

5v 0 Early 54.4 45.1 
Late 55.1 37.2 

330 Early 60.0 44.5 
Late 56.8 38.2 

SE 3.97 3.08 
(3.81) (2.86) 

tFigures in parentheses refer to SE for comparing means with same date of planting 
and irrigation regime. 
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Table 3.55: 
Tuber yields at final harvest in T87 and T88 (tlha). 

Experiment Date of harvest Physiological age >lOrnm 40-65mm 
T87 22ix 0 51.5 41.2 

330 55.0 43.2 
14x 0 58.7 45.1 

330 60.8 42.5 
SE 1.58 1.73 

T88 20ix 0 45.7 32.4 
330 46.2 32.7 

6x 0 50.4 33.0 
330 52.1 32.8 

SE 1.15 0.77 
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3.4.2.3 Effects of site and season on tuber yields at final harvest 

The same system of analysis as perfonned in 3.4.1.3 pennitted a statistical comparison 
to be made as to the direct effect of site and season on tuber yield. Delaying harvest 
consistently increased total yield and generally improved processing yield (fables 3.56-
3.59). 

Table 3.56: 
Analysis of variance, yield of tubers >10m.m, all sites and seasons, 

two dates of harvest. 

Source of variation Degrees of freedom Mean square 

Site 2 159.22 
Season 3 888.36 
Site x Season 6 2036.18 
Total 11 3083.76 

Date of harvest 1 687.48 
Site x Date of harvest 2 26.35 
Season x Date of harvest 3 63.02 
Site x Season x Date of harvest 6 113.36 
Residual 72 980.82 
Total 84 1871.02 

Grand total 95 

Table 3.57: 
Total yield of tubers >lOmm, all sites and seasons, two dates of harvest (t!ha) . 

Site Mean date of harvest Season 
1985 1986 1987 1988 

CUF 21ix 44.8 40.0 45.8 53.8 
lOx 50.6 46.5 52.1 62.5 

Gleadthorpe 21ix 43.9 47.1 33.9 51.1 
lOx 49.8 51.9 37.6 55.7 

Terrington 21ix 44.2 38.6 54.6 45.7 
llx 44.6 50.3 55.6 50.4 

SE 1.85 
Effects of site and/or season cannot be compared. 
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There was a significant (as judged by the large mean square term) site x season 
interaction, mainly due to the low total tuber yields at Gleadthorpe in 1987 and at 
Terrington in 1988, and the high yields at Terrington in 1987 (Tables 3.56 and 3.57). 
Tuber yields in GS87 were the lowest attained in any experiment, the probable causes 
being the low level of incident radiation at this site in 1987 and nitrogen leaching to 
below root penetration depth. Additionally, this experiment was sited in a different field 
to GW87, and the observation of magnesium deficiency symptoms offer an explanation as 
to why yields were much lower than an identical crop only 100m away. 

Unlike the constant relationship, independent of site or season, existing between the 
number of tubers within the processing grade and the total number of tubers, the 
proportion of total yield falling in the grade 40-65mm was very much lower in 1988 
(66.0%; SE = 5.39%) than the mean for the other three seasons (79.5%; SE = 4.64%). 
This was due to the high yields achieved in 1988 without a corresponding increase in 
number of tubers, causing many tubers to grow larger than 65mm (Tables 3.58 and 3.59). 
Delaying harvest by 2 weeks generally increased processing yield by an average 2.3t/ha 
(SE = 0.43t/ha), whereas total yield increased by an average 5.8t/ha (SE = 0.53t/ha). This 
suggests that current commercial seed rate recommendations may be too low when high 
yielding crops are grown. There was little or no direct effect of site on either total or 
processing yield (Tables 3.56 and 3.58). 

Table 3.58: 
Analysis of variance, yield of tubers 40-65mm, all sites and seasons, 

two dates of harvest. 

Source of variation Degrees of freedom Mean square 

Site 2 25.568 
Season 3 152.616 
Site x Season 6 986.901 
Total 11 1165.085 

Date of harvest 1 127.65 1 
Site x Date of harvest 2 50.723 
Season x Date of harvest 3 8.302 
Site x Season x Date of harvest 6 80.293 
Residual 72 650.482 
Total 84 917.451 

Grand total 95 
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Table 3.59: 
Yield of tubers 40-65mm, all sites and seasons, two dates of harvest (t!ha). 

Site Mean date of harvest Season 
1985 1986 1987 1988 

CUF 21ix 32.1 33.1 39.5 31.8 
lOx 39.0 34.4 42.7 37.5 

Gleadthorpe 21ix 32.9 39.2 28.8 37.7 
lOx 36.8 40.2 31.6 36.9 

Terrington 21ix 36.0 33.6 43.3 32.4 
llx 35.2 37.5 43.1 33.1 

SE 1.50 
Effects of site and/or season cannot be compared. 

The magnitudes of the changes in tuber yield caused by a delay in date of planting 
were greater than those existing between seasons, albeit inconsistent in their direction of 
response. As explained in 3.3.2, tuber dry matter production was found to be very 
significantly correlated with the amount of light intercepted, and a similar explanation of 
the observed variations in tuber yield between sites, seasons and husbandry factors can be 
proposed. The inherent features of a particular site or season, such as water availability or 
light receipts, manifest themselves on canopy growth and development, and measurements 
of the magnitude and duration of crop canopies should refute many of the claims of an 
abstruse 'site' effect. 

3.4.3 Tuber dry matter percentage 

Since a very close relationship was found to exist between tuber dry matter production 
and intercepted radiation (Section 3.3.2), it was possible to explain some of the variation 
in tuber fresh weight yields (3.4.2) by changes in tuber dry matter percentage (OM%). 
Tuber OM% is also of importance to processing yield (Section 1.4). Unless otherwise 
stated, tuber OM% was detennined from a representative sample of tubers within the 
processing size grade (40-65mm). 

Tuber OM% increased throughout the season until defoliation, primarily a consequence 
of the increase in average tuber size. In CW87, earlier planting increased tuber OM% at 
final harvest (Table 3.60). No other treatment had a significant effect. In CW88, there 
was no significant effect of any treatment on tuber OM%, but there was a trend for early 
irrigation to depress tuber OM% at final harvest (Table 3.60). This may have been caused 
by early uptake of nutrients by the plant (Section 1.4.2). 

In GW87 and GW88, physiological age of seed had no effect on tuber OM% for the 
May planting, but for the April planting, young seed produced a higher tuber OM% than 
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Table 3.59: 
Yield of tubers 40-65mm, all sites and seasons, two dates of harvest (t!ha). 

Site Mean date of hruvest Season 
1985 1986 1987 1988 

CUF 21ix 32.1 33.1 39.5 31.8 
lOx 39.0 34.4 42.7 37.5 

Gleadthorpe 21ix 32.9 39.2 28.8 37.7 
lOx 36.8 40.2 31.6 36.9 

Terrington 21ix 36.0 33.6 43.3 32.4 
llx 35.2 37.5 43.1 33.1 

SE 1.50 
Effects of site and/or season cannot be compared. 

The magnitudes of the changes in tuber yield caused by a delay in date of planting 

were greater than those existing between seasons, albeit inconsistent in their direction of 
response. As explained in 3.3.2, tuber dry matter production was found to be very 
significantly correlated with the amount of light intercepted, and a similar explanation of 
the observed variations in tuber yield between sites, seasons and husbandry factors can be 

proposed. The inherent features of a particular site or season, such as water availability or 
light receipts, manifest themselves on canopy growth and development, and measurements 
of the magnitude and duration of crop canopies should refute many of the claims of an 
abstruse 'site' effect. 

3.4.3 Tuber dry matter percentage 

Since a very close relationship was found to exist between tuber dry matter production 
and intercepted radiation (Section 3.3.2), it was possible to explain some of the variation 
in tuber fresh weight yields (3.4.2) by changes in tuber dry matter percentage (DM%). 
Tuber DM% is also of importance to processing yield (Section 1.4). Unless otherwise 

stated, tuber DM% was determined from a representative sample of tubers within the 
processing size grad_e (40-65mm). 

Tuber DM% increased throughout the season until defoliation, primarily a consequence 
of the increase in average tuber size. In CW87, earlier planting increased tuber DM% at 
final harvest (Table 3.60). No other treatment had a significant effect. In CW88, there 

was no significant effect of any treatment on tuber DM%, but there was a trend for early 
irrigation to depress tuber DM% at final harvest (Table 3.60). This may have been caused 
by early uptake of nutrients by the plant (Section 1.4.2). 

In GW87 and GW88, physiological age of seed had no effect on tuber DM% for the 
May planting, but for the April planting, young seed produced a higher tuber DM% than 
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Table 3.60: 
Tuber dry matter percentage on two dates of sampling in CW87 and CW88. 

Experiment Date of planting Physiological age Inigation regime Date of sampling 
lix 21/22ix 

CW87 15iv 0 Late 22.0 21.2 
Zero 21.5 

330 Late 22.1 21.5 
Zero 21.5 

6v 0 Late 20.9 20.1 
Zero 20.6 

330 Late 21.3 20.6 
Zero 20.6 

SE 0.47 
(0.46) (0.40)t 

CW88 8iv 0 Early 24.8 23.1 
Late 24.9 

330 Early 24.8 23.3 
Late 24.2 

6v 0 Early 24.0 23.8 
Late 24.1 

330 Early 23.8 23.8 
Late 24.3 

SE 0.59 0.65 

tFigures in parentheses refer to SE when comparing means with same inigation regime. 

old seed in GW87, whereas in GW88, older seed produced a higher OM% (fable 3.61). 
In both experiments at Gleadthorpe, inigation regime had no effect on OM%. 

It was noticed that there was often a change in tuber OM% between defoliation and 
final harvest three weeks later. For all the April plantings, tuber OM% declined over this 
period by an average of 1.0% (Tables 3.60 and 3.61). For the May plantings, the -decline 
in tuber OM% was variable, there being no change in experiments conducted in 1988, but 
a significant drop in tuber OM% between defoliation and harvest in 1987. Rainfall during 
the period between -defoliation and the September harvest was very much greater in 1987 
than in 1988, particularly at Gleadthorpe and Tenington (fable 4.2). Water uptake 
through active roots could account for the observed depression of tuber OM%, since any 
decline in tuber OM% was reflected in an increase in tuber fresh weight yield. The 
findings of Hogge (1989), who also observed a similar drop in tuber OM% between 
defoliation and harvest, and Wilcockson et al. (1985), who reported a decline in tuber 
OM% when the interval between defoliation and harvest was increased from two to four 
weeks, support this hypothesis. 

153 



Table 3.61: 
Tuber dry matter percentage on two dates of sampling in GW87 and GW88. 

Experiment Date of planting Physiological age Date of sampling 
31viii/lix 21/22ix 

GW87 6iv 0 22.3 21.6 
330 21.5 20.6 

5v 0 22.3 21.1 
330 22.2 21.1 

SE 0.17 0.10 
(0.21) (0.IO)t 

GW88 lliv 0 23.0 21.9 
330 23.6 22.8 

5v 0 20.8 21.1 
330 21.4 21.2 

SE 0.32 0.27 
(0.37) (0.15) 

tFigures in parentheses refer to SE when comparing means with same date of planting. 
Figures are means of two irrigation regimes. 

When all sites and seasons were examined, there was an interaction between site and 
season, with Gleadthorpe having the lowest tuber OM%, except in 1987 when it was the 
highest (Table 3.62). Tuber fresh weight yields at this site in 1987 were very low, which 
may have been partly a consequence of the lower water content of the tubers. Terrington 
generally produced the highest tuber OM%, although in 1985 tuber DM%'s at CUF were 
higher. Tuber OM% was higher in 1985 and 1988 than in the other two seasons 
examined. Delaying defoliation increased tuber OM% at final harvest, except at 
Gleadthorpe in 1985, with the mean effect of delayed harvest on tuber OM% greater at 
Terrington than at the other two sites. 

Although the majority of crisp manufacturers no longer implement incremental 
payments based on tuber OM%, they may reject batches of tubers with a OM% of lower 
than 21 %. From .these experiments it can be seen that some crops harvested in late 
September at CUF and Gleadthorpe may have failed to make the processors' cut-off limit. 
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Table 3.62: 
Tuber dry matter percentage at final harvest, all sites and seasons, two dates of harvest. 

Site Mean date of harvest Season 
1985 1986 1987 1988 

CUF 21ix '23.7 21.4 20.9 22.5 
lOx >25.0t 21.9 21.5 23.2 

Gleadthorpe 21ix 21.8 20.1 21.8 20.1 
lOx 21.9 21.6 22.5 21.5 

Terrington 21ix 23.1 21.8 21.1 23.3 
llx 24.9 23.4 22.8 24.6 

SE 0.13 
Effects of site and/or season cannot be compared. 
tTuber dry matter percentages in excess of 25% could not be determined with the hydrometer used. 
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4. STORAGE RESULTS 

4.1 Weight loss 

The use of CIPC granules suppressed sprout growth even after prolonged storage at a 
temperature conducive to sprouting (10°C), and the maximum recorded weight loss due to 
sprout growth was only 0.265% after 40 weeks' storage in 1985. Low amounts of tuber 
disease were recorded at the final date of sampling, and the influence of tuber rotting on 
weight loss can be discounted. It was therefore apparent that weight loss during storage 
was primarily a function of moisture evaporation from tubers, even though the relative 
humidity was maintained close to 95% in order to reduce the gaseous exchange rate of 
water vapour to the air within the storage cabinet. In all experiments, weight loss 
increased as storage was prolonged, although the rate of increase and final magnitude of 
weight loss differed both within and between experiments. Absolute levels of weight loss 
were high, especially in 1985, but similar to those found by Colenso (1989) from similar 
dates of harvest at CUF in 1986 (17.0-19.8% after 28-36 weeks in store). 

In CS85, weight loss was very low for the early harvest until sometime after 8 weeks, 
when a sharp increase was observed. For the later harvest, weight loss increased at a 
faster initial rate than for the early harvest, but again there was a rapid increase in weight 
loss between 8 and 20 weeks in store (Figure 4.la). Weight loss at the final date of 
sampling was higher for the late harvest In GS85, there was no effect of date of harvest 
on weight loss until the tubers had been stored for 40 weeks, after which period the late 
harvest had suffered a greater weight loss (Figure 4. lb). In T85, there was no significant 
effect of date of harvest on weight loss until 20 weeks, when a rapid increase was 
observed for the late harvest. There was a more gradual rate of increase in weight loss for 
the early harvest, and a lower weight loss was recorded after 40 weeks in store than for 
the late harvest (Figure 4.lc). At all three sites in 1985, rates and final magnitudes of 
weight loss appeared to be similar, and after approximately 8 weeks in store, weight 
losses ran at parallel rates for each date of harvest, until the rates diverged between 36 
and 40 weeks in store. 

In 1986, the late harvest had a lower weight loss during curing than the early harvest 
(except at Gleadthorpe where the effect was not apparent until one week after the 
completion of curing). The differential gradually narrowed until after around 12 weeks the 
two dates of harvest were similar (Figure 4.2). Rates of weight loss thereafter appeared to 
run parallel in T86, but after prolonged storage in CS86 and GS86, the later harvest 
began to exhibit a higher rate of weight loss than the early harvest, which resulted in a 
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Figure 4.1 Effect of date of harvest on tuber weight loss during storage 
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Figure 4.2 Effect of date of harvest on tuber weight loss during storage 
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considerable difference (4.9-5.1%) after 40 weeks. 
In 1987, weight loss was higher for the later harvest, primarily a result of the more 

rapid initial rate of weight loss with time (Figure 4.3). However, there was a very much 
smaller differential in the initial rate and the final magnitude of weight loss between the 
two dates of harvest in T87 than in CS87 and GS87. This bears comparison with the 
previous year's results, where the two dates of harvest at Terrington were very similar 
both in rate of weight loss after the curing period,· and the final magnitude after long-term 
storage, whilst there was a greater dissimilarity between the early and late harvests at the 
other two sites. In 1987, the storage period did not extend beyond 20 weeks, but a 
comparison with the other seasons at this time showed that the differential in weight loss 
between the early and laie harvest was very much greater in 1987, especially at CUF and 
Gleadthorpe. Generally, rate of increase in weight loss declined with time, except for the 
early harvest in GS87, where the rate was constant. 

In CS88, there was little difference between the two dates of harvest, except at the last 
date of sampling when the late harvest had lost considerably more weight than the early 
harvest (Figure 4.4a). In GS88 and T88, weight loss was lower for the later harvest 
throughout storage, until after around 28 weeks when there was a fairly rapid increase in 
the rate of weight loss (Figures 4.4b and c). 

In these experiments, weight loss at the final sampling was greater for the later 
harvests at all sites and in all seasons, but the pattern of weight loss with time in store 
varied between sites and seasons. These findings regarding date of harvest are in 
agreement with those of Wilcockson et al. (1985). There would seem to be considerable 
variation in weight loss between seasons which cannot be clearly explained with reference 
to canopy or tuber yield characteristics. When a comparison of weight loss at 20 weeks 
was made between seasons, weight loss was lower in 1987 than in the other three seasons 
examined, especially for the early harvest. Large effects of site and season were also 
observed by Wilcockson et al. (1985), which were attributed to differences in the stage of 
crop growth at defoliation. These authors postulated that crops defoliated during the phase 
of rapid tuber growth suffered less weight loss than crops defoliated after tuber bulking 
had ceased. The rate of tuber bulking petween the two dates of defoliation differed 
between sites and seasons (Table 3.57), but tuber bulking was generally still evident at 
the later defoliation. This suggests that environmental conditions influenced potential 
weight loss in store. Wigginton (1974) reported that temperature differences between sites 
and seasons in the period between defoliation and harvest affected the ability of tubers to 
heal wounds in store. There was a significant drop in mean soil temperature between the 
two dates of harvest in 1987 and 1988, but little or no difference in 1985 and 1986 
(Table 4.1). Lower soil temperatures may have reduced the rate of periderm thickening 
after defoliation in 1987, thereby increasing weight loss from the October harvest. 
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Figure 4.3 Effect of date of harvest on tuber weight loss during storage a) CS87 
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Figure 4.3 Effect of date of harvest on tuber weight loss during storage 
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Figure 4.4 Effect of date of harvest on tuber weight loss during storage a) CS88 
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However, the opposite effect of delayed harvest on weight loss was observed in 1988 
when soil temperatures were also lower for the later harvest In 1985, weight loss was 
significantly greater for the later harvest, even though soil temperatures were similar after 
each defoliation. 

Table 4.1: 
Mean soil temperatures (°C) between defoliation and harvest, 1985-1988. 

Site 
Year Date of harvest CUF Gleadthorpe Terrington 

1985 18ix 14.8 13.3 13.3 
9x 15.7 13.3 13.6 

1986 24ix 12.8 10.5 10.5 
15x 12.6 11.7 11.4 

1987 22ix 15.1 14.0 14.0 
lOx 12.2 10.9 11.3 

1988 20ix 15.4 14.5 13.2 
6x 12.9 11.1 11.9 

Patterns of rainfall during defoliation and harvest do not appear to off er a direct 
solution either. In 1985, there was little difference in weight loss for the two harvests at 
Gleadthorpe even though there was considerable rainfall between the two harvests (Table 
4.2). At CUF and Terrington, there was little difference in rainfall during the two periods 
when the crop remained in the ground after defoliation, yet weight loss was higher for the 
later harvest Although rainfall after defoliation was similar between harvests at 
Gleadthorpe in 1987 there were differences in weight loss, whereas at CUF there was a 
similar difference in weight loss to Gleadthorpe between the two harvests, but 25mm 
more rain for the later harvest (fable 4.2). At Terrington there was a smaller difference 
between the two harvests in weight loss even though there was 30mm more rainfall 
during the period after defoliation for the later harvest. In the one season when rainfall 
was considerably higher for the second defoliation period at all sites (1988), weight loss 
was lower for the late harvest. 
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Table 4.2: 
Rainfall (mm) between defoliation and harvest, 1985-1988. 

Site 
Year Date of harvest CUF Gleadthorpe Terrington 

1985 18ix 16 13 14 
9x 12 49 18 

1986 24ix 29 7 29 
15x 15 2 2 

1987 22ix 27 50 45 
lOx 24 51 75 

1988 20ix 10 6 8 
6x 41 37 35 

4.2 Crisp colour 

4.2.1 The relationship between subjective colour score and Agtron reading 

According to the specifications of the potato processing industry, tubers are generally 
classified as defective if their crisp colour is equal to or darker than C on the USDA 
colour chart (D. Wilson, personal communication). In these experiments, crisp colours 
were also assessed with an Agtron reflectance meter. Hogge (1989) quoted a value of 18 
for the Agtron reading which corresponded with the rejection limit based on USDA 
colour charts for french fries. A regression analysis was applied to subjective colour 
scores (USDA) and Agtron readings for each individual experiment, and for the pooled 
data from all experiments. The USDA colour codes were converted to numerical values 
prior to analysis (A = 1 = pale, E = 5 = dark). Figure 4.5 shows the relationship 
established for the pooled data, and indicates that as Agtron reading increased (greater 
reflection from the sample), subjective USDA colour scores became lighter. However, 
only 10.8% of the variation in USDA colour score was accounted for by the regression, 
which is of considerable importance. Perfo1TI1ing the regressions on data from individual 
experiments in many cases improved the degree of fit (maximum % V AR = 53.7). 
Nevertheless, the poor correlation with subjective colour scores does not detract from the 
ability of the Agtron reflectance meter to detect significant differences in crisp colour. 
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Figure 4.5 Relationship between USDA crisp colour score 
and Agtron reading 
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4.2.2 Crisp colour during storage 

In CS85, there was a darkening of crisps during the first week of storage for the early 
haivest, after which there was little change in fry colour with duration of storage, 
although slight fluctuations were apparent (Figure 4.6a). For the late haivest there was a 
rapid improvement in fry colour during curing, with little subsequent change with time. 
However, when the tubers had been stored for 40 weeks, both dates of haivest had similar 
fry colours, which were considerably darker than from shorter-term storage samples. 
Samples from the early haivest were very much darker after 40 weeks than at intake, 
whilst those from the later harvest were still lighter than at intake. In GS85, a similar 
pattern of fry colour development in store was observed, although there was not such a 
noticeable change between the last two sample dates (Figure 4.6b). Again, fry colour for 
the later harvest was paler after 40 weeks in store than at intake, whilst crisp colour from 
the early haivest deteriorated rapidly during the first month in store, and was not greatly 
different after a further 36 weeks' storage. Crisp colours in T85 followed a similar pattern 
to GS85, but colour after 40 weeks' storage was darker than at intake for both haivests, 
although the deterioration in fry colour was greater for the early harvest (Figure 4.6c). 

In CS86, there appeared to be little change in fry colour with prolonged storage for 
the early haivest, although crisp colour after 28 weeks was very much paler than at any 
other sample date (Figure 4.7a). For the late harvest, although crisp colour darkened 
between 3 and 8 weeks, there was no difference between fry colours at intake and those 
after 40 weeks' storage. In GS86, there was a deterioration in fry colour after curing, but 
crisp colours began to improve after about 3 months' storage (Figure 4.7b). After 40 
weeks' storage, crisp colours were lighter than at intake, and there was no significant 
effect of date of haivest. In T86, although late harvesting produced paler crisps than early 
haivesting, the patterns of colour changes in store were identical, except for the resixmse 
during the first 7 days of storage (Figure 4.7c). The early haivest improved in colour 
slightly during this period, whilst colour deteriorated for the later haivest, although by the 
end of curing (2 weeks) it had improved to a colour comparable with that at intake. There 
appeared to be a slight darkening of crisp colour towards the end of storage. 

In 1987, there were fewer dates of sampling and storage did not extend beyond 20 
weeks. In CS87, there was an improvement in colour during the first 4 weeks of storage 
for the early harvest, with subsequent storage causing a deterioration in colour. Crisp 
colour after 20 weeks in store was considerably darker than at intake, whereas although 
crisp colours were darker when sampled at 4 and 8 weeks, there appeared to be no 
difference between the intake and 20 week samples for the late harvest (Figure 4.8a). In 
GS87, there was a slight darkening of crisp colour with prolonged storage for the early 
harvest (Figure 4.8b). A very dramatic deterioration in fry colour during the first 4 weeks 
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Figure 4.6 Effect of date of harvest on crisp colour during storage 
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Figure 4.7 Effect of date of harvest on crisp colour during storage 
a) CS86 
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in store was observed for the late harvest, and although some improvement occurred, after 

20 weeks' storage crisp colour was still considerably darker than at intake. In T87, crisp 

colours improved during the first 4 weeks in store for the early harvest, and then began to 

deteriorate, until after 20 weeks fry colour was similar to that at intake (Figure 4.8c). For 

the later harvest, although some fluctuation in fry colour was apparent during the first 8 

weeks in store, crisp colour was lighter after 20 weeks than at intake. 

In CS88, crisp colours at intake were significantly paler for the early harvest, but for 

both dates of harvest fry colour deteriorated during the first week in store (Figure 4.9a). 

A slight improvement in colour was recorded at the end of curing, although there was a 

deterioration over the next 6 weeks, and fluctuations in colour at subsequent dates of 

sampling disguised any real trend with prolonged storage. In GS88, intake fry colours 

were the same for both harvests, and the same rapid deterioration in colour was observed 

during the first week of curing as in CS88 (Figure 4.9b). From this trough in processing 

quality, crisp colour continued to improve until the last date of sampling (36 weeks), 

although the fry colours were still considerably darker than at intake. Although similar 

intake colours were recorded for both harvests, crisp colours remained paler for the later 

harvest throughout subsequent storage. In T88, the darkening in crisp colour during the 

first 7 days of storage was not as marked as at the other two sites, although this could 

have been a consequence of the darker colours at intake (Figure 4.9c). Very little sense 

can be made of the fluctuations in crisp colour during subsequent storage, since the early 

harvest appeared to 'mirror image' the later harvest, i.e. when an improvement in crisp 

colour was observed between two consecutive dates of sampling for one harvest, a 

corresponding deterioration in fry colour was evident for the other harvest. If the methods 

of frying and colour analysis were consistent between sample dates, then such apparent 

changes in crisp colour during storage pose problems for manufacturers, who aim to 

maintain a constant supply of high quality tubers to the processing line throughout the 

period of storage. 

4.2.3 Effects of site and season on crisp colour 

A similar analysis to that presented in 3.4.1.3 and 3.4.2.3 was used to compare effects 

of site, season and date of harvest on crisp colour at intake and after 20 weeks' storage 

(the only sample date common to all experiments). For intake fry colours, there were very 

significant interactions between site, season and date of harvest (Table 4.3). In 1985, 

delayed harvest caused darker crisp colouration at all sites, whereas in 1986, crisp colour 

was improved by later harvesting except at Gleadthorpe (Table 4.4). In 1987, there was 

no effect of date of harvest on fry colour, except at Gleadthorpe where colour was 

improved when harvesting was delayed. In 1988, however, crisp colour became 
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in store was observed for the late ha.vest, and although some improvement occurred, after 
20 weeks' storage crisp colour was still considerably darker than at intake. In T87, crisp 
colours improved during the first 4 weeks in store for the early harvest, and then began to 
deteriorate, until after 20 weeks fry colour was similar to that at intake (Figure 4.8c). For 
the later harvest, although some fluctuation in fry colour was apparent during the first 8 
weeks in store, crisp colour was lighter after 20 weeks than at intake. 

In CS88, crisp colours at intake were significantly paler for the early harvest, but for 
both dates of harvest fry colour deteriorated during the first week in store (Figure 4.9a). 
A slight improvement in colour was recorded at the end of curing, although there was a 
deterioration over the next 6 weeks, and fluctuations in colour at subsequent dates of 
sampling disguised any real trend with prolonged storage. In GS88, intake fry colours 
were the same for both ha.vests, and the same rapid deterioration in colour was observed 
during the first week of curing as in CS88 (Figure 4.9b). From this trough in processing 
quality, crisp colour continued to improve until the last date of sampling (36 weeks), 
although the fry colours were still considerably darker than at intake. Although similar 
intake colours were recorded for both harvests, crisp colours remained paler for the later 
ha.vest throughout subsequent storage. In T88, the darkening in crisp colour during the 
first 7 days of storage was not as marked as at the other two sites, although this could 
have been a consequence of the darker colours at intake (Figure 4.9c). Very little sense 
can be made of the fluctuations in crisp colour during subsequent storage, since the early 
harvest appeared to 'mirror image' the later harvest, i.e. when an improvement in crisp 
colour was observed between two consecutive dates of sampling for one harvest, a 
corresponding deterioration in fry colour was evident for the other harvest. If the methods 
of frying and colour analysis were consistent between sample dates, then such apparent 
changes in crisp colour during storage pose problems for manufacturers, who aim to 
maintain a constant supply of high quality tubers to the processing line throughout the 
period of storage. 

4.2.3 Effects of site and season on crisp colour 

A similar analysis to that presented in 3.4.1.3 and 3.4.2.3 was used to compare effects 
of site, season and date of ha.vest on crisp colour at intake and after 20 weeks' storage 
(the only sample date common to all experiments). For intake fry colours, there were very 
significant interactions between site, season and date of ha.vest (Table 4.3). In 1985, 
delayed ha.vest caused darker crisp colouration at all sites, whereas in 1986, crisp colour 
was improved by later harvesting except at Gleadthorpe (Table 4.4). In 1987, there was 
no effect of date of harvest on fry colour, except at Gleadthorpe where colour was 
improved when ha.vesting was delayed. In 1988, however, crisp colour became 
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Figure 4.8 Effect of date of harvest on crisp colour during storage 
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Figure 4.9 Effect of date of harvest on crisp colour during storage 
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significantly darker at CUF with delay in harvest, but lighter at Terrington. There was no 
change . in fry colour at intake with alteration in date of harvest at Gleadthorpe (Table 
4.4). Although crisp colour was variable between seasons, with 1985 and 1988 producing 
paler crisps than 1986 and 1987, most of the variation appeared to be caused by 
differences between years at the early harvest. Crisp colours were generally more similar 
between seasons at the October harvest, except in 1987 when they were very dark. These 
interactions overshadowed the main effect of delayed harvest, which was to darken crisp 
colour slightly compared with early harvesting. However, an important feature of Table 
4.3 is the small mean square term for site, suggesting that there was no hierarchical order 
of sites with respect to crisp fry colour, regardless of their different locational latitudes. 

Table 4.3: 
Analysis of variance, crisp colour at intake, all sites and seasons, two dates of harvest. 

Source of variation Degrees of freedom Mean square 

Site 2 37.43 
Season 3 2344.54 
Site x Season 6 52.53 
Total 11 674.87 

Date of harvest 1 197.80 
Site x Date of harvest 2 72.01 
Season x Date of harvest 3 762.41 
Site x Season x Date of harvest 6 47.48 
Residual 72 4.11 
Total 84 38.21 

Grand total 95 

The inconsistent effect of date of harvest on crisp colour at different sites cannot be 
explained by the soil temperatures persisting during the 3 weeks prior to harvest after the 
crop had been defoliated. In 1985 and 1986, where considerable changes in fry colour 
were observed between the two dates of harvest, mean soil temperatures at tuber depth 
were similar over the entire defoliation and harvesting schedule (see Table 4.1 ). In 1987 
and 1988, there was an appreciable decrease in soil temperature with delay in harvest, 
which might have been expected to increase reducing sugar concentrations, but the 
direction of the changes in crisp colour varied between sites in 1988, whilst there was 
little effect on fry colour in 1987 (Table 4.4). This is further substantiated if one 
considers the amount of soil water available to the defoliated crops. Where rainfall was 
heavy prior to harvest, some dilution of reducing sugar concentration may have occurred 
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Table 4.4: 
Crisp colour (Agtron reading) at intake, all sites and seasons, two dates of harvest. 

Site Mean date of harvest Season 
1985 1986 1987 1988 

CUF 21ix 47.1 17.7 14.4 37.3 
lOx 23.5 27.1 15.6 26.8 

Gleadthorpe 21ix 49'.0 16.9 15.5 33.9 
lOx 30.3 19.7 20.1 33.9 

Terrington 21ix 43.1 17.6 13.2 26.8 
llx 29.4 28.4 12.4 31.0 

SE 1.00 
Effects of site and/or season cannot be compared. 

through root or lenticellular uptake. Table 4.2 detailed the rainfall patterns, and it can be 
seen that an expected dilution of sap sugars during periods of surface water-logging was 
in no way correlated with fry colour at intake. 

Examination of crisp colours after intennediate-tenn storage revealed that there was an 
interaction between season and date of harvest, but any differences in fry colour were 
small compared with those at intake (Tables 4.5 and 4.6). The absence of site from the 
significant main or interaction effects suggests that crops from sites which processed 
poorly at harvest would deteriorate less in store than a crop with pale fry colour at 
harvest and, as demonstrated in 4.2.2, may even improve throughout storage. 

Procurement policies of processors for storage currently rely on the belief that storage 
'potential ' is related to fry colour at intake. In this series of experiments this view cannot 
be substantiated, especially as the decline in crisp colour during the first week in store 
was most rapid for the samples producing very pale fry colours at intake. In some cases, 
there was little or no change in crisp colour over the entire storage period from intake to 
40 weeks. Regression analysis between fry colour after 20 weeks or the longest storage 
period, and that at intake, indicated that there was insufficient correlation to justify 
processors' claims. Only 46.8% of the variation in fry colour at 20 weeks could be 
explained by intake_ colour. When the colours of the 36 or 40 week samples were 
analysed, only 3.1 % of the variation was accounted for by the variation in fry colour at 
intake. 

4.2.4 The relationship between crisp colour and tuber sugar concentrations 

Regression analyses for each experiment were performed to establish the relationship 
between crisp colour and tuber sugar concentrations. Analyses were based on Agtron 
readings and individual, or groups of, sugars. There was no significant correlation 
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Table 4.5: 
Analysis of variance, crisp colour after 20 weeks' storage, all sites and seasons, 

two dates of harvest. 

Source of variation Degrees of freedom Mean square 

Site 2 10.96 
Season 3 911.86 
Site x Season 6 34.69 
Total 11 269.60 

Date of harvest 1 78.48 
Site x Date of harvest 2 9.93 
Season x Date of harvest 3 53.23 
Site x Season x Date of harvest 6 8.91 
Residual 72 4.95 
Total 84 7.95 

Grand total 95 

Table 4.6: 
Crisp colour (Agtron reading) after 20 weeks' storage, all seasons, two dates of harvest. 

Season 
Mean date of harvest 1985 1986 1987 1988 

SE 0.64 

21ix 
lOx 

30.8 
28.5 

Effects of season cannot be compared. 

21.1 
25.9 

13.5 
15.9 

20.5 
22.8 

between Agtron reading and total reducing sugar (fRS) concentration. The maximum 
percentage variation in crisp colour accounted for by the variation in TRS was only 
13.4%, and in many cases the residual error variation exceeded the variation in Agtron 
reading. Hogge (1989) reported that the highest percentage variation accounted for by the 
regression of french-fry colour and TRS was only 11.0%. The magnitude and direction of 
the slopes in these experiments varied from -36.6 to +57.9. Basing the relationship on the 
individual reducing sugars (glucose or fructose) improved the relationship in some cases, 
but the variation in slopes was even larger. The combined regression for all experiments 
of Agtron verses TRS is presented in Figure 4.10a. Establishing a relationship based on 
sucrose concentration proved even more worthless. Although 27.3% of the variation in 
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Figure 4.10 Relationship between Agtron reading and tuber sugar 
concentration 
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crisp colour was accounted for by the variation in sucrose concentration in T85, in all 
other experiments this figure was less than 5.3%. Individual slopes varied in magnitude 
from -51.2 to +21.2. The combined regression for all sites and seasons is shown in Figure 
4.10b. 

Several auuiors have postulated that crisp colour after intermediate-term storage can be 
predicted from sucrose levels at harvest (Section 1.5.3). Owing to the poor predictability 
of crisp colours after 20 weeks from intake colours, it was expected that sucrose 
concentrations at intake would offer little further insight as to the causes of these changes 
in fry colour in store. Not surprisingly, additional regression analyses could establish no 
significant relationship between fry colour after 20 weeks or 36 weeks and sucrose 
concentration at harvest. 

The overall regressions for TRS and sucrose both had negative slopes (Agtron reading 
is a reflection measurement, therefore it is inversely correlated with crisp colour), which 
supports the view that increased TRS levels directly, and increased sucrose indirectly 
(acting as a precursor for reducing sugar accumulation), cause a darkening of crisp colour. 
However, little confidence can be attached to such predictions, given the variation in 
slope direction amongst experiments, and the large degree of scatter around the 
formulated lines. 

4.3 Tuber sugar concentrations in store 

The failure to establish any significant correlation between fry colour and tuber sugar 
concentrations could have, in part, been a consequence of the high coefficients of 
variation (CV) in the individual sugar analyses. The mean CV's for TRS and sucrose over 
all experiments were 31.0% and 32.8% respectively. There were many instances of an 
individual date of sampling having a CV for sucrose in excess of 50%, whilst the 
maximum recorded CV was lower for TRS. With a quoted accuracy of <1.0%, the 
method of sugar analysis in the sap extract could not have caused such variation between 
samples. Hogge (1989) postulated that sampling position within the tuber could have 
influenced the actual recorded sugar concentrations upon which his correlations with chip 
colour were based. Although sampling adjacent tuber slices for sugars and fry colour 
improved the relationship, the correlation coefficients were in the majority of instances 
still less than 0.5. Combined with the inability of the relationship to remain stable 
between different field treatments and dates of sampling within store, Hogge (1989) 
concluded that although sugars were involved in the chip browning reactions, there was 
insufficient evidence to support the widely-held view that sugar concentrations were the 
rate determining factor in these reactions. The results of these experiments entirely 
support Hogge's conclusions. 
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An entire presentation of the timecourses of sugar behaviour in store would appear to 
be futile for several reasons. First, the poor relationship that existed between crisp colour, 
the ultimate criterion of the processing industry, and any tuber sugar or combination of 
sugars. Figure 4.10a demonstrated that 0.1 % TRS in the tuber sap could result in crisps 
with an Agtron reading of 11.4 (which would certainly be rejected), or as high as 33.6 
(very acceptable). This concentration of TRS was the limit quoted for Record by Burton 
& Wilson (1970; 1978) and Hughes (1986) for acceptably-pale crisps. The range of TRS 
(<0.01-0.36% f.w.) was greater than that recorded by Burton & Wilson (1978) in material 
selected from 13 sites with different latitudes (0.019-0.187% f.w.). Hogge (1989) reported 
a range of values from 0.08% f.w. (intake) to 0.52% f.w. after 32 weeks in store with 
Pentland Dell. The concentrations of TRS at harvest varied from <0.01 % to 0.125% f.w., 
which was significantly lower than Hogge (1989), who generally maintained acceptable 
fry colours throughout the entire storage period. Secondly, the large errors between the 
dates of harvest and dates of sampling within store meant that sugar concentrations 
sometimes did not differ throughout the entire storage period, although visibly the 
timecourses appeared very different. Thirdly, at some dates of sampling there was a very 
large dip or rise in measured sugar concentration in the middle of what appeared to be a 
constant trend with time, often for one date of harvest only. This was especially the case 
with TRS in all years except 1986. Figure 4.11 demonstrates the patterns of TRS and 
sucrose for CS88, which were typical of all sites in 1985 and 1987 also. Owing to the 
variations in sucrose concentration during storage, it was impossible to determine if 
increases in sucrose concentration were caused by the synthesis of reducing sugars. If 
interconversion between sucrose, and glucose and fructose was indeed occurring, peaks in 
sucrose concentration should have corresponded with troughs in TRS. By comparing 
Figure 4. lla and b, it can be seen that this was not the case, and sucrose synthesis from 
starch breakdown may have been involved in these patterns of sugar development 
(Sowokinos, 1978). In 1986-88, the concentration of sucrose was higher after long-term 
storage (20-40 weeks) than at intake, which is the opposite trend to that reported by 
Burton et al. (1959), Van Vliet & Schriemer (1963) and Hogge (1989). However; Hughes 
& Fuller (1984) observed that although sucrose concentration declined after a peak at 
around 80 days, a subsequent increase occurred after 170 days in store, which coincided 
with the onset of sprouting. The observations made by Sowokinos (1978) and Santerre et 
al. (1986) that Sucrose Rating at harvest could be used to predict long-term 'chippability' 
did not apply in these experiments and, undoubtedly, pre-storage concentrations of any of 
the commonly-measured sugars cannot yet be used with any confidence to predict 
processing quality after intermediate- and long-term storage. 
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Figure 4.11 Effect of date of harvest on tuber sugar concentration during 
storage in CS88 
a) TRS 
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5. POLYTHENE TUNNEL EXPERIMENT 

5.1 Plant emergence and tuber initiation 

The time from planting to 50% plant emergence was not affected by irrigation regime 
(Table 5.1). Tubers were initiated in the 'wet' plots sooner after emergence than under the 
other two regimes (Table 5.1). The 'moist' regime received its first irrigation just prior to 
tubers becoming visible: tuber initiation as defined in 2.2.14 did not actually occur until 4 
days later, but there appeared to have been insufficient time for the irrigation to have had 
an effect compared with the plots where water was withheld ('dry'). The canopy size of 
the plants, as measured by the ground cover, were slightly larger at tuber initiation under . 
the wet irrigation regime than under the two drier regimes (Table 5.1). Although the 
aerial temperatures experienced by the emerging plants were identical, the mean soil 
temperature at 10cm depth became progressively lower as the irrigation regime changed 
from dry to wet. There was roughly a 1 °C depression in mean soil temperature caused by 
frequent irrigation over the period from planting to tuber initiation, with the moist regime 
intermediate (Table 5.1). However, such small differences in temperature would not have 
caused any appreciable change in the thermal environment in which the stolons initiated 
tubers, as indicated by the time taken for 50% plant emergence to occur. 

Table 5.1: 
Effect of irrigation regime on emergence and tuber initiation parameters. 

Parameter 

. Time to 50% plant 
emergence (days) 

Time to tuber initiation 
from emergence (days) 
Thermal time to tuber 

initiation from emergence 
(day0 >0°C) 

Ground cover at tuber 
initiation (%) 

Mean soil temperature 
at 10cm, planting to tuber 

initiation (0 C) 

Irrigation regime 
Dry Moist Wet 

31 31 31 

27 27 21 

530 516 410 

36 35 42 

16.6 16.1 15.6 
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0.3 

0.7 
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5.2 Rate and duration of ground cover production 

Linear regressions of rate of ground cover (GC) development with respect to time and 
thermal time (day0 >0°C) were calculated for each plot over two periods of time. From 
Figure 5.1, it can be seen that there appeared to be distinct changes in the rates of GC 
production around the beginning of July for the dry and moist treatments. The rate of GC 
production was therefore estimated over the first 32 days after emergence (comparable 
with 1987-1988), and over an extended period of 53 days, after which time there was a 
significant deviation from linearity for the irrigated treatments. A more rapid initial rate of 
GC development was achieved by keeping the soil close to field capacity from planting, 
whilst there was no difference in the initial rate of GC increase between the two drier 
regimes (Table 5.2). After the moist regime had received its first water at tuber initiation, 
there was an approximate 10-day delay before the GC became significantly greater than 
the dry plots, which is consistent with the findings of Jefferies & MacKerron (1987). 
Within two weeks of the first irrigation, the moist treatment had reached a similar GC to 
that of the wet treatment, and there remained no significant difference between these two 
treatments until defoliation. 

Owing to the delayed response to the first irrigation in the moist regime, a regression 
based on a period of 53 days increased the slope of rate of GC production with respect to 
both time and thermal time compared with the shorter period. Calculating the regressions 
over a longer period of chronological time did not significantly change the degree of fit 
of the relationships. A comparison with the April-planted crops at CUF in 1987-1988 
(Section 3.1.5.1), indicated that chronological rates of GC production for the wet regime 
were of similar magnitude to those of the field experiments. The rates of the dry and 
moist regimes were significantly lower than in the field experiments, in part caused by the 
increasing water shortage soon after emergence. However, the thermal rates of the wet 
plots were approximately 30% lower than the previous years' field experiments, which 
suggests that the effect of temperature on rate of ground cover production is influenced 
greatly by soil moisture. 

Complete GC for the irrigated plots was not achieved (maximum 95-97%), and 
withholding water suppressed canopy growth severely (maximum 72%). All crops 
appeared to commence visible senescence at a similar time, as found by Jefferies & 
MacKerron (1987). 
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Figure 5.1 Effect of irrigation regime on ground cover percentage 
in CW89 
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Table 5.2: 
Chronological and thermal rates of ground cover production. 

Periodt 
(days after emergence) 

32 

53 

Time Thermal time 
SE 0.075 0.0043 
% V AR 95.5 95.3 

Irrigation 
regime 

Dry 
Moist 
Wet 

Dry 
Moist 
Wet 

%/day 

1.61 
1.56 ' 
2.17 

1.25 
1.84 
1.71 

tDuration of period on which regression based 

5.3 Number and length of above-ground stems 

%/day°C 

0.089 
0.086 
0.122 

0.067 
0.099 
0.092 

The number of mainstems per plant was not influenced by irrigation regime 
(86,000/ha; SE = 10,600). Although there were more secondary stems produced in the 
moist treatment compared with the other two irrigation regimes when the mean of five 
sample dates was determined, only on two of these dates was the difference significant 
(fable 5.3). It is therefore debatable whether differences in the number of stems were 
real, and whether possible differences in the number of tubers/ha could be explained by 
this variation. 

Table 5.3: 
Number of above-ground stems (' OOO/ha) on five dates of sampling. 

Date of sampling 
Irrigation regime 7vi 14vi 21vi 12vii 2viii Mean 

Dry 156 131 123 162 138 142 
Moist 175 181 163 150 188 171 
Wet 156 138 131 150 116 138 
SE 15.0 17.1 17.6 14.1 14.9 15.0 

Plants in the dry plots were considerably shorter than those in the irrigated plots, with 
the effect being mediated by decreased intemodal elongation rather than a change in the 
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total number of nodes to the first flower, which was unaffected by irrigation regime (25.7; 
SE = 0.22). Maximum stem length to the tenninal apex was 72cm for the dry plots, 98cm 
for the moist plots and 106cm for the wet treatment, although the difference between the 
latter two regimes was not significant (SE = 5.3cm). Stem length in the irrigated plots 
was considerably greater than in field trials during 1987 and 1988 (Section 3.1.8), most 
probably due to the very high temperatures persisting in the polythene tunnels (Appendix 
A.XXV). A similar effect of temperature has been observed by Slater (1968), Marinus & 
Bodlrender (1975) and Menzel (1985). 

5.4 Number of tubers 

During growth analyses throughout the season, all swellings greater than twice the 
diameter of the attachment stolon were classified as tubers. At final harvest, only those 
tubers >lOmm were detached from the stolons. At the first growth analysis on 7 June, 
only 4 days had elapsed since the plants under the dry and moist irrigation regimes were 
adjudged to have commenced tuber initiation, whereas there had been a longer (10-day) 
period of growth for the tubers in the wet plots. Consequently, most tubers were still 
being initiated in the dry and moist treatments, which resulted in fewer tubers at the first 
date of sampling (Figure 5.2a). For the next four dates of sampling, there was no effect of 
irrigation regime on total number of tubers. When only tubers >lOmm were considered, 
there were more tubers under the wet regime until the third date of sampling (Figure 
5.2b). From this time until defoliation there was no significant difference between the wet 
and moist regimes in number of tubers >lOmm. The number of tubers >lOmm in the dry 
plots remained significantly lower throughout the season than in the wet plots. Even 
though the number of tubers initiated was very high (comparable with the number 
initiated at Terrington in 1987 and by the April planting at Gleadthorpe in 1988), very 
little abortion or resorption had occurred by 2 August, and therefore differences between 
treatments in number of tubers > 10mm were caused by fewer tubers swelling to a 
diameter >10mm. 

The number of tubers >10mm at final harvest was greatest in the wet treatment, lowest 
in the dry and interniediate for the moist regime, which is in agreement with the 1984 
Record data of Jefferies & MacKerron (1987). The coefficient of variation (CV) was only 
4.2% for the final harvest owing to the larger plant sample, whereas the CV's for the 
smaller growth analyses during the season were larger (13.2-41.6%). Therefore, although 
the effect of irrigation regime on number of .tubers > 10mm observed at final harvest was 
evident earlier in the season, it remained statistically insignificant owing to the larger 
error variation involved (Figure 5.2b). It was apparent that the effect of irrigation regime 
on number of tubers was not due to tuber resorption under dry conditions. Tubers initiated 
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Figure 5.2 Effect of irrigation regime on number of tubers in CW89 
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early in the season were retained at least until early August, with little likelihood of 
further change during the subsequent period to final haivest (2 September). Reduction in 
the water deficit during tuber initiation did not increase the number of tubers initiated, 
even though severe SMD's were recorded in the dry plots (Section 5.6.2), and this 
conflicts with the conclusion of Van Loon (1981). 

5.5 Yield of tubers 

The yield of tubers <10mm not recovered at final haivest was considered to have been 
negligible, and therefore all yield figures relate to total tuber yield. The slow rate of tuber 
bulking for the dry regime was a consequence of the poor light interception by the small 
canopy (Section 5.2). There was a yield advantage for the wet regime early in the season 
when ground cover was significantly greater than the two drier regimes (Figure 5.3). 
However, tuber bulking was rapid for the moist regime during July when ground covers 
were the same as those of the wet regime. The small apparent differences in ground cover 
cannot explain the differences in bulking rate between the two irrigated regimes, although 
the canopies of the wet treatment lodged severely over this period, exposing more of the 
lower, and therefore older, leaves which may have reduced photosynthetic rates. Since 
tuber dry matter percentage was identical for the wet and moist regimes (24.8%), 
variations in tuber water content cannot offer a solution. Fresh weight tuber yields were 
high in the irrigated plots, and comparable with the highest yields achieved from the April 
plantings in the two previous seasons at either CUF or Gleadthorpe, even though there 
was a 22% reduction in total light receipts caused by the polythene covering. This 
reduction was compensated for by the maintenance of a large interception capacity 
throughout a great proportion of the season combined with the high levels of incident 
radiation over the period May-August in 1989 (Section 5.7.1). Of particular importance 
was the high proportion of tuber yield in the processing grade ( 40-65mm), which was 
identical for the two irrigated regimes (72%; SE = 2.9%), but slightly higher for the dry 
treatment (79%) where there were no tubers >70mm. 

5.6 Rooting profiles and water uptake 

5.6.1 Number, length and density of roots 

The number of primary root initials per plant at emergence, and maximum and 
effective rooting depths are shown in Table 5.4. The dry and moist plots had not received 
any irrigation prior to crop emergence and this reduced the number of primary root 
initials compared with keeping the soil close to field capacity. This was not a 

171 



Figure 5.3 Effect of irrigation regime on total tuber yield in CW89 
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consequence of more stems/plant (Section 5.3), and would seem to indicate that the 
proliferation and ramification of the root system in horizons of favourable environment, 
i.e. high water and nutrient availability, begins early in the crop's life, and is immediately 
sensitive to water supply. 

Table 5.4: 
Nwnber, length and density of rooting. 

Irrigation regime 
Dry Moist Wet SE 

Number of root initials/ 39 43 61 6.2 
plant at emergence 

Maximum depth of rooting 118 99 88 8.4 
(cm) 

Effective rooting deptht 63 59 41 3.9 
(cm) 

tBased on depth in which 90% of total root length was present. 

The maximum depth of rooting in the dry plots had to be estimated from additional 
screw-auger samples as the cylindrical corer did not permit sufficient depth of sampling. 
However, Table 5.4 shows that roots in the dry plots penetrated deeper than those in the 
wet plots, but there was no significant difference between the dry and moist regimes. 

Figure 5.4 shows the distribution of roots as measured by the root length density (cm 
of root/cm3 of soil). The length of the bars on the graphs refer to the mean root length 
density in that horizon, and are similar to those reported by Lesczynski & Tanner (1976) 
and Parker et al. (1988), but considerably less than those of Asfary et al. (1983), 
especially in the 0-30cm horizon. The root density below the furrow was not significantly 
different from that within the plant row, indicating that the response to inter-plant 
competition also occurs below the soil surface. Such an effect was also observed in the 
field experiments (Section 3.2.3) and by Lesczynski & Tanner (1976). 

There was a noti~eable decrease in the density of rooting in the 20-30cm horizon 
where compaction, probably created by the rotavator blades, was evident. The increase in 
root proliferation immediately below the compacted layer agrees with the findings of 
Boone et al. (1978) and Parker et al. (1988). The distribution patterns of rooting differed 
slightly from those recorded in 1988 in that a greater proportion of roots were observed in 
the 30-40cm horizon compared with the field experiments (Section 3.2.3). It is possible 
that at the time of sampling (1 August) some roots may have died and not been replaced, 
and these roots would probably have disintegrated during the extraction procedure. Table 
5.4 shows that the 'effective' rooting zone was significantly deeper in the dry and moist 
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Figure 5.4 Effect of irrigation regime on root length density in CW89 a) Dry 
Root length density (cm/cmA3 soil) 
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treatments than in the wet treatment There was a greater concentration of roots in the 
upper 40cm in the irrigated plots, but below 70cm, root density was greatest in the dry 
plots. 

An estimation of the total root length/unit area of soil surface (the very sparse rooting 
below 100cm in the dry plots had to be ignored) demonstrated that there were 
approximately 12.1km of roots/m2 soil surface in the dry plots, 16.7km/m2 in the moist, 
and 15.4km/m2 in the wet plots (SE = 0.32km!m2). Both the irrigated treatments, and 
especially the moist plots, therefore had a longer total root length than the field 
experiments at CUF and Gleadthorpe in 1988 (13.0-14.6km/m2) which is somewhat 
surprising since the plant density was slightly lower in 1989 (50,000/ha) than in 1988 
(54,300/ha). Lesczynski & Tanner (1976) calculated a maximum total root length of 
11.4km/m2 under their 'improved' irrigation and fertilizer regime, whilst Asfary et al. 
(1983) recorded maxima of 13.6-18.3km/rn2, and Parker et al. (1988) 7.8-10.4km/m2 in 
ploughed soil and 9.4-20.9km/m2 in soil loosened with a Wye Double-Digger. 

5.6.2 Soil moisture deficits and water uptake 

Figure 5.5 shows the development of total SMD under each of the irrigation regimes. 
The total SMD was based on neutron probe readings to a depth of 100cm, and since root 
activity was observed up to 20cm deeper than this, some undetected water uptake may 
have occurred from deeper horizons. Additional capillary rise from deep horizons may 
also have contributed to water uptake (Boone et al., 1978; Parker et al., 1988), with a 
consequent underestimation of the total SMD. In the wet plots, SMD was maintained at 
<lOrnrn for the majority of the season, whilst in the dry plots the SMD reached a 
maximum of 97mm. There appeared to be a linear rate of increase in total SMD with 
time for the dry treatment after tuber initiation had occurred, only beginning to decrease 
around 80mm. Prior to the rainfall on 7/8 July which percolated into the 'dry' plots 
(Section 2.2.9), an SMD of 92mm had been recorded. From the very slow rate of increase 
of SMD, it appeared that the crop was experiencing difficulty in extracting water from the 
top lm of soil once the measured deficit had increased to around 90mm. Additional water 
uptake by deeper roots and capillarity from deeper horizons may have continued to supply 
the plant, but a good estimate of the limiting deficit on the soils present at CUF was 
around 85-90rnrn. 

A clearly-defined advance of the effective rooting depth down the profile identified by 
neutron probe measurements of soil water content (McGowan & Williams, 1980a; b) was 
observed in the dry plots, and with less certainty in the moist treatment. As discussed in 
3.2.4, effective rooting depths could not be identified with any certainty by this method in 
constantly re-wetted soil. Figure 5.6 illustrates the uptake of water from different 
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Figure 5.5 Effect of irrigation regime on total soil moisture deficit 
in CW89 
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Figure 5.6 Effect of irrigation regime on soil moisture deficit 
in C\V89 
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d) 60-80cm horizon Julian Day 
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. horizons. Bare soil evaporation and root uptake depleted the 0-20cm horizon early in the 

season where no irrigation was applied, with very little uptake from the 20-40cm horizon 

occurring towards the end of the season (Figures 5.6a, b). Kirkham et al. (1974) found 

that water uptake in regions of high salt (Nol-) concentration was reduced by the high 

osmotic potential. Clearly this did not occur in this experiment where the fertilizer 

concentration in the 0-20cm horizon of the dry treatment would have remained high 

throughout the season. The available water in the 60-80cm horizon was rapidly depleted, 

and no significant increase in SMD was observed after the beginning of · July (Figure 

5.6d). This horizon had a low A WHC since it contained the highest proportion of gravel, 

and water was rapidly absorbed when roots penetrated this layer. The SMD in the 

lowermost horizon continued to increase throughout the season (Figure 5.6e). Irrigated 

crops developed a very small SMD in the top 20cm compared with the unirrigated crops 

(Figure 5.6a). The maximum SMD's recorded under the moist regime were very similar 

for the 20-40, 40-60 and 60-80cm horizons (Figures 5.6b-d), but all were appreciably 

smaller than for the dry treatment. 

5.7 Efficiency of dry matter production 

5.7.1 Efficiency with respect to light interception 

Light interception was calculated from a pair of solarimeters installed in two replicates 

of each treatment. Prior to installation these were calibrated against a pair of reference 

solarimeters which remained in an unshaded area outside the tunnels throughout the 

season. Towards the end of the season, the reference solarimeters were calibrated against 

the Kipp radiometer (Section 2.2.7.2). Following installation inside the tunnels, a further 

calibration was performed to calculate the proportion of light transmission through the 

polythene sheeting (Imperial Chemical Industries PLC 600 gauge UVI). This was found to 

be only 78%. Further measurements were made with a Quantum Sensor (LI-COR) to 

determine the wavelengths at which absorption and reflection was greatest. Table 5.5 

shows the transmissi.on losses at four wavelengths within the photosynthetically active 

radiation (PAR) waveband. Figures are means of two sets of recordings: one under 

overcast conditions, the other under cloudless skies with high radiation intensity. 

The greatest proportion of loss was in the intermediate frequencies of the PAR 

spectrum. Inserting a filter to restrict the waveband measurement to 400-700nm, and 

integrating over the whole range gave a transmission loss figure of 23%, which was in 

close agreement with the solarimeter data. This modification of the quality of light 

incident on the crop canopy may be of some importance in that the quantum yield (Co2 
uptake per photon absorbed) of a wide variety of crop species drops sharply at around 
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Table 5.5: 
Transmission losses of four wavelengths of PAR through polythene. 

Wavelength (run) 

400 

500 
600 
700 

Transmission loss (%) 

26.4 
30.4 
36.3 
12.9 

670rnn (where transmission losses through the polythene were low), but the quantum yield 
is at its highest around 570-670rnn (Mccree, 1972), which corresponded to the region of 
peak transmission loss through the polythene. 

Radiation interception was calculated from solarimeter data up until maximum ground 
cover. During senescence, light interception (LI) was also estimated from ground cover 
(GC) using a relationship established earlier in the season: 

LI= 0.963GC 

The percentage variation accounted for by this equation (forced through the origin) was 
92.1 %. Solarimeter data over-estimated LI compared with that calculated from the above 
relationship in the irrigated plots where lodging occurred, and therefore LI was estimated 
from GC during senescence. Seasonal incident radiation receipts outside the tunnel were 
very much higher in 1989 than in 1987 or 1988. The total for June (645MJ/m2), July 
(644) and August (541) was 1830MJ/m2, 29% higher than in 1988, and 43% higher than 
the dull 1987 season. It is therefore evident that light receipts inside the tunnels would 
still have been higher than in 1988, and considerably greater than in 1987, and was the 
primary cause of the very high tuber dry matter yields in the irrigated plots. 

Total and tuber dry matter (DM) production at each of the growth analyses were 
linearly regressed against cumulative LI. The efficiency of conversion of light to both 
total and tuber DM was higher under the moist irrigation regime than under the dry and 
wet regimes (Figure 5.7), and comparable with the field experiments in 1987-88 (Section 
3.3.2). There was no effect of irrigation regime on the partitioning of total DM to tuber 
DM, with the general equation: 

TuberDM = 0.837TotalDM - 124 

accounting for 98.4% of the variation in tuber DM. The ratio of tuber : total DM was 
lower than in the field experiments, which suggests that the high temperatures may have 
reduced assimilate transport to the tubers (Menzel, 1985; Demagante & Van der Zaag, 
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Figure 5.7 Effect of irrigation regime on efficiency of conversion of dry matter production with respect to light interception in CW89 a) Total 
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1988b).The low efficiency of the water-stressed dry plots could have been predicted, but 
the similar efficiency of conversion when crop evapotranspiration requirement was 
satisfied on a daily basis appears somewhat surprising. It is possible that water-logging 
occurred in the shallow root zone, or that the frequent irrigation caused some leaching of 
nutrients below the depth where the majority of roots were concentrated (Section 5.6.1). 
The canopies in the wet plots lodged fairly early in the season, and the exposure of older, 
more senescent leaf laminre and stem tissue may have reduced the efficiency of 
conversion. 

5.7.2 Efficiency with respect to water use 

Cumulative water use was calculated as in 3.3.3 and plotted against both total and 
tuber DM production. Water use efficiency (WUE) was very high in the dry plots, and 
significantly lower in the plots receiving irrigation (Figure 5.8). The dry plots used water 
more efficiently than the field experiments, but WUE of the April planting at Gleadthorpe 
in 1988 was not appreciably lower. The WUE's of the irrigated plots were significantly 
lower than the April plantings in the uncovered crops in 1987-88. Denmead & Shaw 
(1962) demonstrated that the value of soil water suction at which actual and potential 
transpiration rates in maize deviated was dependent upon the atmospheric demand for 
water. This offers a partial explanation as to the cause of the low WUE of the wet and 
moist irrigation regimes in this experiment, since ET CAL exceeded 8mm on some days. 

The concentration of root growth in the shallow 0-40cm horizon under the wet regime 
(Section 5.6.1) could have depleted the surface layers rapidly, necessitating capillary rise 
from deeper horizons or absorption of water in these zones by deeper-penetrating roots. 
However, a frequently-irrigated crop, with a well-established root system, will use a 
certain amount of water from its root zone that would have drained out of that zone had 
the transpiration demand been low. Additionally, the bare soil evaporation component of 
water use would have been smaller in the dry plots, since keeping the topsoil moist in the 
irrigated plots would have aided soil evaporation (Tanner, 1981), and therefore increased 
apparent crop water use. 
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Figure 5.8 Effect of irrigation regime on efficiency of dry matter 
production with respect to water use (ET) in CW89 
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6. DISCUSSION 

It was established in the literature review that much previous research into the effects 
of site and season on growth, development, yield, storage and processing quality of 
potatoes was essentially defective in its approach. Even eliminating the confounding with 
husbandry regimes which have a considerable influence on these parameters, there has 
been a general unwillingness to divide sites and/or seasons into components such as 
temperature, radiation or water availability. Only by monitoring such variables over sites 
and seasons in conjunction with a detailed examination of plant morphology and canopy 
characteristics, can the variation in yield or quality be attributed to specific environmental 
features, such as early- or late-season temperatures, rainfall and moisture holding 
characteristics of the soil, and total incident radiation. Employment of this method in the 
series of experiments reported has led to a resolution of some of the apparently 
'inexplicable' site effects. 

The period between planting and 50% plant emergence was similar for different sites 
with the same date of planting, while the effect of season was small. Early planting 
consistently increased the time to emergence (except at CUF in 1987), which can be 
explained by the general rise in soil temperatures as the season progressed (Firman, 1987; 
Hogge, 1989). The effect of increasing temperatures on rate of emergence may have been 
confounded with the possible increase in physiological age with delay in planting 
associated with storing seed at 4°C, a temperature at which sprout growth may continue, 
albeit slowly (Krijthe, 1962; Raouf, 1979; Firman et al., unpublished). In 1987, it was 
unlikely that the increase in physiological age was of sufficient magnitude to cause an 
appreciable effect on rate of emergence, but in 1988, storage cabinet malfunction 
considerably · increased sprout growth of the tubers planted in May at CUF and Terrington 
compared with those stored at Gleadthorpe. There did appear to be slight differences in 
rates of emergence between the CUF and Gleadthorpe sites which could not be attributed 
to differences in soil temperature. Generally, there were slight (1-2 days), or insignificant, 
differences in time to-emergence between the two ages of seed, which was a contributory 
reason for there being very little effect of physiological age on many of the growth and 
development parameters measured in these experiments. Wurr (1978b) and P. O'Brien 
(personal communication) have both suggested that subsequent differences in plant growth 
and development between contrasting physiological ages is mediated by the faster rate of 
emergence of older seed, and that if edaphic conditions are detrimental to sprout growth, 
i.e. low temperatures, drought or water-logging, compaction or surface 'crusts', presence 
of pathogens such as Rhizoctonia solani etc., then the effects of age on rate of emergence 
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are likely to be reduced. It is also probable that there was insufficient difference between 
the two physiological ages used in these experiments to cause large effects on rate of 

emergence. 

In general, there was a very wide range between husbandry treatments, sites and 
seasons in the periods from planting to tuber initiation, but much less variation in the 
time from emergence to initiation. Both Firman (1987), using date of planting and rate of 
nitrogen application as treatments, and Hogge (1989), using date of planting and 
physiological age, found that the number of days between 50% plant emergence and tuber 
initiation in the variety Pentland Dell was in most cases similar, irrespective of husbandry 
treatment. Thomas (1988) found that there was an inconsistent response to delayed 
planting in relation to the time between emergence and initiation. He also found that 
increasing the soil temperature by the use of plastic mulch delayed initiation by 5 days 
compared with unmulched plots when planted on 4 April. However, when planting was 
delayed until 9 May, tubers were initiated sooner after emergence under mulch, although 
the difference was slight (1 day). In these experiments, soil temperature appeared to have 
no consistent effect on the period between emergence and initiation, and an examination 
of light intensities over the same period also did not contribute to an understanding of the 
reasons behind variations in the timing of tuber initiation in relation to emergence. 
Although they did not record tuber initiation directly, Midmore et al. (1988), working 
under tropical conditions, reported that 'tuberization' was delayed by shading. The 
reduction in the very high soil temperatures (>30°C) under shade may have played a part, 
but it is interesting to note that Midmore et al. observed more rapid emergence under 
shade compared with the unshaded control, thereby implying that the effect of shade on 
the time of tuber initiation was not mediated by delayed emergence. 

Under the polythene tunnels in 1989, there was a longer period from emergence to 
tuber initiation where water was withheld over this period, than where water was readily 
available. The findings of Gunasena & Harris (1968) relating earlier tuber initiation to 
nutrient shortage clearly do not apply in the plots where soil moisture, and therefore 
nutrient availability, was deficient The time to tuber initiation for the wet treatment was 
comparable with the April plantings in the field experiments, even though soil 
temperatures were 2-3°C higher which might have been expected to delay initiation 
(Slater, 1968). However, Hay & Allen (1978) reported normal tuber initiation (as judged 
by temperate standards) occurred under tropical conditions at soil temperatures in excess 
of 20°C and with maximum temperatures of 27°C. Although the amounts of incident 
radiation were higher in 1989 than in 1987 or 1988, these would have in part been 
attenuated by the losses through the polythene. Certainly, the delays in tuber initiation 
were too small to be explained adequately by variations in temperature or radiation input 
alone. However, Hogge (1989) postulated that the time of tuber initiation appeared to be 
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closely related to the time of plant emergence, irrespective of environmental conditions 

between planting and emergence. The stimulus for tuberization most probably occurs at, 

or close to, emergence, and the time of initiation can therefore only be manipulated by 

those treatments which alter time to emergence. The similarities between this view and 

the one postulated in these experiments for rate of leaf appearance, seems entirely in 

agreement with the recent work of Firman et al. (unpublished) relating the timing of tuber 

initiation to the appearance of the first flower. When comparing the same age of seed 

planted in May in 1987 and 1988, the length of the period from emergence to initiation 

was shorter with faster chronological rates of leaf appearance. However, although it might 

be possible to tentatively suggest that rates of leaf appearance do determine the onset of 

tuber initiation, there was no consistent relationship between rate of leaf appearance and 

time of initiation when comparing the April plantings in 1987 and 1988, nor when 

comparing within an individual experiment, which does not permit a definite confirmation 

of this view. Certainly, although the observed differences in time of tuber initiation were 

statistically significant, the practical importance of a slight (1- to 4-day) shift in initiation 

in relation to the growing period of the crop (120-150 days) is negligible. However, as 

discussed earlier, the conditions which cause any alteration in time of initiation, may have 

a marked effect on subsequent canopy and root growth. 

In the literature review, the emphasis on light interception as a means of quantifying 

total and tuber dry matter production was stressed. Canopy magnitude and longevity in 

relation to incident light receipts determines the quantity of light intercepted by the crop, 

and the variables associated with canopy growth can be measured in several ways. The 

most obvious method of reducing the time to complete canopy cover would be to increase 

the stem density. However, stem density has an important role in the number of tubers 

that are formed, and hence influences tuber grading. The number of above-ground stems 

per unit area in tJ1ese experiments was very variable within treatments (despite close 

attention to seed weight and spacing), which impeded the detection of more obvious 

effects associated with husbandry, site or season. Nevertheless, sites planted on similar 

dates produced a similar total number of stems, whilst physiologically old seed generally 

produced more secondary stems which is of significance in relation to the initial rate of 

ground cover development. The plasticity of plant response to competition for resources 

was observed in the different number of branches produced per stem. There was no 

consistent effect of physiological age or date of planting on the number of branches, and 

despite the large difference in row width between Gleadthorpe/ferrington and CUF, the 

effect of site was inconsistent over the two years when branch production was studied. 

Once the stem population is established, leaf area is determined by ·the rate and 

duration of leaf appearance and expansion, and leaf senescence. For a wide variety of 

crops, it has been reported that rate of leaf appearance is positively correlated with 
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temperature, e.g. barley (Gallagher, 1979; Kirby et al., 1982), wheat (Hay & Tunnicliffe 
Wilson, 1982), pearl millet (Ong, 1983) and sugar beet (Milford et al., 1985). In these 
experiments, very close linear relationships existed between rate of leaf appearance and 
both chronological and thermal time, although integrating time with respect to temperature 
slightly worsened the degree of fit compared with purely chronological time, which agrees 
with the findings of Firman (1987) and Hogge (1989). Since thermal time generally failed 
to unify rates of leaf appearance . over different dates of planting, it cannot be concluded 
that temperature was the sole driving factor in governing rate of leaf appearance in these 
experiments. However, when considering rate of leaf appearance to the first flower only 
(where the fitted relationship with both chronological and thermal time was slightly 
poorer than over the entire period examined), there did appear to be a unification of rates 
with respect to thermal time between different dates of planting, but only for unaged seed. 
Again, if only unaged seed was considered, there was a conspicuous congruity between 
the two seasons examined at CUF in the thermal rates of leaf appearance, both up to the 
first flower and beyond. No agreement was found in rates of leaf appearance between 
seasons at Gleadthoipe. Seed which was aged with 330day0 generally had a slower rate of 
leaf appearance than unaged seed, and the magnitudes of the effects were in many cases 
greater than those caused by alteration in date of planting, even though there were 
negligible differences in the post-emergence temperature regimes experienced by the two 
physiological ages at any particular date of planting. Since the innate development 
pathway of an individual stem is affected by the temperature regime experienced by the 
sprout, the response to soil temperature at planting will be influenced markedly by the 
pre-planting temperature regimes experienced by the different physiological ages of seed. 

The apparent discrepancies between the response of rate of leaf appearance to 
temperature in these experiments and controlled-environment studies could have arisen 
because diurnal and other, longer interval, temperature variations may cause different 
plant responses than constant temperatures regimes. Burt (1964) indicated the importance 
of stage of leaf development on the response of leaf expansion to different temperature 
regimes. The environmental conditions during the development of an individual leaf may 
affect the appearance of subsequent leaves: this dependence will obviously complicate any 
relationship formulated with respect to temperature. The close-fitting linear relationships 
with respect to time suggest that rate of leaf appearance is fixed at, or close to, 
emergence. It is therefore possible that the magnitude of the difference between soil and 
air temperature at emergence influences the subsequent rate of appearance of leaves. 
Milford et al. (1985) described a bi-phasic model in which thermal rate of leaf appearance 
in sugar beet was faster initially than later in the season. Whilst a similar theory might be 
postulated for potato, where leaf appearance above the first flower is determined by 
axillary bud activation, leaf appearance over the entire season cannot in any way be 
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legitimately compared with a non-determinate crop such as sugar beet. Hogge (1989), 
working with Pentland Dell at CUF, established relationships based on thermal time that 
indicated very similar rates of leaf appearance between different dates of planting, 
suggesting that temperature may have been the rate determining factor. Thermal time
based relationships did not, however, provide a full explanation of the differences in rate 
of leaf appearance at Terrington in the same season using the same dates of planting. 
Firman (1987) suggested that the decline he observed in thermal rate of leaf appearance 
with delayed planting could have resulted from prevailing temperatures exceeding the 
optimum for leaf appearance. However, the periods when mean daily air temperatures 
were greater than the optimum of 20°C suggested by Borah & Milthorpe (1962) did not 
last longer than 3 days in both seasons at CUF and Gleadthorpe. Nevertheless, the 
maximum temperature of the aerial environment of the individual leaf must have greatly 
exceeded 20°C on several occasions. 

Photoperiodic influence of rate of leaf appearance in potato has been implicated by 
several authors who have found differences in thermal rates of leaf appearance with 
alteration in date of planting (e.g. Firman, 1987 and Hogge, 1989). If rate of leaf 
appearance were determined by daylength, a wide range in temperature would produce 
very big differences in the thermal rates of appearance. The influence of daylength cannot 
be discounted, but it appears inconceivable to attribute the large differences in thermal 
rates of leaf appearance for the May plantings at CUF and Gleadthorpe in both 1987 and 
1988 entirely to this factor. Jones & Allen (1986) found that rates of leaf emergence in 
barley were faster when daylength was increasing in the spring, than when photoperiod 
was decreasing in the autumn, but temperatures were higher. In order to further examine 
any photoperiodic control of rate of leaf appearance in the field, the effect of leaf 
initiation on leaf appearance would need to be established. This could be investigated by 
using, for example, seed of different physiological ages and a very wide range of dates of 
planting. Changes in light intensity, with consequent alterations in the amount of 
photoassimilate available, offers a more plausible explanation for the different rates pf leaf 
appearance. Fellowes & Geiger (1974) have reported that a developing leaf is dependent 
on imported photosynthate until it reaches 1/3-1/2 of its final size, and current assimilate 
supply may cause preferential sinks to develop, inhibiting subsequent leaf development. 

Rate and duration of leaf appearance will determine the ultimate number of leaves 
present on an individual stem. In 1987, there was no effect of date of planting on the 
final number of leaves, but old seed produced fewer leaves than young seed, whereas in 
1988, physiological age had no effect but later planting resulted in more leaves at the 
final sampling. These apparent anomalies between seasons cannot be explained directly by 
variation in the number of nodes per stem, partly because nodes were only counted to the 
first flower, and partly because effects of physiological age or date of planting on total 
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number of nodes fonned often did not alter the number of above-ground nodes, but 

resulted in fewer or more nodes fonning below ground. Since branches may originate 

from subterranean nodes, the small effects of site, season and husbandry on number of 

nodes fonning below-ground were probably unimportant. In both seasons, delaying 

planting increased the total number of nodes, with sites planted on the same date 

producing a similar total number of nodes. The similarity in plant morphology between 

sites is important, for it demonstrates that variation in yield between sites can be 

accounted for by differences in amount of intercepted radiation, and the mechanism for 

assimilation comprised discrete units (individual plants) which were similar between sites. 

Hogge (1989) found that delayed planting of Pentland Dell increased the number of 

above-ground nodes in one season, but had no effect the following season. It appears, 

therefore, that in addition to storage conditions, post-planting factors may also detennine 

the number and distribution of nodes that develop on a stem. However, the magnitude of 

soil moisture deficit did not appear to influence number of nodes produced in the 

polythene tunnel experiment in 1989. 

Whilst the number of below-ground nodes (6.2-10.3) was very similar to Pentland Dell 

(6.5-11.4) for similar dates of planting and physiological ages, Record appeared to 

produce more above-ground nodes per stem to the first flower for the same date of 

planting (5 May) in unaged seed (Pentland Dell, 13.3-14.6; Record, 16.7-17.4). This is of 

some importance, since rate of leaf appearance in the latter variety declined after the first 

flower became visible. It appears from these experiments that the mean total number of 

nodes to the first flower for unaged seed (9 below-ground, 17 above-ground) accords with 

Taylor's (1953) figure of 26. P. O'Brien (personal communication) has perfonned sprout 

dissections on young Record seed (undocumented number of day-degrees), and found that 

the mean number of nodes to the first flower was either 24 or 25. If riode initiation 

continues at temperatures less than 4°C (Krijthe, 1962; Raouf, 1979; Finnan et al., 

unpublished), albeit very slowly, then an extra 1-2 nodes may have been fonned by the 

second date of planting (5 May). 

Apart from the Terrington site, stems were generally longer in 1988 than in 1987. At 

Gleadthorpe in 1987, the early planting suffered a severe reduction in intemode extension 

after the nitrogen scorch, but nevertheless, . the May plantings were considerably shorter 

than at the other sites. The factors causing this effect at Gleadthorpe will be discussed 

later. Differences in stem length between sites cannot be explained by the effect of 

variation in row width postulated by Ifenkwe (1975) and Fowler (1988). These authors 

found that plants from wider rows were longer than those from narrower rows because of 

the increased within-row competition for light. The cloddy structure of the ridges at CUF 

might have been expected to impede the emergence of some stems, however this would 

have been counteracted by the presence of wide pathways between soil peds permitting 
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unrestricted elongation of other sprouts. For this latter reason, many of the stems at CUF 
emerged from the flanks of the ridge, and would therefore have had to extend to a greater 
degree than those emerging from the ridge apex if they were to compete favourably for 
light. With the April plantings at Gleadthorpe in 1987, heavy rainfall onto ridges which 
had been raked up after planting caused the formation of a compacted crust, which 
seemed to impede emergence and most probably contributed to the incidence of 'coiled 
sprout' in these treatments. Also the depth of soil coverage over the seed was greater for 
the April planting at Gleadthorpe in 1987 (12.9cm; SE = 0.41) than the mean for all other 
experiments (9.9cm; SE = 0.62). Lapwood, Hide & Hurst (1967) indicated that the 
phenomenon of coiled sprout could be increased by compacted seedbeds and deep 
planting. This early impedance to sprout growth may have influenced post-emergence 
stem elongation. Stem length in the irrigated treatments under the polythene tunnels was 
considerably greater than in the field experiments at CUF during 1987 and 1988, most 
probably caused by the very high temperatures (Slater, 1968; Marinus & Bodi.ender, 
1975; Menzel, 1985). However, although taller crops may benefit in the efficiency of 
conversion of light energy to assimilates (because leaves would be less likely to become 
light saturated if light penetrated to greater depths within the canopy profile), this effect 
was offset by more extensive lodging as stem length increased. 

In all experiments, rate of ground cover production was better explained by variation 
in thermal time than by variation in chronological time, and is therefore in some 
disagreement with the findings relating to rate of leaf appearance. As previously 
mentioned, care must be taken when considering a statistically significant change in the 
degree of fit of any relationship between rates of canopy growth Oeaf appearance, ground 
cover etc.) and chronological and thermal time. The biological interpretation of differences 
in rate of leaf appearance and rate of ground cover production when related to thermal 
time rather than chronological time is difficult. If air temperature were the sole driving 
force, it would be expected that rates of ground cover production would be the same for 
different dates of planting (and possibly similar between sites where the temperature 
differential was large). In the experiments where date of planting occurred as a treatment, 
only at CUF in 1988 were the rates of ground cover production based on thermal time 
similar between the April and May plantings. In all other cases, thermal time did not 
unify rate of ground cover production over contrasting dates of planting. In 1987, delayed 
planting increased chronological rate of ground cover production, but in 1988 the earlier 
plantings had faster rates than later plantings. Despite a more rapid increase in ground 
cover associated with a later date of plantin~, Fowler (1988) found that the higher 
prevailing air temperatures resulted in a slower rate of increase in relation to thermal 
time. However, Firman (1987) demonstrated that delayed planting slightly increased the 
rate with respect to thermal time, whilst Hogge (1989) observed inconsistent changes in 
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rate of ground cover development between different dates of planting when related to 
thennal time. 

It therefore appears that factors other than the temperature of the leaves' micro
environment contribute to their expansion and development within the canopy, as well as 
their initial appearance. Initial rates of ground cover production appeared to be detennined 
at or around plant emergence, and thereafter were constant irrespective of environmental 
constraints, with the possible · exception of water and nutrient shortage. This feature was 
evident when considering the thennal environment experienced by the crops ·grown under 
polythene tunnels in 1989. Chronological rates of ground cover production of the wet 
treatments were of similar magnitude to those of the April plantings at the same site in 
1987-88. The dry and moist regimes had considerably slower rates of ground cover 
development than the field experiments, in part caused by the increasing water shortage 
inside the tunnels soon after emergence. However, the thennal rates of ground cover 
production of the wet plots were approximately 30% lower than the previous years' field 
experiments. Although mean daily air temperature over the 32-day period was 16.9°C, air 
temperatures in excess of 39°C were recorded. It is obvious that the optimum temperature 
of 22-28°C for ground cover production (Borah & Milthorpe, 1962; Bodlrender, 1963; 
Marinus & Bodlrender, 1975; Ingram & McOoud, 1984) would have been exceeded for 
long periods of the day during the third week in May. Therefore, it is somewhat 
surprising that the degree of fit of the linear thennal time-based relationships were so 
good, since it might have been expected that rate of ground cover production with respect 
to thennal time would have decreased as more day-degrees greater than the optimum 
temperature were accumulated. Sands et al. (1979) presented an overturning relationship 
between rate of crop 'development' and temperature, with zero growth occurring at 
temperatures in excess of 30°C. Making the assumption in these experiments that 
accumulated day-degrees at temperatures greater than 30°C did not contribute to ground 
cover production, and that there was a decreasing linear relationship between rate of 
ground cover production and temperature over the range 25-30°C, did not improve the 
degree of fit with respect to thennal time and, more importantly, the slope of the 
relationship was still considerably lower than for the field experiments. It is therefore 
again evident that post-emergence temperatures alone cannot explain differences in rate of 
ground cover production between crops grown either under high temperature regimes, or 
under field conditions, when water availability is not limiting. 

As Fowler (1988) has pointed out, rates of ground cover development can only be 
compared between experiments where the number of above-ground stems per unit area are 
similar. Although no statistical comparisons could be made between sites, on · similar dates 
of planting sites possessing a wide row width, and therefore a close within-row spacing 
(Gleadthorpe and Terrington), had a slower rate of ground cover production than the site 
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with a narrow row width (CUF). Fowler (1988) emphasised the importance of 
rectangularity (between-row : within-row spacing) on rate of ground cover development. 
He found that reducing the within-row distance between plants resulted in earlier mutual 
shading of individual plants, with a consequent reduction in the rate of ground cover 
production and tuber yield. In accordance with Hogge (1989), it was observed that 
although similar leaf areas were produced, there was greater overlap of leaves with those 
of proximal plants in the row at Terrington, and bare soil remained exposed between rows 
for longer than at CUF. Row width was one feature of husbandry that could not be 
unified over all sites, and therefore, in the case of rate of ground cover production, one 
apparent 'site' effect can be explained by the diversity of row widths adopted by different 
farmers. 

Rate of ground cover production was generally faster for aged seed than for unaged, 
which can be seen as a consequence of the greater stem population established from old 
seed. This contrasts with Hogge (1989), who found no effect of seed age with the variety 
Pentland Dell planted on similar dates at the same sites as these experiments. Other 
authors have reported that increased physiological age caused more rapid early crop 
growth and development than unaged seed, and that this caused increased yield in early
harvested crops (Baldwin, 1964; O'Brien et al., 1983). However, the advancement in crop 
growth and development was not always a manifestation of earlier emergence from old 
seed as proposed by Wurr (1978b). Whilst old seed generally advanced 50% plant 
emergence by around 2 days, there was no difference between the two ages in rate of 
emergence for the May plantings at CUF in 1987 and Gleadthorpe in 1988, even though 
subsequent differences in rate and duration of ground cover increase were observed. In an 
experiment with different ages of Record seed planted in soils very conducive to sprout 
growth at CUF in 1982 (P. O'Brien, personal communication), there were no significant 
differences in emergence or any other aspect of field growth over a wide range (0-840) of 
accumulated day-degrees, although a severe frost in early May damaged many emerging 
stems. There was a higher ground cover percentage at most dates of sampling duripg the 
period up to peak canopy cover for aged seed compared with unaged seed in the majority 
of the experiments, and generally both senesced at the same rate, although the timing of 
the onset of senescence of a particular age of seed varied between sites and seasons. The 
exception was at Gleadthorpe in 1987, where there was no effect of age on ground cover 
up to the onset of senescence, after which old seed more rapidly lost ground cover than 
young seed. 

O'Brien et al. (1983) have stated that the absence of moisture stress may minimize the 
effects of physiological age during much of the season if plants of similar leaf area are 
produced from seed of different ages. Furthermore, it is known that physiological age 
affects root growth (O'Brien, 1981) and water uptake (Bean, 1981), and so is likely to 
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influence the effects of most husbandry factors on leaf growth and yield. The effect of 
irrigation on ground cover development and senescence was in many cases transitory. In 
1987 at CUF, irrigation of the early planting during a period when evapotranspiration 
demand was high reduced ground cover compared with the unirrigated crops. It appeared 
that irrigated crops failed to recover full leaf turgidity when a period of substantial 
rainfall occurred approximately 1 week after the irrigation. With the April plantings at 
Gleadthorpe in 1987, early irrigation increased ground cover towards the beginning of 
July, but both irrigation regimes began to decline in ground cover at the same time, 
although at a slower rate where irrigation application had been delayed. At both sites in 
1987, there was no effect of irrigation regime where planting was delayed, probably 
because rate of root penetration to the water table at CUF was faster than for the April 
plantings, and because the May plantings at Gleadthorpe had a considerably greater depth 
and density of rooting than the early plantings. In 1988, at both CUP and Gleadthorpe, 
early irrigation promoted haulm growth, with the duration of the period for which the 
early-irrigated crops possessed a greater ground cover than the late-irrigated crops being 
dependent on date of planting. After the end of July, the early-irrigated treatments 
exhibited lower ground covers than those where irrigation was withheld until later in the 
season. The observation that early irrigation generally advanced canopy growth patterns, 
but resulted in an earlier and/or more rapid rate of decline in ground cover during August, 
supports the work of several authors (e.g. Llewelyn, 1967; Scott, 1972; Bean, 1981; Carr, 
1984; Allen & O'Brien, 1985). 

In 1989, when it was possible to accurately control water application, maintaining the 
soil close to field capacity increased ground cover until mid-June in comparison with 
crops where water was withheld until tuber initiation. Delaying irrigation increased the 
duration of the period at which ground cover was greater than 90%, and although ground 
covers at any particular time during senescence were not significantly different, the wet 
plots began to lodge prior to peak canopy cover being achieved, whereas the moist plots 
did not commence lodging until mid-way through senescence. The apparently sm_all 
differences in light interception capacity between these two treatments during July and 
August will be returned to later when examining efficiency of light use. However, the 
sudden change in rate of ground cover development of the moist plots soon after they 
received their first irrigation at tuber initiation is of some importance. These treatments 
rooted deeper, and yielded more, than those where water was easily-available from 
planting onwards, and suggests that dry conditions prior to tuber initiation may have a 
drastic effect on the response to subsequent irrigation. Root growth and water uptake will 
be returned to later, but it is necessary to consider ground cover development and 
longevity of the canopy in relation to root growth, for if root growth is stimulated by a 
reduction in water availability prior to tuber initiation, this may determine the ultimate 
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size of the root system. The ability of such a root system to supply adequate water and 
nutrients appears crucial in terms of supporting a large, photosynthetically-active canopy 
for as long a period as possible, which would enable high yields to be achieved. 

Although long periods of dry weather were rare in the field experiments in 1987-88, 
relatively short periods of negligible rainfall just prior to initiation, when the root system 
would have been limited, might have been sufficient to trigger a similar response to that 
observed in the moist treatment at CUF in 1989. At Terrington in both seasons, there was 
a relatively dry period both prior to and after the onset of tuber initiation -(Appendices 
A.XXIII-XXIV), and very deep rooting was observed later in the season. It is difficult to 
relate conditions at initiation to maximum rooting depth at CUF owing to the presence of 
a water table which restricted further extension, but the rate of root growth is clearly 
important in determining the length of the period for which the plant can abstract water 
directly from a subterranean source. However, at Gleadthorpe, rainfall and irrigation prior 
to and during tuber initiation could apparently be related to root growth. For the May 
plantings in 1987, although rainfall was considerable prior to initiation (Appendix A.XIX), 
there was a period of 16 days without rainfall during initiation, and maximum rooting 
depth was deeper than the crops · which were irrigated during this period. A similar 
duration of dry conditions during tuber initiation was observed for the April plantings in 
1988 (Appendix A.XX), and subsequent leaf area indices and yields were large and deep 
root penetration was recorded. Irrigation during initiation reduced the maximum depth of 
rooting considerably. 

These observations relating root growth to conditions around tuber initiation appear to 
be closely linked with morphological development at the floral apex which, as previously 
mentioned, plays a crucial role in the overall rate of leaf appearance. The observation that 
all ground covers in the polythene tunnel experiment began to decline at the same time, 
irrespective of irrigation regime, suggests that the innate development pathway is 
unaffected even by severe restriction of water availability. The curves relating to soil 
moisture deficit under the dry plots appeared to reflect those of ground cover, in that the 
gradual decrease in rate of ground cover development close to the peak was mirrored by a 
decline in the rate of increase in soil moisture deficit. The decline in actual ground cover 
commenced when the measured deficit had increased to around 90mm, and was increasing 
at a very slow rate. The dry and moist treatments began to decline in ground cover at an 
identical time. It was almost universally apparent in the field experiments that the onset of 
visible senescence was unaffected by irrigation regime, and that it was the rate of 
decrease in ground cover that differed between irrigation treatments. The consequences of 
husbandry treatments, such as irrigation regime, that advance canopy growth will be most 
evident in seasons where light receipts are biased towards June rather than August. The 
ability to maintain appreciable canopy cover throughout August by withholding irrigation 
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until around tuber initiation appears to be closely related to the greater length and 
longevity of the root system, since the expeditious death of root systems under a rapidly 
senescing canopy seriously limits root uptake of water and nutrients, thereby jeopardizing 
yield. 

As expected, leaf area index development demonstrated a similar trend to that of 
ground cover. Date of planting and physiological age had no consistent effect on peak 
leaf area index, but merely shifted the developmental patterns. However, it is of 
considerable importance that all treatments, except those at Gleadthorpe in 1987, produced 
leaf area indices in excess of 3, which results in interception of most of the incident 
radiation (Bremner & Taha, 1966; Allen & Scott, 1980; Burstall & Harris, 1983; Firman 
& Allen, 1989). The degree of this 'excess' leaf tiering will markedly affect the rate of 
water use between treatments producing different leaf area indices, which will be 
considered again when discussing water use efficiency. There was no discernible 
relationship between the maximum leaf area index achieved and the time to tuber 
initiation. This disagrees with the model devised by Ivins & Bremner (1965), which 
predicted that eventual canopy size was reduced, and senescence advanced, when tuber 
initiation commenced before the basis of a large leaf area was established compared with 
later tuber initiation. 

An examination of total light interception over the season in order to quantify yield 
variation necessitates derivation of the form of the relationship existing between dry 
matter production and intercepted light, since this will enable any differences in efficiency 
of light conversion to be detected. If efficiencies of conversion do not vary between sites, 
then, as the preceding discussion has shown, light interception, and therefore tuber yields, 
can be explained directly by easily-measured variations in canopy cover and the variation 
in distribution and magnitude of light receipts at different sites and between seasons. 
There were no effects of any husbandry treatment on the efficiency of conversion of light 
energy to either total or tuber dry matter in any of the field experiments in 1987-88. 
Pooling the data from each experiment established that there was no effect of site or 
season on the efficiency of total dry matter production with respect to intercepted light, 
which supports the conclusions of Scott & Wilcockson (1978) and Allen & Scott (1980). 
The efficiency figure was higher than that reported by these groups of authors, which may 
be a varietal characteristic of Record, but nevertheless, indicates that disease and other 
environmental stresses could not have reduced efficiency of conversion to any appreciable 
degree. 

However, the observation that crops at Gleadthorpe converted intercepted radiation to 
tuber dry matter with a greater efficiency in 1987 than the other two sites is of some 
importance. It may be of some consequence that the highest and lowest tuber dry matter 
yields at final harvest in the two seasons were achieved at Gleadthorpe, demonstrating 
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that differences in efficiency of light conversion may be independent of tuber yield. 
However, whilst low yields at Gleadthorpe in 1987 were correlated with higher 
efficiencies, there was no evidence that the high-yielding crops at the same site in 1988 
were less efficient. The observation that there were no detectable effects of site, season or 
husbandry on the partitioning of assimilates between tuber and haulm, suggests that the 
error variation in the calculated efficiencies of tuber dry matter production probably 
masked the small, but real, shift in partitioning. Comparisons of wheat grown on adjacent, 
but markedly different soils (Sargeant, 1978), which gave yields on a clay soil almost 
double those on a sand, showed differences both in radiation interception and efficiency, 
the sandland crops (1.02g/MJ) being less efficient than the clayland crops (1.30g/MJ). 
These differences can be explained as a consequence of drought stress: the irrigated 
potato crops in these experiments cannot have been exposed to water shortage of 
sufficient severity to cause such a magnitude of change in the efficiency of conversion. 
Leaching of nutrients, especially nitrogen, through the profile and below rooting depth at 
Gleadthorpe in 1987 might have been expected to create nutrient deficiency, and thereby 
reduce efficiency, not increase it. Certainly, the plots where efficiencies were recorded did 
not exhibit the same visible magnesium deficiency evident in GS87, which was sited in 
an adjacent field. 

In the polythene tunnels, the efficiencies of conversion of intercepted radiation to tuber 
dry matter in the dry and wet treatments were lower than those achieved in field 
experiments in 1987-88, although the moist plots achieved similar efficiencies to the 
uncovered crops. From the literature, the low efficiency of the water-stressed plots might 
have been expected, and it is further possible that the diversion of photoassimilate to the 
deeper root system may also have reduced photosynthetic efficiency (Huck et al., 1983). 
However, efficiency of conversion did not alter when crop evapotranspiration 
requirements were satisfied on a daily basis, which appears somewhat surprising. It is 
possible that water-logging occurred in the shallow root zone, which prevented root 
metabolism, and thereby active transport of nutrients across cell membranes and 
replenishment of senescent root tissue. It is also possible that the frequent irrigation 
caused some leaching of nutrients below the depth where the majority of roots were 
concentrated. Denitrification in the anaerobic topsoil may also have contributed to a 
reduction in soil nitrogen under the wann conditions (Russell, 1973). The canopies in the 
wet plots lodged fairly early in the season, and the exposure of older, more senescent leaf 
laminre and stem tissue, rather than the younger, more photosynthetically-active leaves in 
erect canopies may have reduced the efficiency of conversion. Finnan (1987) observed a 
rapid decline in the photosynthetic rate of heavily-shaded leaves at the base of the 
canopy, and there appears no evidence in the literature that these leaves may regain any 
proportion of their original photosynthetic capacity if subsequently exposed to higher 
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intensity light regimes. 

The extremely high air temperatures experienced in the tunnels during early afternoon 
on some days (maximum 43.1 °C) would have raised leaf temperatures well above the 
optimum for expansion. Sale (1973a) recorded leaf temperatures of l.5-2.5°C above 
ambient air temperature for plants well-supplied with water, and on plants subjected to 
greater water stress, leaf temperatures were sometimes up to 4.0°C higher than ambient 
High respiration rates at the temperatures recorded inside the tunnels would have caused a 
reduction in net photosynthesis. Evapotranspiration rates in excess of 8mm per day were 
recorded on the wet plots, indicating that prevention of water loss through stomata! 
closure was not occurring to any great extent in these plants. Additionally, if the crop 
canopy were frequently light-saturated, then the efficiency of conversion of intercepted 
radiation would decrease, and direct proportionality would be lost From an examination 
of the slopes of tuber dry matter verses light interception, it can be seen that this was 
clearly not the case, even though light receipts were high in 1989. The differences 
observed in light use efficiency by Jefferies & MacKerron (1987) had large standard 
errors attached, so that apparent differences between droughted and irrigated treatments, 
which would have had important consequences for dry matter production, were not 
statistically significant. They therefore had to attribute differences in total dry matter fixed 
to differences in the amounts of solar radiation intercepted, rather than to differences in 
the photosynthesis and respiration of the crops under different degrees of water 
availability. The authors implied that increased efficiency of dry matter production under 
sustained water stress could be linked, at least in part, with the ability of the plant to 
maintain leaf expansion during water stress. However, Green, Hebblethwaite & Ison 
(1985) observed that drought substantially reduced the efficiency of energy conversion by 
29-37%, as well as the quantity of radiation absorbed (15-18%), in two cultivars of Vicia 
faba, compared with crops kept at a soil moisture deficit of less than 30mm. These 
workers implicated earlier stomata! closure in the reduction in efficiency of energy 
conversion under moisture stress, an effect related to changes in the hormonal balance of 
the plant, especially in the concentration of abscisic acid (Dorffling et al., 1977). Moursi, 
El-Habbasha & Shaheen (1978) reported that water stress reduced photosynthetic pigment 
concentration, which poss1bly contributed to reductions in photosynthetic efficiency in the 
polythene tunnel experiment. 

Even though the reported differences in efficiency were statistically significant, they 
cannot explain a large proportion of the variation in tuber fresh weight yields between 
sites, seasons and husbandry treatments, although their contribution is important in 
understanding the causes of yield variation. The absolute quantities of radiation 
intercepted by individual treatments differed by a factor of 2.5, which would be sufficient 
to account for the variation in yields. However, the amounts of incident radiation also 

190 



demonstrated considerable variation between sites, seasons, and months within a particular 
season. In 1989, radiation receipts at CUF over the period June to August were 29% 
higher than in 1988, and 43% greater than the dull 1987 season. Even allowing for the 
extinction of a considerable proportion of light through the polythene (=22%), it is 
evident that light receipts inside the tunnels would still have been higher than in the field 
in 1988, and considerably greater than in 1987. This was primarily the cause of the very 
high tuber dry matter yields in the irrigated plots, since ground cover duration and 
magnitude were not dissimilar to the April plantings in 1987 and 1988. When comparing 
different sites, CUF and Terrington received very similar amounts of radiation over the 
period June-August, and this relationship persisted over both seasons. Light receipts over 
the same period at Gleadthorpe were significantly lower (14%) than at the other sites in 
1987, whilst in 1988, the differential was less (5%). Obviously, light receipts over the 
period when interception capacity is at its highest in most UK potato maincrops are 
sufficiently different between sites and seasons to account for a large proportion of the 
variation in tuber yields commonly reported. The distribution of radiation receipts between 
these three months may also have a considerable influence in relation to the patterns of 
ground cover development When comparing 1987 and 1988, receipts in July were not 
greatly different between seasons except at Gleadthorpe, but there was a large increase in 
total amount of radiation during June 1988, and an even greater differential for August 
1988, than the respective months in 1987. Canopies which developed rapidly in 1988 
would have been capable of intercepting a large fraction of the increased light receipts 
during June. However, crops which maintained canopy cover during August would have 
been able to intercept very much greater amounts (==107MJ/m2) of radiation in 1988 than 
in 1987. 

Unless adequately replicated, solarimeter data, for the reasons explained earlier, are 
suspect, and the formulation of a relationship between light interception and ground cover 
(which is easily estimated) would seem a more practical way of detecting variations in the 
amounts of radiation intercepted by different crops. In all experiments, except at 
Gleadthorpe in 1987 where there was a deficiency in leaf tiering, leaf area indices were 
high, and since light penetration through such dense canopies was minimal, linear 
relationships gave a very good fit between light interception and ground cover. The slopes 
varied from 0.90 to 0.98, which is in agreement with the data of Burstall & Harris 
(1983), but are significantly higher than those of Firman & Allen (1989) in the varieties 
Estima and Pentland, Crown and Hogge (1989) in Pentland Dell. Record appears to have 
a 'squatter' canopy than many other maincrop varieties, thereby preventing light 
penetration to ground level when the angle of approaching sunlight is · shallow. The 
observation of an appreciable scatter of light interception percentages at near-complete 
canopy cover suggests, however, that the increase in leaf area index at high percentage 
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ground cover was contributing to light interception. 
There were generally more primary roots initiated in 1988 than in 1987, although the 

effect was especially evident at Gleadthorpe, which suggests that part of the poor crop 
performance at this site in 1987 could have been attributed to environmental factors acting 
during the pre-emergence phase of crop growth, although root branching later in the 
season may have compensated somewhat for the lack of initiation of primary roots. There 
was further evidence from the polythene tunnel experiment that the proliferation and 
ramification of the root system in horizons of favourable environment, i.e. high water and 
nutrient availability, begins early in the crop's growth, and is immediately sensitive to 
water supply. The dry and moist plots had not received any irrigation prior to crop 
emergence, and this reduced the number of primary root initials compared with keeping 
the soil close to field capacity. Frequent irrigation during the period from planting to 
emergence probably reduced the penetration resistance of the soil matrix at a time when 
root elongation was very sensitive to compaction. A visible indicator of the effect of soil 
compaction was the thickness of the primary roots at their attachment point on the stem. 
At the first growth analysis (tuber initiation), plants in the moist and dry plots had 
produced roots 2.8 times the diameter of those in the wet plots. 

The observation that there was considerable horizontal ramification of all root systems 
by early August, as well as vertical elongation, suggests that exploitation of the soil's 
resources of nutrients and water by the potato root system is comprehensive. Although 
this extensive divarification of roots throughout the profile would not have been achieved 
until mid-way through the season, it does emphasize that crops such as potatoes, grown 
on widely-spaced rows, are not necessarily less efficient at utilizing soil nutrient and 
water reserves than crops, such as cereals, which are grown in very close rows or from 
broadcast seed. However, Ellis et al. (1977) have shown that when spring barley was 
grown on sandy loam soil in rows 15cm apart, more than half the roots were within the 
band of soil 4cm either side of the centre line of the plants. In these experiments, roots 
from neighbouring plants, both within the row and across the furrow, appeared to be in 
direct proximal competition by August, both at shallow depths and at deep horizons (60-
70cm). Weaver (1926) concluded that lateral spread of rooting in potatoes was often 
greater than vertical penetration. Asfary et al. (1983) reported that root uptake of nitrate 
was greatest from around 4 to 9-10 weeks after emergence, and that about half the 
nitrogen accumulated by the crop appeared to have been transported to the roots by mass 
flow, with the other half arising from diffusion of nitrate. These authors also stated that 
the few roots recorded below 30cm in their experiments were substantially more active in 
taking up water and nitrate than those nearer the surface, and concluded that restriction of 
their development may seriously reduce yield. The inference from the results of Asfary et 
al. (1983), is that although nitrate ion transport to the root would not limit uptake at field 
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capacity in the top 30cm of soil (where the roots are very close together), it would be 
likely to limit uptake from drier soil because diffusion is much slower when water content 
is low and the tortuosity of pathway is longer (Nye, 1966). Below plough depth, transport 
may also be a limiting process for uptake because of the greater distance between roots, 
and hence the longer diffusive pathway. These conclusions lend support to the practice of 
deep incorporation of fertilizers on soils where rates of percolation are slow, or on sites 
where spring rainfall is scarce; 

Under moist conditions, it is not the average concentration of nitrate in the soil 
solution which is likely to limit uptake, but the proportion of roots that have access to it. 
Bums (1980) suggested that most crops can continue normal growth with less than 15% 
of their roots exposed directly to nitrate, and defined effective rooting zone as the depth 
at which uptake per unit length of root decreased to below half the maximum rate. 
Therefore, the extremely variable maximum depths of rooting, and root densities, in these 
experiments appear to be of considerable significance in relation to nutrient, as well as 
water uptake, and thereby crop performance. In all soil pits examined at CUF in 1987 and 
1988, some roots had reached the water table, and water uptake would therefore have 
been less dependent on the soil moisture availability in shallower horizons. Horizontal 
ramification along the interface with the water table was evident, and would have further 
increased root absorbance potential. Provided a sufficient number of roots penetrated to 
such depths, the crop should never suffer serious water stress on such soils during the 
tuber bulking phase, except perhaps in drought seasons when the water table would be 
deeper and may even disappear completely, or where evapotranspiration demand was 
greater than potential root uptake. Another exception to this view would be the instigation 
of irrigation and fertilizer regimes which encouraged horizontal ramification of roots in 
the plough layer to the detriment of early-season vertical penetration. Since roots from the 
May plantings at Gleadthorpe in 1987 appeared to have penetrated the thin silaceous pan 
observed at around 70cm depth, it can be inferred that either vertical root penetration in 
the April planting did not extend to this pan, or that the root tips could exert insufficient 
axial pressure to force their way through this compacted layer. No horizontal branching 
was observed at the soil interface with the pan, which suggests that the former hypothesis 
is the more likely explanation. Toe reason behind such superficial root extension appears 
to be the curtailment of haulm growth caused by the nitrogen scorch whilst root activity 
was at its maximum. The very shallow effective rooting zone of the April planting would 
almost certainly have prevented sufficient nitrogen uptake from deeper horizons to 
maintain canopy growth, especially as leaching of nitrogen probably occurred during June. 
Additionally. if the amount of easily-available water is calculated on the · basis of an 
effective rooting zone of 40cm, then the April-planted crop would have had a limiting 
deficit of only 22mm. The combination of nutrient and water shortage through lack of 
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root penetration appeared to have been the primary cause of the poor yields at 
Gleadthorpe in 1987. Such deep penetration on the sandy loam soils at this site in 1988 
(100-127cm), would be expected to increase the soil water and nutrient reservoir 
considerably compared with many reports in the literature. Indeed, the apparently 
'shallow-rooted' potato crop, provided with suitable edaphic conditions, may penetrate as 
deeply as winter wheat on sandy loam soils (Ellis & Barnes, 1980). It may be of some 
importance in comparing 1987 with 1988 that the nitrogen was applied in one dressing at 
planting in the latter year. If leaching was appreciable on such coarse-textured soils, then 
root growth could have been a response to the downward movement of the nutrient front. 
Rates of root growth of 0.9-1.3cm/day (Parker et al., 1988) appear to be similar to nitrate 
ion mobility (0.5-1.0cm/day; Bums, 1980), so this hypothesis can be justified if drainage 
were appreciable throughout the season. 

At CUF and Gleadthorpe in 1988, delayed planting appeared to shift the zone of 
maximum root activity to the 10-20cm horizon, rather than immediately underneath the 
seed tuber. Since the ridges were drawn up at the first date of planting, evaporation from 
the soil surface prior to the May planting could have been sufficient to cause a moisture 
deficit when rapid root growth was occurring. At CUF, there was a negligible soil 
moisture deficit at emergence, but at Gleadthorpe the total soil moisture deficit was 
around 7-lOmm (predominantly in the top 15cm of soil) for a period soon after 
emergence. The response to dry conditions at emergence could have been to increase 
vertical root elongation prior to branching. Another alternative explanation could be that 
the fertilizer applied prior to the first planting had moved down the profile in the 
rainwater to a depth of 20-30cm below the ridge apex (i.e. 10-20cm below planting 
depth). This concentrated band of fertilizer may have encouraged more prolific root 
branching in this horizon (Kirkham et al., 1974). 

In both seasons at Terrington, root penetration considerably exceeded 100cm. Root 
activity at this depth indicates a large soil water reservoir available to the plant, with 
irrigation being deemed unnecessary in most years owing to the high available water 
holding capacity of the silt loam soils (21.0mm/100mm in the subsoil). Rainfall was more 
evenly spread throughout the months of May-August in 1987, even though similar total 
amounts of precipitation were recorded over this period in both years. June 1988 was very 
dry with only 29mm of rain, which would have corresponded with the period of greatest 
root activity. However, most of the crop's water requirements during the wet July which 
followed could have been met from water uptake by shallow roots. This may have 
precluded further vertical root penetration, accounting for the slight differences observed 
in maximum root penetration between the two seasons. In 1987, the effective rooting zone 
was comparable with the May plantings at CUF and Gleadthorpe, but there was a greater 
density of rooting in the very deep horizons. However, owing to the high available water 
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holding capacity of the soils at Terrington, comparisons of the effective rooting zone 
between sites should be based on the volume of the soil reservoir created by additional 
root penetration. Against this must be balanced the proximity of roots to sources of 
nutrients and the velocity of mobile ion movement through the soil matrix. A well
ramified primary root system is likely to have a greater potential for uptake than an 
unbranched root penetrating to very deep horizons, since the diffusive pathway of 
nutrients to the root surface · is shorter. The deeper roots at this unirrigated site must have 
contributed considerably to water uptake, since the very dense network of roots in the top 
30cm would have rapidly depleted the available water during periods without rainfall. The 
rate of downward movement of nitrate ions through the soil profile would have been 
slow, suggesting that the very deep penetration was primarily a response to water 
shortage. Hogge (1989) also recorded very deep root penetration (125cm) with Pentland 
Dell at the same site in 1987. 

The figures for total root length per unit area of soil surface in 1988, indicated that the 
timing of irrigation played an important role in the achievement of a root system with 
high absorbing potential, distributed throughout a large volume of soil. Bohm (1979) 
stated that total root length was the best indicator of water and nutrient uptake. However, 
since there were no significant differences between the two irrigation regimes at both 
CUF and Gleadthorpe in relation to total root length per unit area of soil surface, the 
more superficial rooting structure of the early-irrigated treatments could have exhausted 
water, and especially nutrient, reserves in the top 30cm more rapidly than the late
irrigated crops. Provided irrigation was available to replenish the plough layer whenever 
water availability became limiting later in the season, then little difference between the 
early- and late-irrigated treatments would be expected in terms of crop growth. The very 
high concentration of roots in the shallow horizons resulting from frequent early irrigation 
is likely to be of limited use if nitrogen leaching occurs during early season, or if the soil 
profile dries out during periods when potential evapotranspiration is high and the 
irrigation system cannot meet this demand, whether through inadequate capacity or 
breakdown. This would especially be the case on soils with low available water holding 
capacity, and in both seasons (1987 and 1988) at Gleadthorpe, early irrigation 
considerably reduced maximum vertical root penetration. Whilst it cannot be concluded 
that the few roots which penetrated such deep horizons as recorded in these experiments 
contributed massively to water uptake, it does emphasize the importance of maintaining 
edaphic conditions conducive to vertical root penetration, especially in dry seasons, when 
such roots would enable crop growth to continue for longer without severe restriction. 

The observation that roots in the wet plots inside the polythene tunnels penetrated to a 
depth of 88cm seems hard to explain, since the crop would never have been short of 
easily-available water in the top 50cm of soil. However, if the roots were water-logged 
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for any period of time in the uppermost horizons, then the plant response could have been 
to extend root penetration into aerobic zones. Additionally, if leaching of nitrogen 
occurred due to excessive application of irrigation in the wet plots, then deeper root 
penetration might have been expected. Soil moisture deficits below 80cm in the moist 
plots generally increased at a constant rate with respect to time, which suggests that deep 
root activity continued whilst the irrigation water was being taken up primarily by roots 
in the uppermost horizons. This did not appear to be the case where the soil was 
maintained close to field capacity throughout the season. It was evident that withholding 
irrigation until just prior to tuber initiation, when the total soil moisture deficit had 
increased to 40mm, encouraged rapid root penetration, and that this continued even when 
the soil moisture deficit was maintained at <20mm during tuber initiation. 

A feature common to all sites, including both dates of planting at CUF and 
Gleadthorpe, was the very significant decrease in root length density between 60 and 
70cm below the mother tuber. This depth corresponds to the commonly-quoted values for 
rooting depth in potatoes in the literature. This visually obvious decrease in root density 
may have led authors to surmise that root growth below this depth was unimportant. 
Clearly this would not have been the case at CUF, where a water table was present only 
20cm below this depth, and substantial water uptake could have occurred through the fine, 
sparse root network penetrating these deeper horizons. Such a dramatic effect between 60 
and 70cm was not observed when examining the 1987 data relating to root population 
density. A possible explanation for this could be that root branching and horizontal 
ramification decreases rapidly at 60-70cm, and vertical, single-axis roots become 
predominant. As explained earlier, counting the number of roots per unit area on a profile 
wall where the roots have a preferred vertical orientation will tend to underestimate the 
apparent length density compared with using a geometrical probability · function. By 
analogy, sampling a predominantly vertical root network with the corer spaced at wide 
intervals would have decreased the probability of including root material in a core sample, 
compared with a horizontal root system. Tracing the downward path of several intact 
roots at Gleadthorpe (where the root axis was easily exposed without breakage), did 
indeed indicate that branching and root hair production were less evident at the base of 
the profile than in the 40-50cm horizon. However, no conclusive alteration in rooting 
pattern was observed at 60-70cm in many cases. Certainly, there was a very dramatic 
drop in soil nitrogen content at 50-70cm compared with the upper horizons when the soil 
was sampled in May soon after the later date of planting, which may have altered the 
rooting behaviour (Gass et al., 1971). The experiment conducted in polythene tunnels at 
CUF in 1989 demonstrated a similar decline in root length density between the 60 and 
70cm sample depths, but only in the plots which received irrigation. A much less marked 
change with depth was observed in unirrigated plots, from which it might be tentatively 
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suggested that nitrogen leaching to a depth of around 60cm may have occurred in all soils 
examined in 1988 and 1989. The rate of root penetration to these depths therefore may 
have influenced the quantity of soluble nutrients absorbed by the crop prior to net root 
senescence. Fulton (1970) speculated that potato roots have a relatively low capacity for 
water absorption, so that the entire root system must have access to water at low tension 
in order to produce maximum yields. This may offer a solution to the very deep root . 
penetration observed, when clearly water and nutrient requirements could have been 
satisfied by root uptake in the top 70cm of soil. 

There were very small differences between husbandry treatments in the total soil 
moisture deficits recorded by the neutron probe at either CUF or Gleadthorpe, and these 
were almost universally confined to differences between the two irrigation regimes. 
Owing to the unreliable estimates of volumetric soil water content from incorrectly 
installed access tubes at CUF, little statistical significance can be attached to the 
difference between treatments. However, higher maximum deficits were recorded under 
the May plantings in 1988 than under the April plantings, which were similar to the 
maximum recorded deficits in 1987. The soil moisture deficits calculated from probe 
readings at CUF were greater than those calculated using the Penman formula which were 
used to schedule the irrigation. This may have been caused by incorrect determination of 
field capacity values at the beginning of the season, or an underestimation by the model 
simulating loss of fast and thermal neutrons from the ridge surface. However, the 
presence of a water table at CUF would have biased the lowermost readings towards a 
smaller soil moisture deficit than actual gravimetrically-determined deficits. The maximum 
recorded soil moisture deficits were nowhere near the limiting deficit calculated for these 
soils, so no water stress should have been apparent after the root system had attained its 
maximum length. Nevertheless, temporary periods of reduced water uptake when the root 
system was more superficial earlier in the season may have restricted canopy growth 
rates. 

At Gleadthorpe in 1987, maximum soil moisture deficits never exceeded 30mm, from 
which it can be calculated that an effective rooting zone of only 60cm would have been 
capable of supplying this amount from soil water held at tensions of <0.6bar. The 
effective rooting zone - based on the definition of Van Loon & Bouma (1978) was 
approximately of this magnitude for the May plantings, but considerably less than this for 
the April plantings (40cm). Therefore, a soil moisture deficit of only 30mm may have 
restricted crop growth, and emphasizes the important role that the very sparse, deeply
penetrating root network may play in the uptake of water when surface horizons may only 
contain water held at tensions greater than those which permit maximum .rates of root 
uptake. Parker et al. (1988) reported that water uptake (measured with a neutron probe) 
by an unirrigated crop fell below that of an irrigated crop when the actual deficit 
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exceeded 40-50rnm, although they stated that precise estimates were difficult to make. 
This was equivalent to a 40-50% depletion of the available water in the root zone 
depending on the assumed depth of rooting (0.6 or 0.8m). 

In the dry plots inside the polythene tunnels, the total soil moisture deficit was based 
on neutron probe readings to a depth of 100cm, and since root activity was obseived up 
to 20cm deeper than this, some undetected water uptake may have occurred from deeper 
horizons. Additional capillary rise may also have contributed to water uptake (Boone et 
al., 1978; Parker et al., 1988), with a consequent underestimation of the total soil 
moisture deficit. Judged by the deviation from the linear increase in soil moisture deficit 
with time, it appeared that the crop was experiencing difficulty in extracting water from 
the top metre of soil once the measured deficit had risen to around 85-90rnm. This 
appears to be a good estimate of the limiting deficit on the soils at CUF. Once the 
limiting deficit had been reached, actual evapotranspiration and soil moisture deficit 
would have become interdependent. Subsequent increases in deficit would have depended 
on actual evapotranspiration rate, while the greater the deficit became, the further the 
actual rate would have deviated from the potential rate. 

Jones (1981) reported large differences between sites and physiological ages of seed in 
determining limiting deficits for a range of early and maincrop varieties. This complicates 
the issue of scheduling irrigation on farms with a wide range of soil types with different 
available water holding capacities, and where sprout growth prior to planting is dependent 
on ambient temperatures. Although maximum rooting depths or rooting densities were not 
recorded for aged seed in these experiments, the neutron probe data relating to water 
uptake at Gleadthorpe in 1988 did suggest that the depth of rooting early in the season 
was advanced by aging the seed, but that unaged seed developed larger deficits in the 
lower horizons (80- lOOcm) later in the season, inferring that vertical root extension was 
curtailed in old seed. However, the constant re-wetting of the upper profile precluded 
accurate assessment of the magnitude of the effect of seed age on water uptake. It is 
evident that varietal 'drought resistance' rating (National Institute of Agricultural Botany, 
1989) is no guide to the limiting deficit, since the latter would have varied greatly 
between sites and seasons. However, the practical problems of erecting rain shelters, and 
in interpreting the effects of high humidity and temperature inside covered environments, 
make the creation of large soil moisture deficits in the UK in most seasons somewhat 
difficult. 

Root growth was only sampled on two occasions: at emergence and when the crop 
canopy was at maximum ground cover, and therefore no direct measurements of rates of 
root penetration were obtained. The aim was to use neutron probe measurements of 
changes in soil water content with time to identify effective rooting depths in each 
treatment (McGowan & Williams, 1980a). In all treatments, the majority of water uptake 
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occurred preferentially in the surface layers of soil (<40cm) which were frequently re
wetted during the growing season. A clearly-defined advance of the effective rooting 
depth down the profile identified by neutron probe measurements was therefore not 
observed, unlike in the polythene tunnel experiment. Except at Gleadthorpe in 1987, 
maximum depth of rooting was equal to, or greater than, the length of the access tubes 
for the neutron probe. Therefore, no estimate could be made as to the depth of water 
uptake in relation to rooting depth. Durrant et al. (1973) found that the rooting depth of 
potatoes was generally related to, but I0-15cm deeper than, the maximum depth of soil 
moisture extraction. Conversely, Parker et al. (1988) demonstrated that depth of water 
uptake was consistently 0.3-0.4m below the observed rooting depth in all their irrigation 
and subsoil cultivation treatments. The latter authors also found that although the total 
root length below the plough depth was considerably altered by cultivation and irrigation 
regime, maximum depth of rooting and depths of soil water extraction measured by 
neutron probe were not. The increased root density in their loosened subsoil treatments 
had no measurable effect on soil water uptake under irrigated conditions, since much of it 
was preferentially abstracted from surface soil layers (<0.4m). Equally, they found no 
significant difference between cultivation treatments under dry conditions, since rates of 
root penetration in unloosened subsoil were not limited by bulk soil strength (probably 
because soil shrinkage created additional root channels), and differences in root length 
density were either not significant or transitory between sample dates. Also additional 
water uptake was supplied to the root zone by capillary rise, with the largest values (13% 
of total water uptake) occurring in the ploughed treatment (i.e. compacted subsoil, see 
Boone et al., 1978). This is of interest since the Soil Series on which Parker et al. (1988) 
experimented bore very close similarity to that present at Gleadthorpe. Certainly, even 
greater capillary rise may have been expected in the silt soil at Terrington, and at CUF 
the presence of gault clay overlying a water table would have supplied considerable 
amounts of water by this process. This indicates that there may be some considerable 
disparity between observed rooting depth and water uptake, depending on soil type. 

When examining soil nitrogen concentrations, it appears somewhat surprising that 
nitrate could only have been leached to such shallow depths ( 40-60cm) under the April 
plantings in 1987 in -the coarse-textured soils at Gleadthorpe, given that there was 
prolonged rainfall during June. It does not appear to be of consequence that rooting was 
restricted to this depth, unless the capability of the roots to absorb nitrate was severely 
restricted, since it might have been expected that nitrate concentration at the end of the 
season would have been lowest in horizons where root activity was highest. A comparison 
of the zone of maximum nitrogen concentration in September showed that this was 
considerably deeper for the late planting than for the early planting. If the amounts of 
nitrogen lost via percolation below sampling depth were similar between the two dates of 
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planting, considerably more nitrogen was utilized by the later plantings. This is in 
accordance with the differences in canopy magnitude. The considerable depth and density 
of rooting at this site in 1988 must have contributed to the superior uptake of nitrate, 
which explains some of the differences in tuber yields at this site between the two 
seasons. Certainly, the data on water uptake suggest that leaching of nitrate below rooting 
depth did not occur to any great extent in most of these experiments, with the possible 
exception of the April planting at Gleadthorpe in 1987. If crop uptake of nitrogen by the 
extensive root systems observed was rapid and comprehensive, then very- little nitrate 
would have remained at risk from leaching. The observation at Terrington in 1988 that 
root penetration was considerably deeper than the zone where appreciable depletion of 
nitrate occurred, may indicate that root activity with respect to nitrate uptake was at its 
greatest in the region where root hairs still proliferated, some way behind the growing 
root tip. 

The amounts of nitrogen present at the April and May samplings in 1988 could not be 
directly correlated with the amount of fertilizer nitrogen applied to the seedbed prior to 
planting. Although the nitrogen concentration in the subsoil was similar to that at CUF, 
there was considerably less nitrate nitrogen present in the topsoil at Gleadthorpe at 
planting. There was also no significant change between the April and May samplings in 
the amount of soil nitrate in the top 40cm. It appeared that the relatively high organic 
matter content of the topsoils at CUF released a considerable quantity of nitrate to the 
growing crop by mineralization, especially since only 136kg N/ha was applied to the 
seedbed at CUF compared with 255kg N/ha at Gleadthorpe. The enhanced rate of 
mineralization for the later planting at CUF was probably a response to the increasing soil 
temperatures between the two plantings (Harmsen, 1959; Mengel & Kirkby, 1981). An 
ability to estimate of the amount of nitrogen released by mineralization during the spring 
could justify nitrogen fertilizer application rates being altered in relation to date of 
planting. Subtracting the amount of nitrogen remaining in September from the quantity 
present soon after planting should have given an indication of total nitrogen uptake by !he 
plant. However, this method of calculation predicted that the May planting at CUF in 
1988 took up 5.2 times more nitrogen than the comparable date of planting at 
Gleadthorpe, even though tuber dry matter yields were similar. Either some 'luxury' 
uptake of nitrogen was evident at CUF, or immobilization of nitrate occurred after the 
time of sampling. Unfortunately, no crop nitrogen concentrations were measured which 
would have enabled the former hypothesis to be tested. However, P. O'Brien (personal 
communication) has found that following a peak in soil nitrogen concentration 
immediately after fertilizer application, labile nitrogen is immobilized, but mineralization 
releases large quantities of nitrate during June (700-800kg/ha with 180kg N/ha fertilizer), 
and that the subsequent decline is only partially due to crop uptake. Asfary et al. (1983) 
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suggested that immobilized fertilizer nitrogen was mineralized more rapidly than the 
native soil nitrogen, so further work is evidently necessary to enhance understanding of 
the complex processes involved. 

Some important features emerged from an analysis of the slopes of the linear 
relationships between accumulated tuber dry matter and calculated evapotranspiration. 
Delayed planting increased water use efficiency in 1987, with site having no significant 
effect In 1988, delayed planting at CUF again increased water use efficiency, but the 
effect was reversed at Gleadthorpe, with the April planting having the highest water use 
efficiency recorded in any of the field experiments. It is possible that water use was over
estimated in 1987, when rainfall during June kept the crop canopy almost permanently 
wet and water percolation to deep horizons may have been underestimated. Unmeasured 
uptake from the water table at CUF in both seasons may also have occurred. It is 
somewhat surprising that the April planting at Gleadthorpe in 1987, which was partially 
'defoliated' by nitrogen scorch, should have had a similar water use efficiency to the crop 
at CUF. Since peak leaf area indices at CUF and Gleadthorpe were higher in 1988, the 
extra tiering of leaves must have increased radiation interception, and thereby dry matter 
accumulation, but the larger leaf area indices would also have had an increased potential 
transpiration requirement. It is also possible that -the efHeiu1cy ef water and nutrient 
uptake efficiencies differed with the depth and density of the absorbing root network, and 
that this influenced the transpiration flow through leaf stomata. 

Water use efficiency was very high in the dry plots inside the polythene tunnels, but 
not appreciably higher than the April planting at Gleadthorpe in 1988. This indicates that 
efficient use of water is not necessarily an artifact of low water availability reducing rates 
of crop transpiration. Viets (1966), in a review on water use efficiency, concluded that 
many experiments demonstrated that water was used just as efficiently, and sometimes 
more efficiently, if its availability was maintained at a high level. He also provided 
several examples of plants grown under drier water regimes which used water more 
efficiently. Carlson, Alessi & Mickelson (1959) showed that the water use efficiency _of 
maize in North Dakota was higher in dryland plots than in irrigated plots in a region 
where irrigation was supplemental but not essential. Stanberry & Lowery (1965) found 
that water use efficiency· of barley on loamy sand in Arizona was substantially higher for 
plots irrigated when the soil water tension reached 8- lObars at 20cm depth than those 
irrigated at 0.15bar. Water use was reduced more than yield by less frequent irrigation. 
Fuehring et al. (1966) recorded reduced tuber yields in potato when only 21 % of the 
available water in the root zone had been used. They surmised that the crop was unable 
to extract water from the soil with sufficient rapidity to compensate for a water use rate 
exceeding 6mm per day. Stomata! infiltration data demonstrated reduced stomata! size by 
the second day after irrigation. Denmead & Shaw (1962) demonstrated that the value of 
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soil water suction at which actual and potential transpiration rates in maize deviated was 
dependent upon the atmospheric demand for water. When the potential rate of evaporation 
was below 2mm/day, the actual rate fell below the potential rate at an average soil water 
suction of about 0.2I\1Pa, but as the potential rate increased, so the suction at which the 
soil was capable of supplying this rate decreased. The volumetric water contents at which 
the measured transpiration rates deviated from the potential rate varied between 23% at 
the lowest potential rate (l.4rilm/day), and 34% at the highest (6.4mm/day). Although this 
experiment is open to criticism because the plants were enclosed in porous pots sunk into 
the soil, thereby restricting the root systems, it offers a partial explanation as to the cause 
of the low water use efficiency of the wet and moist irrigation regimes in this experiment, 
since calculated evapotranspiration exceeded 8mm on some days. Additionally, it was 
observed that the soil surf ace dried out very rapidly between irrigation applications, and 
since bare soil evaporation is increased if frequent watering maintains a moist layer at the 
soil-air interface (Tanner, 1981), the wet treatments would have had a larger proportion of 
the soil evaporation component in the calculated evapotranspiration figure during periods 
when ground cover was incomplete. Therefore, actual plant evapotranspiration would have 
been lower than estimated, thereby increasing water use efficiency. This emphasizes the 
problem in comparing efficiency figures based on evapotranspiration, where a 
considerable period elapses between emergence and the attainment of maximum ground 
cover (when bare soil evaporation contributes substantially to water loss from the soil 
early in the season), with those calculated from plant evapotranspiration alone (i.e. where 
negligible bare soil evaporation occurs because of the rapidity with which leaf cover 
shades the soil). Methods of estimating evapotranspiration using modified Penman 
equations are necessarily defective where rate of ground cover development is slow, and 
the fractional bare soil evaporation component changes only slowly. Crops with fast rates 
of ground cover production will therefore reduce the discrepancy between the apparent 
water use efficiencies estimated from Penman equations and those calculated directly from 
water uptake (neutron probe method). This emphasizes another important feature of these 
experiments: that the differences observed in efficiency of dry matter production with 
respect to intercepted light were not reflected by similar changes in water use efficiency. 
If the evapotranspiration figures used to calculate water use efficiencies had been 
estimated from the modified Penman equation, the two efficiency terms might have been 
expected to move in the same direction in response to environmental conditions, since 
both methods necessarily rely on ground cover to estimate light interception or 
transpiration. By utilizing soil water uptake (measured by neutron probe) and adjusted 
precipitation to calculate crop water use, a higher light use efficiency would not inevitably 
be an artifact of a more efficient use of water by the crop. 
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This series of experiments has demonstrated that the magnitude of the effect of date of 
planting on the number of tubers produced was similar to, or greater than, the direct 
effect of site or season. Site, per se, had little or no consistent effect on the number of 
tubers at final haivest. The observation that delayed harvest consistently reduced the 
number of tubers at CUF and Gleadthorpe disagrees with the conclusion of Burstall et al. 
(1987) that the number of tubers >10mm remains constant after July. Obviously, some 
resorption of tubers >lOmm must have occurred between the two dates of haivest at these 
two sites, but not at Terrington. Crops planted on very similar dates at CUF and 
Terrington produced a similar number of tubers within each season, with the relationship 
persisting even though the range in the number of tubers was very large. In seasons 
where the number of tubers was very high at CUF and Terrington, crops at Gleadthorpe 
produced few tubers, and vica versa. These observations contrast with the results of 
similar analyses performed by Hogge (1989), which indicated a significant site effect with 
Pentland Dell, with CUF generally producing the most tubers and Terrington the fewest. 

Variation in the number of stems per unit area could not explain differences in the 
number of tubers initiated, therefore environmental conditions during the period of 
initiation must have influenced the number of tubers per stem. The large differences 
observed between the number of tubers initiated and the number surviving until final 
harvest, indicates the importance of understanding the causes of tuber abortion. Burstall et 
al. (1987), Firman (1987) and Fowler (1988) all demonstrated that number of tubers 
larger than 10mm remained constant after mid-July, and data from these experiments 
support this view, with the exception of the very late haivests reported previously. This 
suggests that the reduction in number of tubers is primarily a consequence of resorption 
of tubers <lOmm diameter by the plant when resources become limiting. 

Average soil temperatures during the 4-week period immediately after tuber initiation 
was judged to have commenced bore no relation to the maximum number of tubers 
initiated, even when comparisons were restricted to similar dates of planting, thereby 
eliminating the effect of photoperiod. Similarly, average soil temperatures over the entire 
growth period of the tubers had no consistent effect on the final number of tubers 
> 10mm, or the proportion of tubers initiated which survived until the end of the season. 
Light receipts during the period of tuber initiation could not, on their own, explain the 
variation in number of tubers initiated, and total-season light receipts did not appear to 
directly influence the retention of tubers. It seems certain, therefore, that a complex 
interaction between temperature and light regime exists in the control of number of 
tubers, with the possibility that the maximum and minimum limits of these two factors 
have a greater effect than the average values over a certain period. 

Allen (1972) suggested that water deficits may cause a reduction in number of tubers 
per stem, but soil moisture availability may also interfere with the process of nutrient 
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uptake, and the difficulty then arises in detennining the direct effect of either factor on 
tuber fonnation. It is unlikely that the absolute amounts of soil nutrients in these 
experiments were sufficiently different around the time of tuber initiation to cause the 
large variations in number of tubers initiated. Soil moisture deficits were not measured 
directly at Terrington, but at CUF and Gleadthorpe the maximum deficit recorded during 
the four-week period after tuber initiation bore no relation to the number of tubers 
initiated. For the late-irrigated May plantings at CUF in 1987, the soil moisture deficit 
reached a peak of 39-43mm, yet the number of tubers initiated was only exceeded by the 
crops at Terrington in 1987 and the April plantings at Gleadthorpe in 1988. However, 
peak deficits were not maintained for long and the average deficit during tuber initiation 
was often very much lower. The failure of an alteration in irrigation regime to influence 
number of tubers initiated at CUF in 1988, and at Gleadthorpe in both 1987 and 1988 
does not necessarily imply that soil moisture conditions have a negligible effect on tuber 
fonnation. The most likely explanation is that the soil environment needs to be dry/wet 
throughout the entire period of tuber initiation in order to influence number of tubers 
initiated. In the polythene tunnel experiment, where this theory could be tested, the· 
number of tubers initiated was very high (comparable with the number initiated by the 
April planting at Gleadthorpe in 1988), and unaffected by irrigation regime. Even so, very 
little abortion or resorption had occurred by early August, and therefore the lower number 
of tubers > 10mm at final harvest in the dry plots was caused by fewer tubers swelling to 
diameters > 10mm, and not by abortion or resorption of tubers that had initiated. Tubers 
initiated early in the season were retained at least until early August, with little likelihood 
of further change during the subsequent period to final harvest (2 September). Reduction 
in the soil moisture deficit during tuber initiation did not increase number of tubers 
initiated, even though severe deficits were recorded in the dry plots (increasing from 39 to 
77mm over the four-week period from start of initiation), and this conflicts with the 
conclusion of Van Loon (1981). 

Emphasis must be placed on the importance of defining what many research reports 
have regarded as a tuber. Oearly tubers >lOmm have potential to expand to a greater size 
if assimilate transport to them could be increased. Even if certain environmental 
constraints, e.g. water stress and radiation input, were removed, the 'sink' dominancy of 
the larger tubers would prevent the smaller tubers growing to marketable size. The idea of 
'sink' strength controlling yield will be returned to shortly. MacKerron & Jefferies (1986) 
concluded that in practice, if a crop were required to produce the maximum number of 
tubers (e.g. many small tubers for seed), then irrigation may be necessary at a very early 
stage when the stolon tips were swelling. This is in agreement with Steineck (1958), who 
concluded that water supply must be 'adequate' as early as 3 weeks after emergence, 
although this was primarily a requirement for stolon fonnation. MacKerron & Jefferies 
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(1986) postulated that many potential tuber sites may become eligible for tuberization 
sequentially, either individually or in groups, and water stress at any time eliminates the 
sites that would then have been eligible. This was clearly not the case in the {X)lythene 
tunnel experiment These authors also presented an alternative hypothesis. They argued 
that on each stem at tuber initiation there are already ample sites for tuber formation and 
these fit into a hierarchy of 'sink' strengths, that assimilate supply sets an upper limit on 
number of tubers and then other environmental constraints, such as water stress 
progressively reduce that number. Radiation interception was much lower in the dry 
treatment than in the irrigated plots and assimilate supply would therefore have been 
reduced. Since the potential number of tubers remained much the same, the considerable 
reduction in assimilate supply would have had a greater relative effect in the dry 
treatment. A comparison can be made between the dry regime and a crop planted at the 
same time outside the tunnels. Although emergence and ground cover development were 
delayed because of the lower soil and air temperatures, the crop did not receive any 
significant water until 35mm of rain fell in July. Radiation input inside the tunnels was 
attenuated by approximately 22%, so the increased light regime experienced by the 
outside crop may have partially compensated for the reduction in interception capacity 
early in the season. The number of tubers >10mm at final harvest was 551,000/ha (SE = 
13,200/ha) and therefore comparable with the dry treatment. 

The drastic reduction in soil moisture content required to achieve a commercially
significant reduction in the number of tubers at final harvest does not lend sup{X)rt to the 
view that the effects of site, season and date of planting on number of tubers observed in 
1987-88 were caused directly by variations in water availability during tuber initiation. A 
more plausible explanation could have been the uptake of nutrients, the availability and 
distribution of which varied between sites and dates of planting. Uptake of nutrients is 
dependent on moisture availability, and plant communities absorbing the majority of their 
nutrient requirements through shallow, multi-branched root systems caused by early and 
frequent irrigation and surface application of fertilizer, could begin to suffer nutrient 
shortage if water drainage transported soluble nutrients below current rooting depth. 
Additionally, rapid drying of the shallow plough layer under such husbandry regimes 
could cause an apparent nutrient deficit resulting from very slow rates of water uptake 
until additional root growth penetrated deeper, wetter horizons. Accurate control and 
monitoring of water and nutrient availability, temperature and radiation input is generally 
not possible under field conditions. Even so, inside the polythene tunnels, variations in 
soil temperature between irrigation regimes during tuber initiation were insufficient to 
cause an alteration in number of tubers. Elucidating the cause of variation in the number 
of tubers is therefore likely to be complex, given the many possible interactions between 
the environmental variables discussed. 
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The number of tubers initiated and retained has a vital role in the grading 
characteristics of a crop destined for processing. Generally, there was very little or no 
correlation between the number or yield of tubers at final harvest and the maximum 
number recorded during initiation. Only 65.8% of the variation in the number of tubers 
>10mm at final harvest was accounted for by variation in the number of tubers initiated. 
Clearly, environmental factors also control the proportion of tubers aborted, and this 
fraction is not necessarily greater when more tubers are initiated. Total and processing 
(40-65mm) yields were also not closely correlated with the number of tubers at final 
harvest, but there was a fairly close correlation between the number of tubers in the 
processing grade and the total number of tubers > 10mm at final harvest (percentage 
variation accounted for: 77-89%). However, there was a poorer relationship between the 
yield and number of tubers within the processing grade. This infers that total yield will 
have a large influence on processing yield when few tubers are produced, which was 
evident in 1988 when yields were high and more tubers grew to greater than 70mm than 
in the previous three years. Because of the risk of producing tubers outside the grading 
limits set by processors, with high yielding crops the number of tubers obviously needs to 
be increased substantially. A case therefore exists for establishing seed rates based on 
potential yields, unless control of the number of tubers can be achieved by some other 
means than changes in stem population. Although Sale (1973a; b) and Moorby & 
Milthorpe (1975) had no real evidence to support their arguments, they concluded that the 
gain in yield of the crop was dependent primarily on the strength of the photosynthetic 
'sink' offered by the developing tubers, which was determined at the time of tuber 
initiation. Although the very high yields of the April plantings at Gleadthorpe in 1988 and 
the irrigated treatments inside the polythene tunnels in 1989 were associated with very 
high numbers of tubers, generally final yield was not closely correlated with number of 
tubers at final harvest (%VAR = 24.6%), and even less so with the number of tubers 
initiated (% V AR = 19 .4% ). Clearly, the size of the sink initiated was not the primary 
determinant of yield in these experiments. 

Rates of tuber bulking were generally constant from around two weeks after the onset 
of tuber initiation until mid-August, when the rates of the April plantings began to 
decline, whilst a linear rate of increase was maintained for the May plantings up until 
defoliation when ground covers were still appreciable, and photosynthesis was providing 
large quantities of assimilate. The observation that bulking rates declined during late
August for the early plantings is consistent with the stage of canopy senescence at this 
time. In some cases, the deviation from the maximum rate of bulking was small (e.g. 
Gleadthorpe in 1988), suggesting that appreciable diversion of assimilates from senescing 
leaf and stem (and possibly root) tissue to tuber reserves was occurring. The later date of 
harvest in the storage experiments indicated that this was also the case for the May 
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plantings when their canopies began to senesce rapidly during September. There was a 
more obvious decline in the rate of increase in tuber dry matter towards the end of the 
season than in tuber fresh weight yield, suggesting that water uptake from roots was 
'diluting' tuber dry matter concentration somewhat If appreciable reallocation of the 
canopy resources does occur towards the end of the season, then the antagonistic effect of 
diversion of assimilates away from tuber bulking in favour of 'luxury' canopy growth 
earlier in the season would be negated to a considerable degree. Maximum rates of tuber 
bulking were lower in 1987 than in 1988, which were a consequence of higher radiation 
intensities in the latter year, and ranged from 4.21/ha/week for the May plantings at 
Gleadthorpe and Terrington in 1987 to a very high 7.81/ha/week for the April plantings at 
Gleadthorpe in 1988, but within the range quoted by Allen & Scott (1980). 

With crops planted on similar dates, there was no significant direct effect of site on 
either total or processing yield at final harvest, but there was a large site x season 
interaction. As explained earlier, the variation in tuber yields between sites and seasons 
was readily accounted for by the variation in both incident radiation and interception 
capacity of the canopies. Final yields were consistently increased by delayed harvest, 
although the expected yield advantage of early planting was not universal, owing to the 
nitrogen-scorched April planting at Gleadthorpe. Early planting would only nonnally be 
expected to cause reduced yield at a given date of harvest compared with later planting if 
environmental conditions early in the season were detrimental to subsequent canopy 
growth and development, and caused early senescence, as reported by Jones (1981). 
Equally, delayed harvest in circumstances where canopies remained green would simply 
allow further light interception by crops, and prolonged tuber bulking. There was no 
consistent effect of physiological age on processing or total yield, or the proportion of 
total yield falling into the processing grade: either physiological age had no effect 
(Terrington), or the effect was reversed between seasons (CUF and Gleadthorpe). Even 
when planting was delayed until May, the early yield advantage arising from the more 
rapid canopy growth of aged seed compared with unaged seed had been eroded by 
September, and it would probably require early 'green-top' harvesting to demonstrate the 
yield advantage of seed aged with around 300 day-degrees over unaged seed. 

Since a very close relationship was found to exist between tuber dry matter production 
and amount of intercepted radiation, it was possible to explain some of the variation in 
tuber fresh weight yields by changes in tuber dry matter percentage. It was noticed that 
there was often a change in tuber dry matter percentage between defoliation and harvest 
three weeks later, which was greater for the April plantings than for the May plantings. 
Water uptake through active roots could account for the observed depression of tuber dry 
matter percentage, since any decline in dry matter percentage was reflected by an increase 
in fresh weight yield. This conclusion agrees with that of Wilcockson et al. (1985), and 
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emphasizes a particular point. Some of the crops haivested in late-September at CUF and 
Gleadthorpe may have failed to make the processors' cut-off limit for tuber dry matter 
percentage (21 %). In general, tuber fresh weight yields in these experiments were 
somewhat higher than commercial yields, but date of planting and haivest need careful 
consideration if any proportion of this yield is to satisfy the processors' requirements with 
respect to tuber dry matter percentage. With the erosion of financial premiums for batches 
of tubers with very high dry matter content, there may be a case for a longer period 
between defoliation and harvest where tuber dry matter percentage is high to allow roots 
to take up as much water as possible. However, this conflicts with disease ingress into 
tubers, especially skinspot (Polyscytalum pustulans) and black scurf (Rhizoctonia so/am). 
The method of defoliation (i.e., chemical verses mechanical) may have an important effect 
on this water uptake, although there appears no evidence that this might be so. As with 
many of the combined analyses involving site and season, there was no direct effect of 
site on tuber dry matter percentage, but there was a general trend for Gleadthorpe to 
produce low tuber dry matter percentages. This was offset by the 1987 season, when they 
were higher than at CUF and comparable with those at Terrington, which generally 
produced higher dry matters than the other two sites. In 1989, when radiation receipts 
were very high, tuber dry matters were comparable with the maximum values achieved in 
the field experiments over the previous four years, even though yields in the irrigated 
plots were very high. This appeared to be a general feature of the season, even in 
varieties with inherently low tuber dry matter percentages (J. Fowler, personal 
communication). 

Hogge (1989) observed a degree of predictability about the effect of delayed harvest 
on weight loss in store over a range of sites and seasons, with later harvesting causing a 
reduction in weight loss after long-term storage (22-40 weeks). In these experiments, 
weight loss at the final sampling was greater for the later harvest at all sites, and in all 
seasons, but the pattern of weight loss with time in store varied. Hogge's haivests were 
very early compared with common husbandry practice, so the comparison with these 
experiments is not necessarily so contradictive. Hogge also postulated that if there were 
no effects of husbandry or site on weight loss after the curing period, then no subsequent 
alteration would occur in this relationship between treatments over long-term storage, 
thereby allowing an early appraisal of one aspect of storage potential. Whilst, in 
accordance with Hogge (1989), rate of weight loss was greatest during the curing period 
when temperatures were more conducive to water exchange with the atmosphere (15°C) 
than during the main storage period (10°C), weight loss after prolonged storage (36-40 
weeks) did not always correlate with weight loss recorded at the end of curing, and the 
ranking order of treatments immediately after curing was often reversed by the time crops 
had been stored for long . periods. Absolute weight loss figures were high, especially in 
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1985, but similar to those found by Colenso (1989) from similar dates of harvest at CUF. 
Weight loss in store has been reported to be inversely correlated with degree of skin 

set (Burton, 1974), and enhanced skin set and periderm thickening occurs with delay in 
harvest (Braue et al., 1983), the onset of senescence (Wilcockson et al., 1980) or when 
harvesting is delayed for a period of 2-3 weeks after defoliation (lritani et al., 1977). 
Such observations imply that delayed harvest is beneficial to crop 'storability', and 
enhance the widely-held belief among farmers and processors that crops destined for 
storage demand some degree of senescence, or a period in the ground after defoliation, 
and certainly are not fit for storage while the canopies remain green with few signs of 
senescence. Before appreciable senescence occurs, delay in harvest permits a greater 
degree of skin set and periderm thickening, which improves the resistance of the tuber 
periderm to water loss. This must be balanced against the relative age of the tubers. 
Hampson et al. (1980) reported that a crop harvested in mid-September suffered 43% 
scuffing damage at harvest owing to relatively retarded skin set, while harvesting in early 
October caused only 29% scuffing. However, after an unspecified period of storage, tuber 
weight loss was the same (5.7%) for both harvests. The early-harvested crop, although 
having less skin set and more scuffing damage, was able to effect more rapid healing of 
these wounds, which balanced the positive advantages of skin set of the later harvest in 
relation to weight loss in store. Hogge (1989) postulated that weight loss in store may be 
reduced with delay in harvest up to a certain time, after which further delay in harvest 
causes increased weight loss. The dates of his harvests were approximately three weeks 
earlier than the corresponding early and late harvests in these experiments, lending 
credence to this theory. In the one season when harvesting was later (comparable with 
these experiments), Hogge observed greater weight loss in store with delayed harvest. 

The results of these experiments, together with the findings of Hampson· et al. (1980) 
and Wilcockson et al. (1985), suggest that crops for processing grown in geographical 
locations with short growing seasons may exhibit less weight loss in store than crops 
from sites where harvesting can be delayed until canopies have senesced furthe_r. 
Certainly, the interaction between stage of canopy senescence and environmental 
conditions must have been important in these experiments, because soil temperature and 
water content could not alone explain patterns of weight loss in store, since the apparently 
detrimental effects of low temperature and high water status of the soil on skin set, 
periderm thickening and wound healing often led to improved storage potential. D. 
Firman (personal communication) has observed greater weight loss after prolonged storage 
where amounts of silver scurf (Helminthosporum solam) are high. In 1986, percentage 
weight loss at 40 weeks was higher for the late harvests at CUF and Gleadthorpe than for 
the early harvests, which could be correlated with the degree of the disease which was 
also higher for the later harvest. At Terrington, amounts of silver scurf and weight loss 
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were similar between harvests. However, in 1987 there was no correlation between weight 
loss and the incidence of silver scurf. 

The poor relationship found to exist between the two methods currently employed by 
processors to assess crisp colour has important implications. Whilst Agtron reading may 
be somewhat dependent on the orientation of the whole crisps in the sample cup, 
randomization of crisps between samples should have permitted an accurate estimate of 
the overall colour intensity of the sample. However, subjective colour scores were made 
by several different technicians, both between seasons and between sample · dates within 
experiments. The literature review emphasized the inconsistency of fry colours from 
different experiments: in many cases research workers established their own subjective 
colour coding system. Prior to the introduction of light reflectance or absorbance meters, 
most reports detailed crisp colour on an arbitrary scale, defining their own cut-off limits 
for rejection on a colour basis. Standardization of colour determination has apparently 
improved with the use of reflectance meters, but these experiments suggest that there may 
not be a very close correlation with USDA fry colours where the latter are determined by 
different people who may have a different perception of colour, especially in deciding 
which grade to assign crisps which fall on the boundary between two colour divisions. 
Certainly, no definitive rejection limit based on an Agtron reading, below which crisps 
were too dark to be acceptable to consumers, could be established. Nevertheless, the poor 
correlation with subjectiye colour scores does not detract from the ability of the Agtron 
reflectance meter to detect significant differences in crisp colour. 

The literature review emphasized the contradictions that existed relating crisp fry 
colour to the concentration of individual, or groups of, sugars within the tuber ~ap. Early 
chemical analysis of the high-temperature, non-enzymic browning reactions indicated 
complex, multi-stage reaction pathways (Stadtman, 1948; Hodge, 1953), which should 
have alerted subsequent workers that the rate determining factor in colour development 
was unlikely to be the concentration of a single sugar. Burton (1974) acknowledged this 
fact when he suggested that correlations between fry colour and sugars were inconsistent. 
The results of multiple regression analyses of different compounds and enzyme systems 
within the tuber sap (e.g. Mazza, 1983), have not provided evidence that the 
concentrations of simple, easily-measured substances can be used by processors to predict 
fry colour. Whilst the industry would undoubtedly desire a method whereby processing 
quality could be determined by a simple and accurate chemical analysis at harvest, 
perhaps even in the field, the results of these experiments and recent work by Hogge 
(1989) and Colenso (1989) do not support the validity of this approach with regard to 
tuber sugars. In these experiments, it was demonstrated that 0.1 % total reducing .sugar in 
the tuber sap could result in crisps with an Agtro_n reading of 11.4 (which would certainly 
be rejected), or as high as 33.6 (very acceptable). This concentration of reducing sugars 
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was the limit quoted by Burton & Wilson (1970; 1978) and Hughes (1986) for acceptably 
pale crisps. In the literature, an equally wide, or greater, range in fry colour was reported 
for a particular concentration of reducing sugars. 

In light of the substantial evidence available that tuber sugars have no consistent or 
well-defined correlation with crisp colour, and are clearly not causal in detennining fry 
colour (since the slopes would have remained constant between experiments for a 
particular variety), it is somewhat surprising that workers continue to investigate the 
effects of husbandry and site on tuber sap sugar concentrations in the field and at harvest. 
The variability of the sugar concentrations between contiguous dates of sampling within 
store in these experiments questions the reasoning behind this approach. Experimental 
support for the utilization of Sucrose Rating to predict long-term storage potential is 
evident in the literature, but no consensus exists as to the absolute amounts of sucrose 
required to ensure tubers process satisfactorily, even for a single variety. This 
inconclusive evidence doubtless arises from the failure to adequately describe a definitive 
relationship linking fry colour and sucrose concentration. Even if the substances involved 
in the rate detennining steps of colour fonnation could be elucidated, it is unlikely that 
changes in the concentrations of these substances would be easily apportioned to 
variations in site or husbandry factors, or that the model developed would remain stable 
over the wide range of commercial agronomic, harvesting and storage practices from 
which processors procure their raw stocks. In pursuing reducing sugar and sucrose 
concentrations some way down a blind avenue, some back-tracking by the industry is now 
required, and further research aiming to elucidate the causes behind variation in fry colour 
needs to be carefully scrutinized. 

In the industry at present, crisp colours are detennined either by small-scale fry tests 
on samples of tubers selected from the batch delivered to store, or by running a small 
proportion of the load through the processing line. Procurement policies of processors for 
storage currently rely on the belief that storage 'potential' is related to fry colour at 
intake. In this series of experiments this view could not be substantiated, especially as the 
decline in crisp colour during the first week in store was most rapid for the samples 
producing very pale fry colours at intake. In some cases, there was no change in crisp 
colour over the entire storage period from intake to 40 weeks. Regression analysis 
between fry colour after 20 weeks or the longest storage period, and that at intake, 
indicated that there was insufficient correlation to justify processors' claims. Only 46.8% 
of the variation in fry colour at 20 weeks could be explained by variation in intake 
colour. When the colours of the 36 or 40 week samples were analysed, only 3.1 % of the 
variation was accounted for by the variation in fry colour at intake. These .findings are in 
agreement with those of Huber & Gould (1979), who reported that in some cases tubers 
fried to a lighter colour after six months' storage at 10°C than after three months in store, 
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and Hogge (1989), who found that french-fry colours which were well above the 
minimum limit of acceptability at harvest, were in some instances of rejectable colour 
after 10 months in store, while french-fries only just above the acceptable limit at harvest 
in 1987, often became unacceptable after a short period in store but became lighter, and 
therefore acceptable again, as storage duration increased. Support cannot therefore be 
afforded to the industry's current storage strategies, and it would appear beneficial to 
process batches of tubers with very pale fry colour immediately, and gain whatever 
premium possible from retailers demanding an almost white product, · since these 
experiments indicate that this favourable situation with regard to fry colour is extremely 
transitory. 

For intake fry colours, there were very significant interactions between site, season and 
date of harvest. Although crisp colour at intake was variable between seasons, with 1985 
and 1988 producing significantly paler crisps than 1986 and 1987, most of the variation 
appeared to be caused by differences between years at the September harvest. Crisp 
colours at intake were generally more stable between seasons at the October harvest, 
except in 1987 when all fry colours were very dark. This interaction overshadowed the 
main effect of delayed harvest, which was to darken crisp colour slightly compared with 
early harvesting. Similar to the theory put forward when discussing the effect of date of 
harvest on weight loss, the improvement in processing quality (in this case referring to 
crisp colour) as the season progressed (e.g. Findlen, 1964; Carlsson, 1970; Walk.of, 1970; 
Miller et al., 1975) may have reached the optimum by late-September, with further delay 
in harvest causing a deterioration in processing quality associated with environmental 
factors rather than further increases in tuber 'maturity'. However, an important feature 
was the inexistence of a hierarchical order of sites with respect to crisp fry colour, 
regardless of differences in locational latitude. Examination of fry colours after 
intermediate-term storage (20 weeks) revealed that there was again an interaction between 
season and date of harvest, but any differences in fry colour were small compared with 
those at intake. The absence of site from any of the significant main or interaction effects 
suggests that crops which processed poorly at harvest would deteriorate less in store than 
a crop with pale fry colour at harvest, and may even have improved after long-term 
storage. 

The inconsistent effect of date of harvest on intake crisp colour at different sites could 
not be explained directly by the mean soil temperatures persisting during the three weeks 
prior to harvest after the crops had been defoliated. Lower soil temperatures with delay in 
harvest (on average 2.7°C) in 1987 and 1988 might have been expected to reverse the 
much-publicised trend of declining reducing sugar concentration within the . tuber as the 
season progresses (e.g. Yamaguchi et al., 1960; Carlsson, 1970; Nelson & Shaw, 1976; 
Mazza, 1983). If reducing sugar concentration were the causal agent in the darkening of 
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crisp colour, then it is hard to offer an explanation for the variation in crisp colours in the 
two latter years. However, since no correlation between fry colour and reducing sugars 
was found to exist in these experiments, then temperature-induced changes in reducing 
sugar concentration would not be expected to account for the observed variation in crisp 
colour between harvests. The expected dilution of sugars and other substances within the 
tuber by the varying amounts of rainfall prior to each harvest was in no way correlated 
with intake fry colour either. However, the high rainfall total over the growing season in 
1987 may have influenced crisp colour considerably. Du Plooy & Prinsloo (1980) and 
Pieterse et al. (1983) found that crisp colour was correlated with the amount of seasonal 
rainfall, with darker crisps being produced in years of high rainfall. It was also difficult to 
explain the effect of season on crisp colours, since patterns of crop growth and 
development were largely similar between those years where it was measured (except at 
Gleadthorpe). It is important to elucidate the causes of these differences, since all sites in 
1987 produced crisp colours that would have been rejected at harvest by processors in 
most seasons, although no deterioration occurred, even with prolonged storage. Certainly, 
the amounts of incident radiation in 1987 and 1988 appear to have been sufficiently 
different to explain the variation in crisp colour between these two seasons, but 
differences in the actual amounts intercepted by the crops offer less of a solution. 

It is probable that some husbandry regimes in commercial situations would fall outside 
the range of husbandry practised in the storage experiments, most particularly with respect 
to date of planting. Unfortunately, lack of storage space at Sutton Bridge precluded 
examination of the experiments including date of planting and irrigation regime as 
husbandry treatments. There is also the possibility that harvesting and handling procedures 
of commercial crops prior to storage would differ from these experiments, and could 
cause appreciable differences in fry colour (Sieczka & Maatta, 1986) and weight loss 
(Hampson et al., 1980). Bulk stores used by most processors may also subject the tubers 
to appreciable changes in temperature regime and compaction stress compared with the 
small boxed batches in these experiments. As discussed by Wilcockson et al. (1985), 
differences in yield at harvest with September harvesting compared with harvesting in 
October, may no longer be apparent after prolonged storage when the effects due to 
weight loss are accounted for, and certainly these experiments have demonstrated the 
general superiority of late-September-harvested crops over those harvested in mid-October 
when related to fry colour at harvest. 
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Figure A.I Mean daily temperatures at CUF in 1985 
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Figure A.IT Mean daily temperatures at CUF in 1986 
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Figure A.III Mean daily temperatures at CUF in 1987 
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Figure A.IV Mean daily temperatures at CUF in 1988 
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Figure A.V Mean daily temperatures at Gleadthorpe in 1985 
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Figure A.VI Mean daily temperatures at Gleadthorpe in 1986 
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Figure A.VII Mean daily temperatures at Gleadthorpe in 1987 
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Figure A.VIII Mean daily temperatures at Gleadthorpe in 1988 
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Figure A.IX Mean daily temperatures at Terrington in 1985 
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Figure A.X Mean daily temperatures at Terrington in 1986 
a) Air 
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Figure A.XI Mean daily temperatures at Terrington in 1987 
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Figure A.XU Mean daily temperatures at Terrington in 1988 
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I , Figure A.XIII Cumulative daily rainfall at CUF in 1985 
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Figure A.XIV Cumulative daily rainfall at CUF in 1986 
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Figure A.XV Cumulative daily rainfall at CUF in 1987 
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Figure A.XVI Cumulative daily rainfall at CUF in 1988 
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Figure A.XV Cumulative daily rainfall at CUF in 1987 
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Figure A.XVI Cumulative daily rainfall at CUF in 1988 
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Figure A.XVIl Cumulative daily rainfall at Gleadthorpe in 1985 
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Figure A.XVIll Cumulative daily rainfall at Gleadthorpe in 1986 
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Figure A.XIX Cumulative daily rainfall at Gleadthorpe in 1987 
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Figure A.XX Cumulative daily rainfall at Gleadthorpe in 1988 
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Figure A.XXI Cumulative daily rainfall at Terrington in 1985 
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Figure A.XXII Cumulative daily rainfall at Terrington in 1986 
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Figure A.XXIII Cumulative daily rainfall at Terrington in 1987 
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Figure A.XXIV Cumulative daily rainfall at Terrington in 1988 
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Figure A.XXV Mean daily temperatures in polythene tunnel experiment 
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